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Abstract

Catalytic activity of nickel nanoparticles (5% Ni w/w loading) dispersed on different metal
oxide supports have been explored for the hydrogenation of furfural. Nickel, supported on
reducible oxides (CeOz and TiOy), display higher (almost 100%) conversion compared to that
on non-reducible oxide supports (SiOz, Al203, MgzAlOx). H2-TPR and XPS analyses bring
out the influence of metal-support interaction during the reduction of nickel precursor and
their electronic properties. The adsorption and activation of furfural on the catalyst has been
studied using Infrared spectra and DFT calculations. The reaction proceeds via both ring-
rearrangement and ring hydrogenation pathways, with furfuryl alcohol as the primary
intermediate. At higher reaction temperature, reducible oxide supported catalysts, particularly
titania, favours deep-hydrogenated products and higher conversion than non-reducible oxide
supported catalysts. Among all the catalysts, nickel on titania displayed maximum conversion
of furfural. TiO2 possessing higher acidity than ceria, favoured ring-rearrangement of furfuryl
alcohol to cyclopentanone at high temperatures, while the latter retarded reduction of
cyclopentanone due to blockage of active-sites by unreacted furfural and strongly adsorbing

intermediates. The combined effects of the electronic-state of supported metal and surface
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acidity of catalyst provide a new strategy to tune catalytic properties for selective

transformation during hydrogenation of furfural.
Introduction

Growing demands for energy and its dependence on declining fossil resources emphasizes the
need for sustainable and renewable natural resources. Lignocellulose rich non-edible residues
from agricultural crops have the potential to serve as a promising alternate feedstock for
chemicals and fuels. Currently, most of the research on biomass is focused on its conversion
to platform molecules through various conversion processes, such as, dehydration,
hydrogenation, rearrangement, isomerisation, etc. Bio-derived chemicals, in comparison to
petrochemicals, contain unsaturated bonds with high O/C ratio and small amounts of
nitrogen, sulphur, phosphorous, etc., which provide reactive functionalities to a molecule.!*!
This necessitates a clear understanding of these chemical transformations at atomic scale, to
design functional materials that facilitate economically viable biomass valorisation

processes.??]

Recent studies have identified furan derivatives such as furfural, 5-hydroxymethyfurfural and
2,5-furandicarboxylic acid as sustainable platform molecules for chemical industry.! Among
them, furfural (FAL) obtained via dehydration of xylose, on hydrogenation gives variety of
value-added chemicals.”*! For example, furfuryl alcohol (FOL), due to its versatile
applications, accounts for most of the revenue derived from furfural.® FOL is used for
production of resins to bind foundry sand, laminating fibreglass reinforced equipment,
corrosion resistance mortar, adhesive-hypergolic propellant, chemical intermediate for
ranitidine, etc.,[®! Complete hydrogenation of furfural produces water miscible
tetrahydrofurfuryl alcohol (THFOL). It is considered as a green solvent for use in inkjet inks,

diluent for epoxy resins, paint stripper, flux remover and intermediate for polymers.
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Cyclopentanone (CPO) and cyclopentanol (CPOL) are the rearrangement and deep
hydrogenation products of furfuryl alcohol, used in the production of fragrances, flavouring
agents, aviation fuels, polymer intermediates, drugs, agrochemicals, etc.,["). Therefore,
selective saturation of bonds and intra-molecular rearrangements are the important aspects of

a hydrogenation catalyst to achieve desired products.

o H, OH
\,‘ 9\“\ g Q/
QJ ° CPO CPOL

THFOL

Scheme 1. Plausible pathways for catalytic hydrogenation of furfural in aqueous medium.
[FAL =furfural; FOL = furfuryl alcohol; CPO = cyclopentanone; THFOL=tetrahydrofurfuryl

alcohol; CPOL = cyclopentanol]

Supported metal catalysts have been studied extensively for the transformations of various
organic compounds.t®! The activity and selectivity of these catalysts, especially on metal-
oxide supports, are influenced by nature of the metal, metal dispersion, and metal-support
interaction.[® Increased awareness of biomass utilization has resulted in keen interest in
development of tailored catalysts to tune product selectivity in furfural hydrogenation
process. Commercially used Cu-Cr catalysts are to be replaced as chromium has adverse
effects on environment.l*% Studies of furfural hydrogenation on NiO and, TiO2 supports using
Pd and Ir as catalysts showed that the product selectivity was directed by dual site mechanism
giving emphasis for the metal-support interaction and interfaces.[!*! Pt/y-Al,Oscatalysts
specifically favoured C=0 hydrogenation whereas Pd/y-Al.O3 produced ring hydrogenated

products*?. Upon dispersion of Pt on sulphated zirconia, the acidic sites promoted
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hydrogenolysis of furfuryl alcohol to form 2-methylfuran. Also, it was shown that the
cooperative functionality of reaction sites at interface of Pt on hydrotalcite catalysts lead to
ring opening of furfuryl alcohol intermediate by C-O scission, resulting in the formation of
1,2-pentanediol via 1-hydroxy-2-pentanone intermediate. Besides hydrogenation and ring-
opening products, Hronec et al. reported ring-rearrangement process, by which furfural in

aqueous medium transforms to cyclopentanone.*®!

Non-noble metal catalysts were also studied for the hydrogenation of furfural. For example,
Arundhathi et al. have reported the higher activity of Cu impregnated on various supports,
like, SiO2, CeOz, TiO2, Al203 and MoOs, It was shown that the selectivity towards furfuryl
alcohol further increased by doping magnesium onto the support. However, deep
hydrogenated products were not formed in this case.' Yang et al. detected 4-hydroxy-2-
cyclopentenone as an intermediate during rearrangement reaction over Ni-Cu/SBA-15
catalyst, which on further hydrogenation formed cyclopentanone with 62 % yield.[** With
highly acidic HY zeolite supported Ni catalyst, 79% yield of rearrangement products could be
achieved after 9h reaction time.*®! Ni/SiC catalyst, with no acidic sites, promoted ring
rearrangement after adding metal salts (Lewis sites) or acid resins (Bronsted sites) externally
to the aqueous solution of furfural. Similarly, presence of both these type of acidic sites on
oxide surface can influence product selectivity.!”] The addition of Pd to Ni/TiO2-ZrO;
changes selectivity of the hydrogenation product from furfuryl alcohol to tetrahydrofurfuryl
alcohol. Similarly, presence of alkaline earth metals in alumina supported Ni catalyst
favoured ring hydrogenation over ring rearrangement reaction.[*®! The improved selectivity
towards furfuryl alcohol on addition of MgO to Cu/Al>O3 catalyst is attributed to synergistic
effect of Cu-Mg species formed on the surface of alumina.l**! 5-Hydroxymethylfurfural, an

analogue of furfural, undergo ring opening to 1,2,6-hexanetriol over Ni-Co-Al mixed oxides
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catalysts, whereas Ni-Al catalyst lead to ring hydrogenated products, indicating synergistic

effect between Ni and Co.

Also, it was observed that reducible supports can impart dual functionality, as the surface
with oxygen vacancies can also anchor the reacting molecule, thereby altering the selectivity.
Baker et al. suggested that unsaturated aldehydes adsorb at the oxygen vacant sites of
reducible support and selectively get hydrogenated to form alcohol by charge transfer from
reduced support to the formyl group.?% In presence of surface vacant sites, Au/CeO; catalyst
in gas phase switches product selectivity from furfuryl alcohol to 2-methylfuran with increase
in the reaction temperature of furfural. DFT studies on Ni/CeO: catalyst suggested that Ni
cluster, in direct contact with surface oxygen vacancies, gains electron charge density. In the
absence of Ni, the excess charge density partially occupies 4f orbitals of nearest Ce ions.
Such charge transfer interaction between metal-support is also found in Ni/TiO catalyst.[?!]
Ni et al. observed charge transfer from oxygen deficient ZrO>.x to Ni, which accelerated
liquid phase fatty acid hydrogenation towards alcohol production. Also, difference in metal
oxide interactions with their supported metal is inferred to induce surface functionalities and
reducibility behaviour.??l This can alter electronic properties of metal and also provide

additional reactive sites.

All these results suggest that the metal support interactions and the nature of support play a
dominant role in the activity and selectivity for furfural hydrogenation. Also, to the best of
our knowledge there are limited studies carried out on role of the metal-support interactions
in nickel-based catalysts for furfural hydrogenation. Therefore, in this paper we investigated
the role of the metal oxide supports in catalysing aqueous phase furfural hydrogenation over

Ni catalysts.
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The catalysts were prepared using nickel acetate as the precursor for nickel (5% w/w
loading), using wet impregnation methods. Commercially available titania and silica supports
were used as such whereas other supports (ceria, alumina and hydrotalcite) were synthesized.
The detailed synthesis procedures for the support, the catalysts, and the characterization
techniques used are given in the experimental section. The catalysts synthesized using silica,
alumina, titania, ceria and hydrotalcite were designated as Ni/SiO2, Ni/Al.Oz, Ni/TiO,,
Ni/CeO- and, Ni/Hd, respectively. All these supported catalysts were reduced at 450°C for 6

hours under hydrogen flow, thoroughly characterized and tested for furfural hydrogenation.

Results and Discussion
a. X-ray diffraction

X-ray diffractograms in Figure 1 display the phases and crystalline nature of the reduced Ni
catalysts over different supports. Among different metal oxides, TiO, and CeO2 show sharp
peaks. The diffraction patterns of TiO2 support shows peaks corresponding to both anatase
and rutile phases that are indexed respectively using the JCPDS file numbers 21-1272 and 75-
1753. The anatase to rutile phase composition ratio was found to be 77:23, in accordance
with the literature. The titania phase composition was not altered during the calcination and
reduction treatments used to impregnate nickel > Similarly, CeO2 showed fluorite type cubic
crystal structure (JCPDS-81-0792) that was intact during the nickel impregnation process.
SiO; (JCPDS-29-0085) and alumina (y-Al203) (JCPDS-29-0063) supports exhibited
amorphous nature with broad characteristic peaks that are retained even after nickel
impregnation and reduction (Figure S1). On the other hand, in the case of hydrotalcite, we

have observed a structural change on thermal treatment.
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Figure 1. (a) XRD patterns of Ni catalysts supported over different metal oxides. (b)
Enlarged portion of 2theta from 42°-47° to show the presence of metallic nickel.

Initially, the bare hydrotalcite phase exhibited Mg-Al double layer hydroxides structure
(Figure S1). Upon nickel impregnation and subsequent calcination, it was transformed into
mixed-metal oxide structure. The calcined sample has shown primarily the diffraction
patterns of magnesia (JCPDS-01-1235) in which the alumina was dispersed and exist as
binary oxide with magnesia.*! Figure 1b shows the enlarged portion of the XRD patterns
wherein the characteristics peaks of metallic Ni were clearly visible over TiO2, CeO; and
SiO; supports. The average crystallite sizes for (111) crystal planes of Ni, calculated using
Scherrer equation are given in Table 1. However, on alumina and hydrotalcite catalysts, the
peaks corresponding to metallic Ni or NiO could not be detected due to overlapping by the
peaks with that of support. It is to be noted that the catalysts were calcined for longer time (6
h) to ensure complete thermal decomposition of nickel acetate, followed by reduction.?! This
is confirmed by FTIR spectra (see Figure S2), wherein after calcinations the symmetric and
asymmetric stretching vibrations of carboxylate group ca. 1430 and 1560 cm™ completely

disappeared. The total nickel loading on the final catalyst probed using AAS, showed 4.5-5.0
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wt% of nickel in all the catalysts (Table 1). This observation, combined with the XRD results
confirms that the nickel was impregnated and reduced successfully over the various supports

used in the present study.

b. Electron microscopy

The catalysts were further characterized using various imaging techniques, such as, SEM,
TEM and elemental mapping. Figure S3 shows the SEM images used to find the differences
in the morphology of as-prepared Ni catalysts. The micrograph of silica supported catalyst
shows aggregation of small nanoparticles, whereas, the plates like non-uniform structures
with rough surfaces were observed in the case of alumina-based catalyst. For ceria and titania
supported catalysts, larger granular nanoparticles of 30-50 nm size have restrained
agglomeration. The image of hydrotalcite supported catalyst exhibits large disordered flakes
like morphology, which indicates that layers existed even after calcination/reduction
process.'?8] Elemental mapping (Figure S4) of all the catalysts shows uniform distribution of
Ni over all oxide supports. Figure 2 displays the TEM images along with the corresponding
histograms of the nickel particles. From the measured values as given in Table 1, it was found
that the mean Ni nanoparticles sizes on silica and ceria supports were larger than those on

other supports, revealing the role of metal-support interactions during the catalyst synthesis.

This article is protected by copyright. All rights reserved.

3SUBD | SUOWILIOD dAIIRaID 3|ce2||dde ay) Ag pausanoh afe sajoie YO ‘@S JO'Sa[ni Joj Arlg 1T auluo AS]1AA UO (SUO1IPUOD-pUR-SWLIB)/W0D A3 | 1M Aselq | BU1Uo//:SANL) SUORIPUOD PLe SuB | AU} 89S ' [£202/90/G2] U0 ARigiTauliuo /|1 UaAnd T Ny Ag 8GTO0SZ0Z BWUD/Z00T OT/I0p/W0d A3 1M ARiq 1 jBul|uo//:sdny wouy pepeojumoq ‘el ‘Xz696612



ChemNanoMat

"" 1618240 -
7Part|c|e size (nm)‘ ea "

Figure 2. TEM images of Ni catalysts:(a) Ni/SiOz, (b) Ni/AlOz, (c) Ni/TiO2, (d) Ni/CeO,,
(e) Ni/Hd. Inset shows particle size distribution.

c. Textural studies

Textural analysis results on all the catalysts are given in Figure S6 and Table S1. All catalysts
showed type 1V isotherms with H3 hysteresis, except for alumina supported catalyst that
showed H1 hysteresis. The hydrotalcite derived catalyst showed highest BET surface area,
followed by silica and alumina supported catalysts, showing almost similar surface area,
which are then followed by titania and ceria, exhibiting very low surface area. However,
when the surface analysis and imaging results were correlated, we see that the mere presence
of higher surface area will not result in the smaller particle sizes of the impregnated metal.
This is seen from hydrotalcite, alumina and silica supports that have similar surface area, with
the first two giving rise to higher particle size (~ 9.5 nm for hydrotalcite and ~15.2 nm for
silica supported), whereas alumina showing lower particle size (~5.3 nm). Also, for ceria and
titania catalysts having similar surface areas, the former shows larger particle size whereas
the latter shows smaller particle size. Therefore, it can be inferred that the dispersion of Ni

does not merely depend on surface area but also on the surface functionalities of support such
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as facets, functional groups, oxidation states, etc., effects the Ni precursor interaction with

support, nucleation and growth of Ni nanoparticles.?”]
d. Surface acidity

Ammonia TPD results of Ni catalysts are summarized in Table 1, and desorption profiles are
shown in Figure 3a. For all catalysts, a broad overlapped peaks profile, ranging within 190-
511°C have been observed, suggesting the presence of acidic sites with different strength.
Table S2 gives the peak positions of deconvolutions made for sites with different acidic
strength. The weak acidic sites on all catalysts are found in desorption temperature range of
180-210°C, and medium strength sites between 230-350°C. Although the acidic sites found
between 350-550°C are deconvoluted into two peaks, the strong acidic site strength is
considered combining both the peaks. These high temperature desorption peaks are mainly
observed for catalysts with high surface area. Both silica and alumina catalysts show nearly
equal distributions of different acidic sites. The ammonia desorption from strong acidic sites
on silica catalyst occurs at lower temperature than on alumina catalyst (Table S2). On the
other hand, hydrotalcite derived catalyst showed that out of the total acidic sites, 64% were

accounted for strong acidic sites with desorption temperature closer to alumina catalyst.

Table 1. Physico-chemical properties of supported Ni catalysts

10.1002/cnma.202300158

D Ni Ni Distribution of acidic sites Density of
i Particle . : (pmol/g) 1 acidic sites
Catalyst (W) (nm) size dispersion (umol/m?2)[
(] (hm) © (%) Weak Medium Strong Total "
Ni/SiO2 4.85 11.4 15.2 6.7 35 29 31 95 0.6
Ni/Al2O3 4.73 - 5.3 19.2 154 172 180 506 3.2
Ni/TiO; 4.82 8.1 8.5 12.0 77 55 73 205 5.1
Ni/CeO; 4.46 115 13.2 7.7 26 20 7 53 15
Ni/Hd 4.54 - 9.5 10.7 105 45 264 414 2.5

[a] Determined Ni loading from AAS measurements. [b] Calculated average crystallite size of Ni(111) using
Scherrer equation. [c] Obtained from TEM. [d] Calculated using TEM particle size. [e] Measured from NHs-
TPD analysis. [f] (amount of acid sites)/(BET surface area)

In the case of ceria, the number of acidic sites decreases with temperature. It is interesting to

see that the peak temperatures of strong acidic sites for titania and ceria catalysts are lower

10
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compared to that of all other catalysts. On the other hand, the weak acid sites appeared at
almost similar temperatures in all catalysts (Table S2). The total acidity is considerably
higher for alumina-based catalyst, followed by hydrotalcite and titania supported. Silica
supported catalyst, despite having high surface area, shows fewer total acid sites and ceria

showing the least among all catalysts.

(@) b
Ni/Hd (b)
= =
S o)
= =
= =
2 £
= a
Q QO
= =
e e e S ey | I S S S S e —
100 200 300 400 500 600 150 300 450 600 750
Temperature ("C) Temperature ("C)

Figure 3. (a) NHs-TPD and (b) H2>-TPR profiles of Ni catalysts supported on different metal
oxides.

The density of acidic sites has been computed by normalising the total acid sites with the
respective surface areas of catalyst. It is observed that the titania-based catalyst is having the
highest density of acid sites followed by alumina, hydrotalcite, ceria and silica in that order.
These results are in corroboration with the particle size distributions obtained from TEM
analysis. For silica, alumina and hydrotalcite with similar surface area, the average Ni

nanoparticle size decreases with increase in density of acid sites. The same observations are

11
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valid for titania and ceria, where titania with higher acidic sites density is able to anchor

smaller nanoparticles than on ceria.

e. Temperature programmed reduction

TPR profiles shown in Figure 3b reveal the interaction between Ni species and oxide
supports, and its effect on the reduction behaviour of the catalysts. Ni/SiO- catalyst shows
two reduction peaks at 362 and 490°C. The first peak is attributed to reduction of NiO
nanoparticles weakly interacting with silica, while the second peak resulted from the
reduction of NiO that is having strong interaction with SiO.. However, it is worth mentioning
here that Pantaleo et al. suggested formation of Si-O-Ni species, which is difficult to reduce.
Also, He et al. reported that the NiO/SiO2 sample calcined at high temperatures requires
higher reduction temperature suggesting increase in metal support interaction.[?®! The
reduction of NiO on alumina supported catalyst starts initially at 430°C. But most of
reduction occurs above 500°C, suggesting better dispersion and therefore stronger interaction
between NiO and support.[?®l Ni/TiO, shows three reduction peaks at 322, 408 and 506°C.
The reduction temperatures of Ni/TiO catalyst are higher than that of Ni/SiO> catalyst, while
Ni in Ni/CeO; is reduced at a lower temperature. The increase in reduction temperature for
titania-based catalyst is due to the stronger interaction with support. On the other hand, the
decrease in reduction temperatures on ceria supported catalyst is attributed to the reduction of
adsorbed oxygen species on ceria oxygen vacancies, generated in the vicinity of Ni species
which were incorporated into ceria lattice during impregnation and calcinations step.l%
These reduced sites facilitate the reduction of Ni species that are in direct contact with
vacancies, giving a sharp peak at 228°C act as seed for further reduction of NiO at the lower
temperature (321 and 390°C). Further, a small shoulder peak at 438°C can be ascribed to the
reduction of ceria surface.®Y This surface change can lead to aggregation of small Ni

nanoparticles reduced at lower temperatures resulting in a higher particle size as observed
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from TEM particle size distribution.®? Above 580°C, reduction of bulk ceria (inner region)
occurs till that reaches maximum at 812°C. On Ni/Hd catalyst, a sharp peak at 399°C is
attributed to the presence of NiO species interacting weakly with support, whereas the broad
peak centred around 520°C is associated with the reduction of NiO that is strongly interacting

with the magnesia-alumina binary oxide.3!
f. X-ray photoelectron spectroscopy

XPS analysis has been used to study the chemical state of the elements and also demonstrate
the interaction of metal with support. The binding energies of all samples are adjusted to
284.8 eV for C(1s). Figure 4 shows the nickel 2p core level XP spectra of the prepared
catalysts post reduction. The Ni peaks are deconvulted in to 2ps/2, 2p1/2 and satellite peaks. As
seen in Figure 4, all the catalysts show peaks corresponding to Ni® and Ni?* 2ps;2 with binding
energies located around 852.6 and 855.5 eV and Ni° and Ni?* 2py2 with binding energies
located around 869.0 and 873.0 eV.B4 As the reduced nickel catalysts were exposed to
oxidation atmosphere in the interval between reduction and transfer to analysis chamber, the
presence of Ni?* peak in all the samples are imperative. From the spectra and the binding
energy values given in Table S3, it is clear that the Ni° binding energy values decreased on
the reducible supports. In the case of alumina catalyst, the peak at 854.3 eV is related to NiO
reduction. Whereas, the peak at 857.9 eV is ascribed to the Ni?* which is very close to the
binding energy of Ni species observed in NiAl,Os compound.B®! It correlates well with
dispersion of small Ni nanoparticles observed from TEM, indicating strong interaction with
alumina surface. Similar shift is observed for Ni species over silica catalyst, where Ni* shift
to higher binding energy (856.5 eV) due to strong interfacial interaction.®! On the other
hand, hydrotalcite catalyst shows that most of the nickel is in metallic state that is attributed
to the intercalation of Ni in the layered structure, which has protected it from re-oxidising

during transfer of the catalyst for XPS analysis."]
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Figure 4. Core level Ni 2p XP spectra of (a) Ni/SiO2, (b) Ni/Al>QOg, (c) Ni/TiOz, (d) Ni/CeO>

and, (e) Ni/Hd catalysts.

From the Table S3 it is clear that the titania supported catalyst has higher Ni to

support ratio among all the catalysts under study. Also, it is noteworthy that the Ni® peaks of
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both titania supported and ceria supported catalysts are at similar binding energy.[?*%

Therefore, to further probe, we have calculated the defective site ratios of both these

et 0.0522 __ce 0.372 (see Figure S6 for

supports, that are found to be, RIS et 1e)
XPS core level spectra of the supports). These values suggest that, in ceria more defective
sites are evolving on to the surface of the catalyst. This can result in a decrease in the amount
of nickel that is present on the surface.l*® However, the lower dispersion of Ni at the surface
of ceria than over titania can also contribute to the decrease in Ni to support ratio for ceria
catalyst.*®! The deconvoluted spectra of all supports are shown in Figure S6. Silica support
shows Si** peaks corresponding to amorphous form. On other hand, alumina peaks at 75.4
and 76.3 eV can be attributed to AI** in amorphous and crystalline y-Al,O3z. The Hd support

shows AIP* peak corresponding to AlOx, whereas peaks at 52.5 and 54.8 eV of Mg?" are

assigned to Mg-OH and tetrahedral coordinated Mg?* to oxygen in spinel like structure.

Figure S7 shows the O1s core level spectra of the prepared catalysts and all the
samples have shown characteristic peaks of oxygen that are deconvoluted into multiple peaks
associated with lattice oxygen, surface hydroxyl group and the adsorbed water or
oxygen.["#1242 The binding energy values corresponding to these peaks are given in Table
S3. The O 1s binding energies for the reducible oxides (TiO2 and CeO2) and mixed metal
oxide derived from hydrotalcite (Hd) are found at lower values compared with silica and
alumina supports. The broad peak of ceria compared with titania is due to the presence of
higher defective sites, as it is known that the introduction of Ni on ceria will promote the

formation of oxygen defect sites.[42421

g. Catalytic activity for hydrogenation of furfural

i) Activity and selectivity patterns

15
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All these well-characterized catalysts were then probed for the catalytic activity for
hydrogenation of furfural (FAL) in aqueous medium. The reaction studies were carried out
using Parr reactor and the products analysed using GC. The details of hydrogenation studies
are given in the supporting information. The reactions were carried out at two different
temperatures and the resultant product distribution values are given in Table S4 and in Figure
5. Under the given reaction conditions, furfural prefers either hydrogenation of C=C and/or
C=0 or ring rearrangement products. At 100°C reaction temperature, Ni/TiO2 and Ni/CeO>
showed 76.5%, and 64.0% conversion of FAL. All other catalysts showed a conversion less
than 30%. However, it was seen that FOL was the predominant product in all the catalysts,

suggesting that higher temperatures were required for further hydrogenation.

At 140°C reaction temperature, Ni/TiO2 and Ni/CeO. showed 100% conversion followed by
Ni/Al203, Ni/SiO2 and Ni/Hd, showing conversions between 50-60%. In addition, the
hydrogenation is not restricted to FOL, instead deep hydrogenated products are
predominantly formed with varied selectivity towards different products via.,
tetrahydrofurfurylalcohol (THFOL), cyclopentanone (CPO), and cyclopentanol (CPOL). The
selectivity towards CPO formation for Ni/SiO> was 75% and for Ni/Al>Os was 73%, which
was predominant over the formation of THFOL. It was also observed that on Ni/SiO> the
THFOL selectivity decreased from 9% at 100°C to 4.8% at 140°C. On the other hand, in the
case of Ni/Al,Oz catalyst, an increase in THFOL selectivity from 6% at 100°C to 8.9% at
140°C is seen. It is interesting to note that although both TiO, and CeO> supports have given
similar conversions, there is a marked difference in their product selectivity. Interestingly
among all the catalysts, only on Ni/TiO2 FAL has undergone the hydrogenation considerably
to form CPOL, although a significant amount of THFOL formation is also seen. On Ni/CeQO>

much of the FOL formed has not been hydrogenated further. Also, the amounts of THFOL
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and CPO are formed with no preferential selectivity. The Ni/Hd has shown the least

conversion with no deep hydrogenation or rearrangement products.

ii) Rationale behind the observed activity/selectivity patterns

The number of hydroxyl groups on silica are less that on alumina, this in turn will decrease
the surface overlayer of metal ion precursor and thus prevents the metal support dispersion on
silica catalyst. This has also resulted in the larger particle size of nickel on silica support
compared with that of alumina support. The XRD results show no NiO peak in the case of
silica catalyst (Figure 1). But in alumina catalyst due to overlap of diffraction from support
and higher Ni dispersion, the presence of NiO cannot be ruled out. It is also evident from the
H>-TPR result that shows Ni reduction at higher temperature. However, the higher conversion
of FAL on alumina catalyst than on silica catalyst suggests that the reduction of alumina

catalyst for 6h in Hx provides significant amount of reduced Ni sites for hydrogenation.

The presence of large size Ni nanoparticles on silica than on alumina catalyst can favour flat
adsorption of FOL, which further hydrogenates to THFOL. However, this has not altered the
selectivity of THFOL significantly (~3%) on silica catalyst at lower reaction temperature.
Similar to silica and alumina catalysts, the hydrogenation of furfural over ceria and titania
catalysts at 100°C also lead to the formation of THFOL along with FOL, where the larger Ni
particles on ceria enhances THFOL selectivity by 2.9%. These results clearly suggest that the

Ni particle size does not have much effect on product selectivity.

It is known that, once FOL formed it can further hydrogenate in two paths; (a) it can prefer
acidic sites of support to undergo ring rearrangement to form CPO that further hydrogenates
to give the end product CPOL or (b) ring hydrogenation of FOL resulting in formation of
THFOL. The higher selectivity to FOL over all catalysts at lower reaction temperature is in

line with DFT calculations that carried out using Ni cluster (shown in Figure S8). The result
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shows that the weaker adsorption of FOL on Ni surface allows it to be replaced by FAL,
which increases selectivity for FOL at the cost of decrease in selectivity for further
hydrogenated product, THFOL. But at high temperature with the availability of alternate
rearrangement route, FOL on silica catalyst prefer CPO formation. On other hand, on alumina

catalyst, with the increase in FAL conversion, the THFOL formed (8.9 %) along with CPO.

The selectivity data on titania and ceria catalysts at 140°C shows that the catalysts favoured
both ring rearrangement and ring hydrogenation of the formed FOL. Both catalysts showed
similar selectivity (20%) towards the formation of THFOL. The amount of acidic sites
calculated from the NHs-TPD data, shows that mere presence of higher amount of acidic sites
does not improve the selectivity towards ring rearrangement (CPO) products. The alumina
catalyst has five times higher amount of acidic sites than silica catalyst, but showed nearly
equal selectivity for CPO. On the other hand, the hydrotalcite derived catalyst also has
significant amount of acidic sites higher than titania and ceria, but does not favour ring
rearrangement. These results clearly suggest that the CPO selectivity mainly depends on the
nature of the acidic sites rather than the amount of acidic sites. As reported earlier, the FOL
rearrangement is initiated with protonation of alcohol, followed by C-O cleavage.*¥! The
intermediate carbocation (CsHsO™) formed will then undergo Piancatelli rearrangement to
cyclopentanone. In general, the basic oxides like ceria or hydrotalcite will remain protonated
at pH 7 in aqueous medium as their point of zero charge will be at higher pH. At the initial
stage of rearrangement reaction, it will be difficult for the positively charged protonated
species formed from furfuryl alcohol by auto-ionization of water and subsequent carbocation
intermediate to approach these positively charged surfaces. In other words, the strong
protonation at the surface will neither allow furfuryl alcohol to protonate at surface nor will
allow protonated FOL in water to interact with surface. This can be seen from their selectivity

towards cyclopentanone. In comparison to ceria, this effect is more pronounced on
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hydrotalcite catalyst due to its much higher pH for point of zero charge. On other hand, the

point of zero charge of titania lies at pH between 5 to 6, leads to maximum furfuryl alcohol

rearrangement. The lower affinity of titania for protonation also helps furfuryl alcohol to

initiate reaction at the surface by protonation. Similarly, the higher selectivity towards CPO

over SiO2 and Al>O3 based Ni catalysts suggest that the acidic sites readily protonate furfuryl

alcohol to undergo ring-rearrangement reaction.[*4!
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Figure 5. Conversion of Furfural and its products distribution at (a) 100°C and (b) 140°C.

19

Reaction conditions: 50 mL 5.2 mmol aqueous furfural solution, 100 mg catalyst, 5 MPa Hy, 4
h.FAL: furfural, FOL: furfuryl alcohol, THFOL.: tetrahydrofurfuryl alcohol, CPO: cyclopentanone,
CPOL.: cyclopentanol.
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In the case of double hydroxide layered structure, the hydrotalcite accommodate carbonate
ions in between layers to counterbalance the charge imbalance caused by partial substitution
(Mg/Al=3) of AI**. On impregnation, partially Ni?* ions get intercalated between layers to
interact with negatively charged carbonate ions. This additional intercalation increases d-
spacing between (003) basal planes from 7.68 to 7.73 A. The XRD results (Figure S1)
showed decomposition of layer double hydroxide to mixed metal oxides on calcination. Also
the lower Ho consumption in TPR data and the low Ni/support ratio from the XPS data shows
that some of the nickel is partially gone in between the layers of the support making it
inaccessible for the reaction. This has resulted in the lower activity of the hydrotalcite based

catalyst.

An additional catalyst with pure MgO support was also prepared by impregnation method
(Figure S1 and S2). As shown in Figure S9, it gave 14% FAL conversion with 5% selectivity
to FOL at 100°C. This conversion increases to 23% at 140°C with increase in FOL selectivity
to 92.5%. These results suggest that the presence of alumina in hydrotalcite derived catalyst

has significantly prevented the other side reactions.
iii) Reducible Vs Non-reducible supports

In comparison to non-reducible supports, the higher conversion for furfural obtained over
ceria and titania catalysts suggests that the catalytic activity does not solely depend on metal
dispersion. Instead, the support can provide more than one type of active site leading to
different pathways/products. These support-based reactivity variations prompted us to look
into the mode of substrate adsorption on catalyst surface. The FT-IR spectra in Figure 6 show
characteristic carbonyl stretching vibration for pure furfural at 1642 cm™. Post adsorption, the
spectra of the catalysts revealed that there is no significant shift in C=0 stretching frequency

(1637 and 1633 cmY), for silica and alumina catalysts. On the contrary, on titania and ceria
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catalysts blue shifts to 1617 and 1593 cm™ are seen. Combining these with the fact that there
is no tetrahydrofurfuraldehyde formed in the reaction with any of the catalysts, suggests that
in all the catalysts, the hydrogenation proceeds through carbonyl group. Similar observations
were also reported by Baker et al., where on probing the titania surface using sum frequency
generation (SFG) vibrational spectroscopy, they found the formation of alkoxy intermediate
anchored on oxide via carbonyl oxygen.?%d However, such species were not found on
Pt/SiO2. They have also performed DFT studies that revealed carbonyl activation involved
charge transfer interaction at oxygen vacant site on support, which are in line with the
observations made for crotonaldehyde.?®! Also, in the present work XPS data showed
reduction of both titania and ceria supports which provides further evidence for the presence
of vacant sites on these supports for interacting with the carbonyl bond. Therefore, all the
above observations imply that the enhancement of reaction on titania and ceria catalyst takes
place through adsorption of aldehyde via oxygen lone pair on surface oxygen vacancies

created during reduction process.
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Further to scrutinize the possibilities of carbonyl group activation and deep hydrogenated
product selectivity, we predict that the availability of active metal site near to the adsorption
site of alkoxide formation will favour the activation of carbonyl group and the further
hydrogenation. In the studies by Baker and Kennedy although they found alkoxide formation
on titania support, they also determined that the turnover of furfuryl alcohol or crotyl alcohol
cannot be achieved without having direct contact between titania and Pt nanoparticles.!?"]
Yang et al., in his study of Pt-TiO> and Pt-CeO- system also emphasized the active role of
accessible Pt surface near the support-metal interface and proposed that alkoxide formed at
interface migrates to metal site for further hydrogenation.® In our case, the reaction is taking
place under high hydrogen pressure and at an elevated temperature in liquid phase. These
reaction conditions will favour the availability of dissociated hydrogen on Ni surface that in
turn can react with interface species at vacant site for reaction. Therefore, activation of

carbonyl group can occur at the interface region over titania and ceria catalysts.

Further hydrogenation of CPO to CPOL was observed only on titania catalyst. On all
other catalysts the unreacted furfural would have blocked reactive sites. Li et al. studied
formation of deep hydrogenated products on Pd/NiMOg catalysts. They have shown that large
Pd nanoparticles were unable to hydrogenate cyclopentanone in presence of furfural or other
intermediates.l*®! Zhou et al. observed that the CPO hydrogenation did not proceed on 10
wt% NIi/CNT catalyst even after 10 h. They found CPOL product only at a very high Ni
loading.*1 Our preliminary DFT studies have shown that the furfural and FOL adsorb
stronger than CPO on Ni cluster, which can hinder cyclopentanone adsorption on catalyst for
further reaction. Similarly, the interface sites can be blocked by unreacted furfural. On titania
catalyst due to complete hydrogenation of furfural and furfuryl alcohol transformation, the

active sites are therefore available for cyclopentanone reaction.
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iv) Characterization of used catalysts and re-use

The characterization of the spent catalyst is also examined to access the stability of the
prepared catalysts. In all the catalysts the Ni leaching is seen to be below 6 ppm after the
reaction (Table S6) and is accompanied by an increase in the crystallite size as shown from
the XRD patterns of the spent catalysts (see Figure S10). The FTIR spectra (in Figure S11a)
obtained for all dried spent catalysts after reaction at 140°C shows presence of small amount
of adsorbed furfural and/or products. The recyclability tests (Figure S12) were conducted
over three cycles using ceria and titania catalysts. The catalyst was separated after every
cycle and reused for next cycle. In case of ceria catalysts, the conversion decreases from 97%
in first cycle to 81.9% in second cycle and then to 66.1% in third cycle. The FOL selectivity
decreases slightly from 47.1 to 40.5%, whereas the CPO increases from 26.6 to 33.1%. The
furfural conversion over titania catalyst remain almost stable during three recycles. The
selectivity towards ring rearrangement on titania catalyst increases by ~5% with decrease in
ring hydrogenation product, THFOL. The catalysts were characterized after three cycles and
the resulting XRD and FT-IR are shown in Figure S11b and S13. The XRD pattern shows
stable crystal structure of both catalysts. However, the FT-IR spectra have shown significant
amount of intermediates/products adsorption on ceria than on titania catalyst, which has
blocked active sites on ceria catalyst for reaction during recycling test. Overall, the reactions
result shows that the both conversion and selectivity are retained on titania catalyst,

suggesting it as a promising candidate for hydrogenation reaction.

In this work, the Ni/TiO- catalysts showed excellent catalytic activity than recently reported
systems. Li et al. showed 100% FAL conversion with Ni loading of 20 wt% on anatase titania
support. They have shown 51.2% selectivity for ring rearrangement. The selectivity was
improved to 69.6% on replacing 50% Ni content with Co.*® Recently, Chen et al. have

synthesized Ni catalysts over P25 by reduction H. for 3h and suggested synergistic role of
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formed Ni-NiO heterojunction on P25 for furfural hydrogenation.*® However, in present this
work, we have reduced calcined sample for longer interval of time to ensure complete
reduction. Though XRD shows absence of NiO in titania catalyst, the role of small fraction of
oxidised surface formed during transfer of sample cannot be discarded completely. Compare
to the literature, even with lower Ni content our catalyst has exhibited higher catalytic
activity. The Ru nanoparticle interaction with TiOx on anatase titania support and addition of
Co can enhance catalytic activity for FAL hydrogenation to FOL.*® Hence, we can say that all
the factors such as support, amount of active metal sites, the availability of defect site near to
the metal-support interface, and the reaction temperature will have an influence on the

activity, and selectivity of the hydrogenation of furfural.

Conclusion

Herein, the results show a synergistic effect between metal oxide support and Ni
nanoparticles that determine the product selectivity for furfural hydrogenation. Ni
nanoparticles supported over reducible oxides have significantly enhanced the catalytic
activity in aqueous medium. Better availability of active sites near to the defective oxygen
vacancies, the metal support interaction, the availability of dissociated H> make the nickel
impregnated titania catalysts a suitable candidate for deep furfural hydrogenation. The acidity
of catalyst along with water activates the bifunctional route for cyclopenatnone/cyclopentanol
production at high temperature. The oxides support either with smaller number of acidic sites
and/or point of zero charge of surface at higher pH resulted in incomplete transformation of
furfuryl alcohol. Such surfaces will interact weakly with positively charged intermediates
during rearrangement process. Our DFT calculations suggested that furfural and furfuryl
alcohol in reaction medium regulate cyclopentanone hydrogenation. Titania supported
catalyst has shown optimum catalytic activity towards furfural hydrogenation. Its active

bifunctional sites have led to complete rearrangement of furfuryl alcohol to cyclopentanone

24

This article is protected by copyright. All rights reserved.

3SUBD | SUOWILIOD dAIIRaID 3|ce2||dde ay) Ag pausanoh afe sajoie YO ‘@S JO'Sa[ni Joj Arlg 1T auluo AS]1AA UO (SUO1IPUOD-pUR-SWLIB)/W0D A3 | 1M Aselq | BU1Uo//:SANL) SUORIPUOD PLe SuB | AU} 89S ' [£202/90/G2] U0 ARigiTauliuo /|1 UaAnd T Ny Ag 8GTO0SZ0Z BWUD/Z00T OT/I0p/W0d A3 1M ARiq 1 jBul|uo//:sdny wouy pepeojumoq ‘el ‘Xz696612



ChemNanoMat 10.1002/cnma.202300158

and further hydrogenation to cyclopentanol. Our work demonstrates the influence of support
and strategies to catalyse selective hydrogenation and further acid catalysed rearrangements
and deep hydrogenation processes for up-grading furan-based biomass chemicals. In addition,
these active Ni based catalytic processes can pave the way to balance catalyst efficiency and

the cost for commercial use.
Experimental Section

Synthesis of Ni catalysts: Ni catalysts on different supports (P25, SiO2, CeO3, y-Al>O3, Hd
and MgO) were prepared by wetness impregnation method. In brief, 0.64 g (equal to 5 wt%)
of Ni(CH3COO),.4H>0 was dissolved in 30 mL of deionized water, followed by the addition
of 2.85 g support (except Hd) with continuous stirring at 60 °C. Water was then evaporated
slowly at 60 °C and further dried at 100 °C overnight in air oven. The dried sample was
calcined at 450 °C for 6 h in air (heating rate of 5 °C/min). Subsequently all samples were
treated in the hydrogen flow at 450 °C for 6 h (heating rate of 5 °C/min). Similarly, the
catalyst derived from hydrotalcite was prepared by adding 5.08 g dried Hd support (equals to
2.85 g MgsAlOy after calcination) to 7 mL Ni(CH3COO)..4H>0 (0.64 g) aqueous solution.
The sample was dried in air at 60 °C and then at 100 °C overnight. It was then calcined at 450
°C for 6 h in air, followed by reduction at 600°C for 6 h (heating rate of 5 °C/min). The metal

loading was maintained at 5 wt % on all supports.
Supporting Information

The manuscript includes a supporting information file. Supports preparations, experimental
procedure, characterization details, reactions, DFT figures and coordinates are provided in the

supplementary file.[*8-551 The supplementary information also includes figures and tables.
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Furfural hydrogenation and surface rearrangements are influenced by the both nature of
support and metal-support interaction, which alters the electronic properties of supported
nano-Ni particles and surface functionalities of the catalysts. Among different supports used
(SiO2, AlxO3, TiO,, CeO2, MgsAlOy), the reducible oxides (CeO- and TiO2) display complete
conversion of furfural with additional deep-hydrogenated products.
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