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Abstract

The establishment of the future biorefinery schemes requires the sustainable conversion and
valorisation of renewable bioresources into eco-friendly fuels and chemicals. To this end, 2,5-
dimethylfuran (DMF) is a promising biofuel competitive to benchmarks like ethanol due to
high-value intrinsic properties. It can be produced by the catalytic hydrogenation of the 5-
hydroxymethylfurfural (HMF) platform molecule, one of the biobased intermediate chemicals
derived from the abundant lignocellulosic biomass. We evidenced that bimetallic NiFe alloys
supported on TiO; are earth-abundant non-noble metal-based catalysts allowing the high yield
production of DMF to be achieved. We showed that the preparation method and the reduction
temperature of the catalyst are of prime importance, and are directly influencing the structure

of the supported NiFe bimetallic particles and in consequence the catalyst behaviour. The



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

highest yield to DMF is obtained on a catalyst prepared by co-impregnation and reduced at
500°C, that features an unperfect core/shell structure of the NiFe alloy, with a partial Fe shell
surrounding an Fe-enriched Ni core. The key-feature necessary for achieving high performance
lies on the surface structure of the NiFe alloy that allows for an optimum availability of highly
active Ni domains. The Ni atoms were maintained highly dispersed by the presence of Fe-
containing surface phases. The specific surface structure is proposed to promote the HMF
adsorption through the carbonyl group, while preventing from the hydrogenation of the

aromatic furan ring to maintain high selectivity.

Keywords: Sustainable furanic biofuel; 2,5-dimethylfuran ; 5-hydroxymethylfurfural ; Ni-

Fe/TiO; catalysts.

1. Introduction

Lignocellulosic biomass is an easily available and abundant valuable source of various
platform molecules such as 5-hydroxymethylfurfural (HMF), the so-called “sleeping giant” of
biobased intermediate chemicals [1]. HMF can be conveniently catalytically transformed by
hydrogenation into a span of industrially-viable products, among which 2,5-dimethylfuran
(DMF) has been given a significant attention due to its potential application as biofuel or fuel
additive. Compared to known benchmarks like ethanol, DMF has higher energy density and
boiling point as well as octane number. It benefits at the same time from of lower volatility and
positively is not miscible with water. Consequently, selective production of DMF from HMF
with high yield is of great interest [2-7].

Two competitive hydrogenation pathways of HMF to DMF are shown in Scheme 1,

denoted as path A and B. Path A starts with the hydrodeoxygenation (hydroxy group removal)



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

of HMF that yields to 5-methylfurfural (5-MF). Subsequent reduction of carbonyl moiety
produces 5-methylfurfurylalcohol (5-MFA) which in turn undergoes another
hydrodeoxygenation leading to DMF as targeted product. Alternatively, 5-MFA may be
dearomatized via furan ring hydrogenation giving S5-methyltetrahydrofuran alcohol
(5-MTHFA). Both DMF and 5-MTHFA may be further hydrogenated to
2,5-dimethyltetrahydrofuran (DMTHF). In contrast, path B begins with the reduction of the
aldehyde group of HMF giving 2,5-bis(hydroxymethyl)furan (BHMF). BHMF may be
hydrodeoxygenated to 5-MFA and subsequently follow the same reaction pattern as described
for Path A or be saturated to 2,5-bis(hydroxymethyl)tetrahydrofuran (BHMTHF) with furan
ring hydrogenation. Although further hydrogenation of BHMTHEF is also possible, it is not
widely observed [8,9].

Considering the span of parallel and consecutive reactions, and consequently the number
of possible HMF hydrogenation products, the catalyst choice is of crucial importance. As
regards of the DMF production, the catalyst should be tailored with focus on the selectivity to
remove both aldehyde and hydroxy groups, without saturating the aromatic ring.

Currently used systems that are often based on noble metals give undesired over-
hydrogenation products like BHMTHF and DMTHEF, [10,11] or even cracking reactions, €.g.
with the formation of furans and the opening of furan ring [11]. These in turn may cause the

catalyst deactivation due to the deposition of carbon impurities [11,12].
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Scheme 1. Reaction pathway of HMF hydrodeoxygenation

Luo et al. demonstrated that carbon supported Pt, Ir, Pd and Ru catalysts can give over-
hydrogenated products when processing the reaction for too-extended time, with in turn a
lowering of the DMF yield. The highest DMF yield obtained for 10%]Ir/C and 10%Pd/C slightly
overruns 50 % [13]. Priecel et al. showed also the excessive activity of 5%Ru/C and
5%Ru/CNT, with a yield to the unwanted DMTHF reaching 50% and 65% after 2 h and 4 h of
HMF hydrogenation, respectively [14]. Moreover it was proved that monometallic Ru favours
the undesired breaking of C-C bonds instead of the hydrodeoxygenation reaction [15].
Similarly, application of Raney Ni in HMF hydrogenation at 100°C did not prevent the
production of over-hydrogenated BHMTHEF. Unfortunately, in this case of non-supported
catalyst, possibilities to improve the selectivity and to mitigate the share of over-hydrogenation
side-products are very limited [16].

The activity and selectivity of nickel-based supported catalysts strongly depend on the
support properties. Metal oxides, well-known for their ability to enhance the adsorption of the
C=0 group of HMF on the Lewis acid sites of the catalyst, are supports of choice [17].

To address over-hydrogenation [16], decarbonylation [2,18] and ring opening [19] issues

associated to monometallic catalysts, adding a second metal is a worth strategy to modulate the
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catalyst properties. In contrast to the alleviation of the activity of noble metals, the use of
bimetallic catalysts based on non-noble metals like Fe, Co, Ni or Cu is a more economically-
reasonable approach [20]. Among them, Co is the most expensive metal, while Cu remains hard
to disperse on metal oxide supports, what causes a low catalytic activity. On the other hand, Ni-
based bimetallic catalysts have already been successfully employed in various hydrogenation
reactions, including the transformation of HMF to DMF, and their highly-appealing activity is
attributed to specific properties originating from synergistic or bifunctional effects that are not
observed in their monometallic counterparts.

Indeed, Seemala et al. obtained a high yield to DMF at 200°C after 8 h of reaction over a
Cu-Ni/TiO> catalyst. Interestingly, the formation of a core@shell-like structure by metal
segregation with a Cu-enriched surface and a Ni core interacting with the TiO> support was
pointed out as being responsible for reaching high selectivity and high catalytic performance.
Likewise, Fe-containing materials were presented as promising catalysts in several
hydroconversion reactions of organic molecules [21]. In particular, the much higher activity of
a Ni-Fe catalyst supported on silica compared to its Ni-Cu counterpart for a similar Ni:Me ratio
of 3:1 was first reported by Kumbar et al. in 1992 in the selective hydrogenation of
acetophenone and benzonitrile [22]. Recently, Shi et al. indicated that heterogeneities in the
structure of reduced Ni-Fe nanoparticles are key to understand the catalytic behaviour of Si0;
supported bimetallic Ni-Fe systems in the liquid-phase hydroconversion of furfural into furfuryl
alcohol [23]. However, in spite of multiple works reporting on the successful application of Ni-
Fe catalysts, it must be said that barely a few works explains the role of Ni-Fe interactions on
the catalytic activity of supported Ni-Fe bimetallic systems for the hydrogenation of HMF
[24,25].

Yu et al. showed that even a small addition of Fe to Ni catalyst positively affected the

selectivity of the HMF hydrogenation to BHMF and mitigated the formation of undesired by-
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products, while the highest yield to BHMF was achieved on a 10 wt.% NisoFeso/CNT catalyst
[25]. We recently showed also the beneficial effect of the formation of a Ni-Fe alloy for the
selective cleavage of the C-O bond. We proved that the introduction of Fe to a high surface area
Ti0> supported Ni catalyst not only can improve the selectivity of the HMF hydrogenation to
DMF, but also helps to improve the catalyst stability [24]. The 5:5 Ni:Fe ratio was the optimal
ratio allowing the highest selectivity towards DMF to be achieved. This proof of principle study
showed that further investigation remains necessary for getting better knowledge on the key-
parameters driving the optimal physicochemical properties of the catalysts, and how they can
tune the catalytic activity, particularly taking into account the very versatile and tunable
character of Fe-Ni systems.

Therefore, our work aims at investigating to which extent the performance of TiO:
supported Ni-Fe bimetallic catalysts in the HMF hydrogenation to DMF can be influenced by
the preparation method, and notably by the temperature of the catalyst reduction. Key-factors
responsible for the catalyst performances were derived and related to the main physico-
chemical properties of the bimetallic Ni-Fe/T10, catalysts. Particularly the structure and the
alloy composition were found to determine the HMF conversion and to tune the yield to the

reaction products.

2. Experimental

2.1. Materials and methods

TiO2  support (PC500) was delivered by  Millenium-Crystal  (France).
5-Hydroxymethylfurfural (98%) was purchased from Fluorochem Ltd (United Kingdom) and
metal precursors Ni(NO3)2 - 6:-H20 (98%) and Fe(NO3)3-9 H20 (99 %) were supplied by

Chempur (Poland). 1,4-Dioxane (99%) used as solvent was provided by Merck (Germany).
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2.2. Catalyst preparation

Bimetallic catalysts based on nickel and iron were prepared with a nominal content of each
metal of 5% wt. relative to the TiO; support, and labelled as NiFe (S1), NiFe (S2), NiFe (P) and
NiFe (C).

The NiFe (S1) catalyst was prepared by a two-step wet impregnation method. First, an
appropriate amount of metal precursor Ni(NO3)>-6 H2O was dissolved in distilled water. After
addition of TiO2 PC 500, the mixture was kept for 24 h. Excess of solvent was removed using
rotative evaporator and the solid residue was dried at 120°C for 2 h and further calcined at
500°C for 5 h under air flow. Second, Fe(NO3)3-9H>O was dissolved in distilled water and
calcined NiO/Ti0; was added and mixed. After 24 h, the solvent was removed using a rotative
evaporator, the solid residue was dried at 120°C for 2 h and the catalyst was further calcined at
500°C for 5 h. Finally, the catalyst was reduced at 500°C for 1 h under H; flow.

The NiFe catalyst (S2) was prepared in a similar way than NiFe (S1), except that iron was
deposited first.

The NiFe (P) catalyst was prepared by the precipitation method. First Fe(NO3)3-9H>O was
dissolved in distilled water and mixed with TiO, PC 500 under stirring. After dropwise addition
of 5.5 mL of 25% NHj3 (aq.) at room temperature, the slurry was heat to 85°C and stirred for
24 h. The mixture was cooled down to room temperature, and the solid material was separated
from the solution by filtration and washed with distilled water until neutral pH. The sample was
further dried at 100°C for 24 h and calcinated at 400°C for 5h under air flow. Next,
Ni(NO3)2-6 HoO was introduced using the wet impregnation method as for other catalysts.
Finally, the catalyst was reduced at 500°C for 1 h under H> flow directly before reaction.

The NiFe (C) catalysts were prepared by the wet co-impregnation method. Both

Fe(NO3)3-9H>0 and Ni(NOs3)>-6 H2O precursors were dissolved in distilled water and TiO> PC
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500 was added. The mixture was kept under thorough stirring for 24 h. The water solvent was
further removed using a rotative evaporator and the solid residue was dried in 120°C for 2 h.
After calcination at 500°C for 5 h under air flow, the catalyst was reduced at a temperature
ranging from 200°C to 600°C for 1 h under H> flow directly before reaction.

For comparison, Ni and Fe monometallic catalysts were prepared by a one-step wet
impregnation method in a similar way than NiFe (S1) or NiFe(S2), with a final reduction
temperature of 500°C.

Independently of the catalyst, the oxidation step was performed with a heating rate of
5°C/min and a 20 cm’/min flow, while a heating rate of 15°C/min and a 50 cm?/min flow were
used for the final reduction step. In all cases, the catalysts after reduction were cooled down to

room temperature under H> flow before being rapidly transferred to the reactor.

2.3. Characterization techniques

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was carried out on
an Optima 7000 DV spectrometer (Perkin Elmer), after a microwave-assisted acidic dissolution
in aqua regia at 185°C under autogenic pressure. Independently on the preparation method, real
Fe and Ni weight contents were measured at 5.0% % 0.2%.”

X-ray diffraction (XRD) measurements were collected using a PANalyticalX’Pert Pro
MPD diffractometer. The X-ray source was a copper long fine focus X-ray diffraction tube
operating at 40 kV and 30 mA. Data were collected in the 5-90° 26 range with 0.0167° step.
Crystalline phases were identified by references to the ICDD PDF-2 (version 2004) database.

Surface area and porosimetry measurements were carried out on ASAP2020
Micromeritics using N> as adsorbant at -196°C, with a prior outgassing under vacuum at 200°C

for 3 h in order to desorb the impurities or moisture.
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Temperature-programmed desorption of NH3 (NH3-TPD) was used to assess the
acidity of the catalysts. In a typical TPD protocol, the reduced sample was placed in a quartz
flow reactor and heated at 500°C under He flow for 1 h to remove impurities from the surface.
Adsorption of NH3; was carried out at 100°C for 15 min. Physically-adsorbed NH3 molecules
were removed by treating the sample with He for 15 min at 100°C before the TPD experiment
was carried out from room temperature to 500°C with a 25°C min! temperature ramp (TCD
detector).

Temperature-programmed reduction (TPR) was used for examining the catalyst
reducibility, and performed on the AMII system from Altamira Instruments, USA, equipped
with TCD. Before the measurements, the reduced catalysts were heated at 300°C for 30 min in
a mixture of 2 vol.% O, and 98 vol.% Ar at a space velocity W/F =1.11x10 g/h cm? (10°C/min
heating rate). TPR profiles were recorded from 35°C up to 800°C, with a heating rate of
7°C/min, using a mixture of 5 vol.% Hz and 95 vol.% Ar at a similar space velocity.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) measurements were
performed using an ION-TOF GmbH instrument (TOF-SIMS IV) equipped with a 25 kV pulsed
Bi* primary ion gun in the static mode. The samples were fixed to the sample holder by double
sided adhesive tape. The analyzed area of the sample surface was 500 pm x 500 pm. During the
analysis, a pulsed low-energy electron flood gun was used for charge neutralization.

CO-adsorbed FTIR spectra were registered on a Nicolett 6700 spectrometer equipped
with MCT detector and a diffuse reflection chamber. Prior to exposure to CO, the samples were
reduced at an appropriate temperature in 5% Hz in Ar for 1 h, then cooled to room temperature
in an Ar flow to remove the adsorbed hydrogen and the background spectra were collected. CO
adsorption was carried out for 30 min at 5 bar pressure of CO (5 vol.%) in Ar. Each spectrum

was recorded with a resolution of 4 cm! performing 64 scans.
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Transmission electron microscopy (TEM) mapping characterization was performed in a
JEOL 2100F corrected Scanning Transmission Electron Microscope (STEM) equipped with a
energy-dispersive X-ray (EDX) detector. The microscope was operated at 200 kV acceleration

voltage.

2.4. Catalytic tests

The catalysts were tested in the 5-hydoxymethylfurfural (5-HMF) hydrogenation. The
activity tests were performed in a 60 mL stainless-steel batch autoclave (Premex, Switzerland).
The reactions were carried out with 1 g of 5S-HMF, 0.15 g of catalyst and 30 mL of 1,4-dioxane.
The reactor was flushed twice with hydrogen to remove air and further pressurized with
hydrogen to 50 bar at room temperature. The reaction was performed at 220°C for 1 h with a
stirring rate of 650 rpm. Afterwards, the reactor was cooled down to room temperature and the
reaction mixture was centrifuged for 5 min at 3500 rpm to separate the catalysts from the liquid
sample.

Reaction products were analysed using a GC instrument (Agilent 7820 A) equipped with a
FID detector and high polarity wax column Agilent J&W CP-Wax 52 CB. Essential parameters
were the following: injection volume 1.0 pL, inlet temperature 300°C, detector temperature
300°C, split flow 163.69 mL/min, column flow 1.6369 mL/min (N2). The initial column
temperature was 50°C (5 min) with a temperature rise of 12°C/min and a final temperature of
200°C (20 min). The concentration of each compound in the product mixture was determined
using calibration curves of pure compounds solution.

The activity of the catalysts were expressed in terms of HMF conversion and of reaction

yields to given products, calculated as follows:

Nymr; — NHMEF,

-100%

Conversion =
NyMF;
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Yield, = — 2 —-100%
HMF;

where n(HMF); and n(HMF), are the number of moles of HMF molecules, before and
after test, respectively, and n(p) is the number of moles of a given product within the

reaction mixture.

3. Results

3.1. Characterization of the TiO: supported mono and NiFe bimetallic catalysts

The XRD patterns of the bimetallic nickel-iron catalysts are shown in Figure 1 and their
main physico-chemical properties are listed in Table 1. The characteristic signature of the TiO2
anatase support was observed, and all the support reflexes were indexed in the /41/amd
tetragonal unit cell of the anatase TiO> polymorph, notably at 26 = 25.3°, 37.8°, 48.1°, 53.9°,
55.1°, 62.7°, 68.8°, 70.3°, 75.0°. No peaks suggesting the presence of metallic or oxide phases
of iron or nickel were detected. By contrast, the diffraction peaks observed within the regions
43-44° and 50-51° in 20 were assigned respectively to the (111) and (200) reflections of Ni-
rich Ni-Fe solid solution (NiFe alloy) with face-centered-cubic (fcc) structure (JCPDS card no.
38-0419) [26-28]. It should be noted that the body-centred cubic (bcc) phase of the NiFe alloy
was not observed in our conditions, in agreement with Wojcieszak et al. on NiFe/SiO> systems
[23]. In NiFe alloys, the bce phase is usually reported to be stable with small Ni concentrations
[29].

The low-angle shift observed in comparison to the characteristic 20 value of metallic Ni
(111) (26 = 44.4° — JCPDS 04-0850) is also reported to evidence the formation of the Ni-rich

NiFe alloy [30]. The structure of the NiFe alloy strongly depends on both Fe and Ni contents,
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that are determining the extent of the shift of the reflex position. The peak assigned to the NiFe
alloy in the 43—44° region is gradually shifted towards lower angles with the increase in the
catalyst reduction temperature from 300°C to 600°C, the shift at 20 = 43.8° being maximum
after reduction at 600°C. This is related to the dynamic change of the alloy composition. The
diffusion of iron atoms into the host nickel crystallites causes an increase in the lattice
parameters due to the larger radius of Fe in comparison to Ni. [31-33]. Thus, the shift of the
NiFe alloy peak towards lower angles suggested an enrichment of the alloy composition with
Fe. This enrichment in iron of the NiFe alloy was accompanied by a slight increase in the
crystallite size from 9 nm at 300°C to 15 nm at 600°C.

When it comes to the catalysts prepared using different methods, the peak assigned to the
Ni-rich NiFe alloy is also visible at 43.8° for both NiFe(S1) and NiFe(S2) catalysts with a
similar average crystallite size. A slight shift towards higher 20 angles is noticeable for the

NiFe(P) catalyst, which suggests a lower Fe enrichment in comparison to other bimetallic

samples.
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Figure 1. Powder XRD patterns of TiO, supported NiFe bimetallic catalysts, (A) influence of
the preparation method with final reduction at 500°C, (B) influence of the reduction temperature

for the NiFe(C) catalyst.

In comparison to the bare un-treated TiO> support with a specific surface area of 322 m?/g,
the NiFe bimetallic supported catalysts display lower surface areas of about 110 m%/g, 80 m?/g
and 13 m?%/g for a reduction temperature of 200-400°C, 500°C and 600°C, independently of the
preparation method. For the TiO2 PC500 support with a mean crystallite size of 7 nm, it is
known that the specific surface area and the pore volume of the catalysts are directly related to
the mean size of the TiO; crystallites, that is increasing with the increase in the temperature of
the thermal treatments. This was visualized by the gradual sharpening of the main diffraction
peak of the anatase phase of the TiO> support, that corresponded to an increase in the mean
anatase crystallite size up to 14 nm and 24 nm at 500°C and 600°C, respectively. This was

associated to a decrease in the pore volume too.

<Table1 >
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299  Table 1. Physicochemical properties of the NiFe bimetallic catalysts.

Catalyst BEzT Surface area TOt?;l pore volume NiFe al.loy mean Anatascf Ti(?z mean . Acidity
[m*/g] [em°/g] cristallite size [nm] crystallite size [nm] [umol/g]

Ti0, 322 0.46 - 7 -

Ni - - - - 130

Fe - - - - 180
NiFe (S1) 80 0.26 10 14 670
NiFe (S2) 78 0.26 10 14 475
NiFe (P) 81 0.31 14 14 530
NiFe (C)-200 110 0.34 - 11 739
NiFe (C)-300 108 0.36 9 12 553
NiFe (C)-400 109 0.35 11 12 460
NiFe (C)-500 81 0.26 12 14 590
NiFe (C)-600 13 0.14 15 24 220

300
301 2 The mean crystallite size for TiO> defined as the average size of the coherently diffracting domains, was determined by applying the Scherrer
302  equation to the (101) peak of anatase at 25.7°, with the usual assumption of spherical crystallites taking into account the intrinsic broadening of the

303  peaks due to the instrumentation.
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NH3-TPD was used to determine the acidity of the catalysts, summarized in Table 1. The
acidity of both monometallic catalysts stays in the same range with a slightly higher acidity for
the Fe catalyst, that can be explained by its stronger oxyphilic character and affinity to the O-
atom [21,34]. The interaction between Fe and O atoms of support can lead to a partial positive
charging of the Fe atoms that in turn favour NH3 adsorption and enhances the surface acidity
[35]. As regards of the monometallic counterparts, the strongly higher acidity of bimetallic NiFe
catalysts reveals the key-role played by the NiFe alloy in interaction with the TiO> support, that
creates additional (novel) metallic surface sites acting as centers for NH3 adsorption. However,
the results showed that the acidity of the bimetallic catalysts reduced at 500°C depends on its
synthesis method, the lowest and the highest acidity being obtained for the NiFe (S2) and NiFe
(ST) catalysts, at 475 umol/g and 670 umol/g, respectively.

The number of acidic centers on the surface of the bimetallic NiFe catalysts depends also
on its reduction temperature. The highest acidity was observed for the catalyst NiFe (C) reduced
at the low temperature of 200°C. This could be explained by the residual presence of metal
oxides on the catalyst surface, that are known to act as additional Lewis acid sites next to the
acid sites of titania [36,37]. The acidity of the surface decreases with increasing the reduction
temperature to 400°C due to the gradual reduction of nickel and iron oxides into metallic phases.
The acidity of the catalyst reduced at 500°C was slightly higher — 590 umol/g. The significantly
lower acidity of the catalyst reduced at 600°C is caused probably by the decrease of the surface
area of the support and the increased size of the metal particles.

The reducibility of the NiFe catalysts prepared using different methods was studied by TPR
measurements. Figure 2 shows the reduction profiles recorded on the bimetallic catalysts as
well as on their monometallic counterparts. They are characterized by the presence of a single

reduction peak for all investigated catalysts, that however differs in terms of temperature range
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(peak width) and maximum. The reduction of the monometallic Ni catalyst takes place in one
step with a maximum of hydrogen consumption at ca. 425°C that indicates a relatively strong
interaction between the metal and the support surface [38,39]. By contrast, monometallic Fe
catalyst displays a single reduction peak with a maximum around 340°C assigned to the two-
step iron oxides reduction, as typically observed for low-loaded iron catalysts [40]. As far as
the bimetallic Ni-Fe catalysts were concerned, the reduction profiles displayed a main peak
ranging from 300°C to 500°C attributed to the reduction of oxide phases of both metals. They
evidenced a shift towards lower temperatures of the maximum of hydrogen consumption, at
415°C, 405°C, 385°C and 390°C for NiFe (S1), NiFe (S2), NiFe (P) and NiFe (C)-500 catalysts,
respectively. This suggests that, whatever the preparation methods, both metal species are in
close contact which affects their reducibility [25]. In an interdependent manner, the presence of
Fe can induce the reduction of nickel oxide, while the presence of Ni can inhibit the reduction
of iron oxide [41]. Moreover, the diffusion of Fe atoms into the Ni crystallites during the
formation of the alloy structure is proposed to weaken the interaction of the host metal with the
support, what in turn may also facilitate the reducibility of Ni species. It must be noted that
among all bimetallic catalysts, the sharpest reduction peak in a narrow temperature range was
observed for the Ni-Fe(C)-500 sample. This might evidence the strongest synergy between both
metals during the reduction of the oxides, able to impact in an homogeneous way on the

reduction temperature of both species.
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Figure 2. TPR profiles of the TiO> supported mono and bimetallic catalysts: a) NiFe (S1); b)

NiFe (S2), ¢) NiFe (P), d) NiFe(C)-500, ¢) Fe and f) Ni.

FTIR spectra of CO adsorbed on the NiFe bimetallic catalysts were recorded to characterize
the effect of both the reduction temperature and the preparation method on the qualitative and
quantitative change of adsorption sites on the surface of the bimetallic catalysts (Figure 3).
Under given conditions, it must be noted that CO does not adsorb at the surface of Fe species,
so that all the bands are attributed to CO adsorbed on nickel species [24].

Typically, in the 2000-2100 cm™! range, the bands reflect the linear adsorption of CO on

metallic nickel crystallites. In particular, the bands at 2084 cm!, 2056 cm™ and 2025 cm™! are
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assigned to CO linearly-adsorbed on highly dispersed metal crystallites, to physically-adsorbed
CO and to the linear adsorption of CO on moderately-dispersed metal, respectively [42,43].
First it is worth noting that both parameters investigated did not significantly influence the
nature of the surface sites, as similar bands were observed (eg. no appearance of lower-
wavenumber bands assigned to bridged CO adsorption, no shift in wavenumbers). Fig. 3A
shows that the preparation method has an important effect on the availability of Ni at the surface
of the bimetallic NiFe catalysts. Indeed, in terms of band intensity, the following ranking was
observed: NiFe (S1) > NiFe (C)-500 and NiFe (S2) > NiFe(P). In particular the availability of
Ni for the catalysts prepared by successive impregnation is related to the impregnation
sequence, as Ni was introduced last in the case of the NiFe (S1) catalyst, and first for the NiFe

(S2) counterpart.

(a) Fe(S (b) .
2056 — NiFe(S1) — NiFe(C)ygo
08  NiFe(s2) _ 08 2056 —— NiFe(C)s0p
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Figure 3. CO-adsorbed FTIR spectra of TiO; supported NiFe bimetallic catalysts. (a) influence

of the preparation method, (b) influence of the reduction temperature for NiFe (C) catalysts

The reduction temperature had also a significant influence on the surface availability of Ni
species. The spectra recorded on the catalyst submitted to a thermal treatment at 200°C did not

show any bands, probably due to the presence of the metal oxides, which limits the adsorption
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of the probe molecule. After reduction within the 300-500°C range, relatively similar band
intensities were observed indicating an approximatively identical availability of the Ni metallic
sites. Increasing further the reduction temperature to 600°C caused a decrease in the band
intensity, which indicates a lowering of the number of Ni surface sites available for the CO

adsorption.
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Figure 4. Normalized intensity of selected ions calculated on the basis of ToF-SIMS spectra
collected from the surface of TiO> supported bimetallic NiFe catalysts, (A) influence of the
preparation method with a reduction temperature of 500°C, (B) influence of the reduction

temperature for NiFe (C) catalysts.

The influence of both the preparation method and the reduction temperature on the
normalized intensity of selected ions identified on the catalyst surface is shown in Fig. 4.
Interestingly a similar normalized intensity was recorded for Ni* and Fe" in the case of NiFe(S1)

and NiFe (C)-500 catalysts in contrast to both NiFe(S2) and NiFe(P) catalysts for which Fe was
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predominantly exposed on the surface in comparison to Ni, in a larger extent in the case of the
NiFe(P) catalyst. The reduction temperature had as well a prime importance on the relative
presence of Ni and Fe species at the surface. Here, considering the accuracy of the
measurements, it can be noted that in the 200-500°C temperature range, similar Ni*/Fe™ ratios
were observed, while increasing the reduction temperature to 600°C led to a drastic change of

the surface composition, with a pronounced increase in the Fe presence at the catalyst surface.

3.2. Catalytic activity

Table 2 shows the activity of the bimetallic NiFe catalysts in the HMF
hydrodeoxygenation, expressed in terms of HMF conversion and yields to the different
products. Regardless of the preparation method, a high conversion of the HMF substrate (over
94 %) was obtained with each catalyst, and almost no ring hydrogenation products (BHMTHF,
MTHFA, DMTHF) were observed. By contrast, the catalysts strongly differentiate in terms of
distribution of the reaction products. The highest yield towards DMF was obtained on NiFe
(C)-500 and NiFe (S1) catalysts, at 71% and 61%, respectively. Both NiFe(S2) and NiFe (P)
catalysts displayed far lower DMF yields of 23% and 20%, respectively, with a more
homogeneous distribution towards the main products observed, namely 5-MFA, BHMF and

DMF.

< Table 2 >
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Table 2. Influence of the preparation method on the activity of the NiFe catalysts reduced at 500°C.

Product yield [%]

Catalysts HMF conversion [%]
5-MF BHMF BHMTHF 5-MFA  DMF MTHFA DMTHF OTHERS
NiFe (S1) 100 1 8 1 20 61 0 0 8
NiFe (S2) 94 6 27 0 27 23 0 0 10
NiFe (P) 100 6 28 2 40 20 0 0 5
NiFe (C)-500 96 10 2 0 6 71 0 0 7
Reaction conditions: 220°C; 1 h; 0.15 g of catalyst; 1 g of HMF; 30 ml of dioxane; 30 bar of hydrogen
Table 3. Influence of the reduction temperature on the activity of the NiFe(C) catalysts
Temperature of HMF Conversion Product yield [%]
reduction [°C] — [%] 5MF  BHMF BHMTHF 5MFA DMF MTHFA DMTHF OTHERS
200 11 3 1 0 0 0 0 0 7
300 100 3 3 0 20 69 0 0 5
400 100 0 3 0 24 69 0 0 4
500 96 10 2 0 6 71 0 0 7
600 42 14 8 0 13 5 0 0 3

Reaction conditions: 220°C; 1 h; 0.15 g of catalyst; 1 g of HMF; 30 ml of dioxane; 30 bar of hydrogen
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Next, the influence of the reduction temperature of the NiFe(C) prepared by the wet co-
impregnation method on the catalyst activity is shown in Table 3. The catalyst treated at the
temperature of 200°C showed a very low activity, with a HMF conversion of 11% and no DMF
formation. This could be explained by the residual presence of metal oxides on the catalyst
surface. A significant increase in activity was observed after reduction of the catalyst within the
300-500°C temperature range. Reactions with the catalysts reduced at 300°C and 400°C
allowed complete HMF substrate conversion to be achieved, together with a similar DMF yield
0f 69%. The highest performance was shown by the catalyst reduced at 500°C, namely a nearly-
full HMF conversion of 96%, and the highest DMF yield of 71%. By contrast, reducing the
catalyst at the higher temperature of 600°C caused a drastic decrease in the activity of the

catalyst, with a low HMF conversion of 42%, and a very low DMF yield of 5%.

< Table 3 >

4. Discussion

The activity of the TiO> supported NiFe bimetallic catalysts in the hydrogenation of HMF
into DMF was investigated, and several key factors with significant influence on the reaction
have been identified by studying the influence of both the preparation method and the reduction
temperature. The results showed that the structure of the NiFe bimetallic particles strongly
impacted the catalytic behaviour. To this end, additional TEM analysis with EDX elementary
mapping and line scan profile has been conducted on both NiFe(C)-500 and NiFe(C)-600
catalysts, as they displayed respectively the highest and the lowest DMF yield among the series

of catalysts (Figure 5).
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First, the catalysts cannot be considered sensu stricto as supported catalysts, with dispersed
metallic nanoparticles supported on a TiO; host, due to similar particle sizes between the
anatase crystallites and the metallic phase. In-depth characterization of these systems is
challenging, as they are known to show a poor Z-contrast, that prevents from a doubtless
identification of phases by TEM imaging [23]. However, as regards of the NiFe(C)-500 catalyst,
the EDX mapping and the line scan profile confirmed the formation of NiFe alloy structures
with a core/shell structure (Fig. 5a-¢), with a Ni-rich core, and a majority of Fe as Fe-rich phases
or nanoparticles composing the shell. In agreement with recent reference works on bimetallic
systems [44,45], larger red areas in comparison to green ones (Fig. 5a vs. 5b) , and the typical
EDX line profile with only Fe visible at both sides (Fig. 5¢), were observed. The partial (non-
perfect) nature of the core-shell structure is suggested as red areas corresponding to Ni atoms
remain visible on the overlay image (Fig. 5c). This is in good agreement with both CO
adsorbed-FTIR and ToF-SIMS analyses that showed the clear availability of Ni species at the
surface of the NiFe alloy.

By contrast, the higher reduction temperature of 600°C caused a redispersion and
homogenisation of the Fe atoms within the NiFe alloy, as no core-shell structure was evidenced
on the EDX mapping and the line scan profile (Fig. 5f-j). The temperature probably allowed
surface diffusion of the Fe atoms of Fe-rich shell, in agreement with the lower availability of
Ni species evidenced by CO adsorbed-FTIR and ToF-SIMS. It also allowed enhanced diffusion

to the bulk of the alloy, in agreement with the Fe-enrichment of the Ni core observed by XRD.
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478  Figure 5. EDX elementary mapping and line scan profile for the NiFe(C) catalysts reduced at 500°C (top, a-e) and 600°C (bottom, f-j). (a,f) Fe-
479 K EDX map of (d,i), (b,g) Ni-K EDX map of (d,i), (¢,h) overlay image of (a,f) and (b,g), (d,i) Bright field image in STEM mode, (e,j) EDX line

480  profiles across the nanoparticles along the blue line shown in the images (d,1).
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Our earlier works showed that the formation of a NiFe alloy influences both activity and
selectivity in the HMF hydrogenation over bimetallic Ni-Fe catalysts [22]. In the present work,
we are depicting further that the structure of the NiFe alloy is of prime importance, in particular
the surface availability of Fe and Ni species, and impacts the behaviour of the catalyst.

We suggest that the discrepancy between the bulk and the surface composition of the NiFe
alloy is a key-feature driving the catalytic performances. Indeed, the core/shell structure of the
alloy was identified as a Fe-containing Ni-rich phase with fcc structure [46]. The higher
diffusion coefficient for Fe in comparison to Ni allows the incorporation of Fe into the bulk
structure of Ni. Dynamic changes of the alloy composition were observed especially with the
increase of the reduction temperature of the catalysts where more Fe atoms were incorporated
into the bulk structure [31]. However, it should be mentioned that the Fe-enriched core
remained Ni-rich, and the bce phase of the NiFe alloy that is characteristic of the Fe-rich alloy
was not observed in our case.

The composition of the surface of the NiFe alloy differs strongly from its bulk one, and in
particular with a drastic change observed between samples reduced at 500°C and 600°C. The
partial or unperfect nature of the Fe shell surrounding the Fe-enriched Ni core observed at
500°C for the most efficient catalyst can be seen as a Fe-rich surface phase or as Fe
nanoparticles decorating the Ni-rich core. In both cases, this surface structure and composition
allow for the availability of Ni species at the catalyst surface, as evidenced by both CO
adsorbed-FTIR and ToF-SIMS analyses. Similar observation was pointed out by Wojcieszak at
al. where asymmetrical Fe-rich shell was developed around Ni particles in the case of
Ni:Fe/Si0; catalysts [23].

By contrast, the absence of real core/shell structure at 600°C resulted simultaneously from

the Fe-enrichment of the core and from the migration/redispersion of Fe surface species. The
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redistribution of surface Fe caused a drastic lowering of the availability of surface Ni species,
as visualized by the lower adsorption of CO by FTIR and the strong increase in the Fe:Ni surface
ratio in the top-surface layer by ToF-SIMS. This higher Fe:Ni ratio is also observed for
NiFe(S2) and NiFe(P) prepared by other methods samples and reduced at 5S00°C. In those three
cases, the high Fe:Ni surface ratio with low Ni accessibility/availability also evidenced by FTIR
was associated to low DMF yields (23%, 20% and 5% for NiFe(S2), NiFe(P) and NiFe(C)-600
catalysts, respectively) in comparison to the NiFe(C)-500 catalyst.

The lowering of the Fe:Ni ratio can also be related to the way hydrogen is chemisorbed.
Indeed, hydrogen chemisorption occurs preferentially on Ni rather than on Fe [47], what
provides in consequence much stronger SMSI effect on Ni. This might result in the migration
of titania on Ni, and the consequent reduction of the accessibility of Ni. In particular, that effect
could be pronounced at the high temperature of 600°C, for which the SMSI effect is stronger,
as well as for both FeNi(S2) and FeNi(P) catalysts, for which Ni was introduced in the last step.

Ni is known to be very active in the hydrogenation of HMF, but however not very selective
[8,23]. The positive impact of Fe addition may be explained by the change of HMF adsorption
geometry on the NiFe bimetallic system compared to the monometallic Ni catalyst. We propose
that the adsorption of HMF occurs on monometallic Ni through both furan ring and carbonyl
groups, and on the NiFe alloy only through the carbonyl group, thus disfavouring the
hydrogenation of the aromatic ring that would lower strongly the selectivity to DMF. This was
recently suggested by Chen et al. in the case of the hydrogenation of furfural [48]. In that case,
the Ni atoms are responsible for the hydrogenation and the Fe atoms are beneficial for the
repulsion of the furan ring. In consequence, achieving high selectivity to DMF with a high HMF
conversion on Ni-Fe catalysts would require the presence of metallic Ni sites available at the
surface and maintained dispersed thanks to Fe-containing surface phases, that favour the

creation of Ni-Fe interfaces and prevent from the hydrogenation of the ring.
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5. Conclusions

We demonstrated the ability of earth-abundant non-noble bimetallic NiFe alloy supported
on TiO; to be active and selective catalysts for the high yield production of 2,5-dimethylfuran
from the biomass-derived 5-hydroxymethylfurfural platform molecule, as a green biofuel
competitive to benchmarks like ethanol. Using TiO> PC500 as host support, we studied the
influence of both the preparation method and the reduction temperature on the catalyst
performances, and we showed that they both strongly impacted the catalyst behaviour and in
turn the yield to DMF. Dynamic changes of the alloy properties were observed especially with
the increase of the reduction temperature of the catalysts where more Fe atoms were
incorporated into the bulk structure.

The catalyst performance is directly influenced by the structure of the NiFe alloy, with a
key-feature relying on the discrepancy between its bulk and surface composition. Among the
series of catalysts studied, the catalyst prepared by co-impregnation of both metal precursors
and reduced at 500°C led to the highest yield to DMF of 71%, with a nearly full HMF
conversion of 96%. It features a core/shell structure with an Fe-containing Ni-rich core
surrounded/decorated by a partial/unperfect Fe-rich shell. This surface structure and
composition allow for the availability of highly active Ni domains at the alloy surface,
maintained dispersed by the exposure of Fe-rich surface phases, and is proposed to promote the
HMF adsorption through the carbonyl group, while preventing from the further hydrogenation
of the aromatic furan ring to maintain high selectivity. By contrast, the availability of surface
Ni species is strongly lowered by the migration/redispersion of Fe surface species and the
resulting loss of the core/shell structure when the catalyst is reduced at a too high temperature,

what in turn leads to lower HMF conversion.
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