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Abstract: g-Al2O3 supported Ni-Pd catalysts with different Ni:Pd ratios were studied in the 13 
hydrogenation of two industrially-relevant platform molecules derived from biomass, namely 14 
levulinic acid and hydroxymethylfurfural. The bimetallic catalysts showed better performances in 15 
both processes in comparison to the monometallic counterparts, for which a too strong interaction with 16 
the alumina support reduced the activity. The behavior of the bimetallic catalysts was depending on 17 
the Ni:Pd ratio, and interestingly also on the targeted hydrogenation reaction. The Pd-modified Ni-18 
rich system behaves like pure Ni catalyst, but with a strongly boosted activity due to a higher number 19 
of Ni active sites available, Pd being considered as spectator. This high activity was manifested in the 20 
levulinic acid hydrogenation with formic acid used as internal hydrogen source. This behavior differs 21 
from the case of the Pd-rich system modified by Ni, that displayed a much higher Pd dispersion on 22 
the support compared to the monometallic Pd catalyst. The higher availability of the Pd active sites 23 
while maintaining a high surface acidity allows the catalyst to push the HMF hydrodeoxygenation 24 
reaction forward towards the green biopolymer precursor 2,5-bis(hydroxymethyl)-tetrahydrofuran, 25 
and in consequence to modify strongly the selectivity of the reaction. In that case, residual chlorine 26 
was proposed to play a significant role while Ni was considered as spectator. 27 

Keywords: g-Al2O3 supported Ni-Pd catalysts, selectivity, levulinic acid, γ-valerolactone, formic acid, 28 
hydroxymethylfurfural, 2,5-bis(hydroxymethyl)-tetrahydrofuran 29 

 30 

1. Introduction 31 
Biomass is considered as a very promising feedstock due to its abundance and availability. In 32 

particular, lignocellulosic waste materials have recently undergone extensive research in the field of 33 
renewable and sustainable resources for the industrial production of high-value chemicals and liquid 34 
fuels [1,2]. Two of the most promising intermediates (platform molecules) that can be derived from the 35 
hydrolysis of cellulose and in particular from the dehydration of C-6 carbohydrates, are 36 
hydroxymethylfurfural (HMF), considered as an appealing starting material for various chemical 37 
synthesis owing to both its furan ring and the presence of two functional groups, as well as levulinic 38 
acid (LA). Their further hydrogenation enables the synthesis of high value-added molecules (Scheme 1, 39 
also indicating the notations used here). 40 
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 41 

Scheme 1. Reaction pathways of the HMF hydrodeoxygenation with the possible formed products and 42 
of the LA hydrogenation into GVL with FA as internal hydrogen source, in the context of the global 43 
valorization of cellulose through initial hydrolytic hydrogenation.  44 

 45 
The production of LA is favored using water as solvent, and its further hydrogenation with 46 

subsequent cyclization gives γ-valerolactone (GVL) which can be used as fuel additive, solvent, liquid 47 
fuel and as precursor of valuable chemicals [3,4]. The reaction can be performed using an internal 48 
hydrogen source, i.e. formic acid (FA) obtained in equimolar ratio with LA upstream of the process, for 49 
increasing the sustainability of the overall cellulose valorization process. By contrast, HMF production 50 
is favored in organic solvent, and its hydrogenation products are strongly depending on both the 51 
catalysts and the reaction conditions [5]. In appropriate conditions, HMF can be converted into 2,5-52 
bis(hydroxymethyl)-tetrahydrofuran (BHMTHF), considered as an analogue of 1,3/1,4-53 
cyklohexanedimethanol used for polyester production, through the total hydrogenation of the HMF 54 
furan ring, but taking into account that the aldehyde group needs to be saturated without further 55 
hydrogenolysis to 5-methyltetrahydrofurfuryl alcohol (MTHFA) or further to 2,5-56 
dimethyltetrahydrofuran (DMTHF) [6]. BHMTHF can have several applications, as green solvent as 57 
well as pharmaceutical or nylon-6 polyamine intermediate [7,8,9]. 58 

Although Pd, Ru, Pt noble metal based catalysts are most commonly used for both LA 59 
hydrogenation and HMF hydrodeoxygenation reactions [10,11], the tendency of using cheap, robust, 60 
non-noble based metals as supported catalysts is strongly manifested in the recent years [12,13]. Good 61 
performance for the selective hydrogenation of LA and HMF has been achieved with Ni-based catalysts. 62 

Duarte et al. [14] showed that both Ni and Pd catalysts supported on γ-Al2O3 were active and 63 
selective towards the HMF decarbonylation in aqueous phase at a hydrogen pressure of 4 bar and in 64 
the 137-189°C range. Kong et al. [15] evidenced the difficulty of hydrogenating the C=C conjugated 65 
bonds in HMF using Ni-Raney catalysts, so that high selectivity towards BHMF could be easily reached, 66 
with no further hydrogenation into BHMTHF. High reaction yields towards BHMTHF were only 67 
possible with a prolonged reaction time (30 h) and a temperature of 100°C. Further, Lima et al. [16] 68 
reported that Raney Ni in water was favoring 2,5-bihydroxymethylfuran (BHMF), with a high 69 
selectivity of 60%, rather than BHMTHF (13% after 8 h of test at 90°C under 90 bar of hydrogen). They 70 
consequently proposed a two-step process combining first a Raney Cu to selectively form BHMF, 71 
further converted selectively to BHMTHF on Raney Ni (98%). The furan ring hydrogenation on 72 
monometallic Ni-based catalysts is therefore not preferential and requires severe reaction conditions 73 
and a high Ni content. 74 
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Regarding the LA hydrogenation, the approach of using FA as internal hydrogen source provides 75 
additional challenge to the reaction, as a selective FA decomposition is strongly demanded not only for 76 
reaching a high hydrogen yield but also for preventing from the surface poisoning by CO. Additionally 77 
Ni can be also poisoned by hydrogen due to its strong adsorption on the surface [17]. Monometallic Ni 78 
catalyst can be however modified by the addition of a second metal, that can result in the formation of 79 
new active sites, and can increase the catalyst stability due to the establishment of intermetallic 80 
interactions and the modification of Ni interaction with the support. In particular, Ni-Pd catalysts 81 
showed higher activity and selectivity as compared to their single counterparts in the hydrogenation of 82 
both HMF [18] and LA substrates [19]. Mihet et al. [20,21] showed that the introduction of small amounts 83 
(0.5%) of Pd and Rh noble metals to the 10% Ni/Al2O3 catalyst reduces the crystallite size, with in turn 84 
a higher activity in both NO reduction and CO2 methanation. It was also proposed that adding Pd to Ni 85 
facilitates its reduction and led to Ni-Pd systems with improved activity in autothermal reforming of 86 
methane [22]. Another reason for the increased activity of Ni-Pd systems is the formation of the alloy. 87 
Regardless of the Ni:Pd ratio, Bayat et. al. [23] proposed that the Ni-Pd alloy formation was responsible 88 
for the increase in the catalyst lifetime by reducing the carbon deposit formation during the methane 89 
decomposition reaction. The highest activity was observed for a 50:15 Ni:Pd ratio, while a too high 90 
content of Pd dopant led to a lower activity, due to the decrease in the catalyst surface area and to the 91 
particle agglomeration. Also, Zhang et al. [24,25] observed that adding Pd reduced both the sintering of 92 
Ni and the formation of carbon deposit, with consequently an increased stability of the catalyst in the 93 
hydrogen production from partial oxidation and steam reforming of n-octane. 94 

There are therefore promising examples in the literature concerning the Ni-Pd systems, and the 95 
variety of composition, morphology, and consequently synthesis methods depend strongly on the 96 
targeted process. It is therefore difficult to predict which factors are crucial in the hydrogenation of the 97 
biomass-derived molecules. There is just proof of principle examples evidencing the great potential of 98 
Pd-Ni systems in the hydrogenation of LA and HMF. Nakagawa et al. [18] reported that SiO2 supported 99 
bimetallic Ni-Pd catalysts can be more active than Raney Ni and more selective than Pd/C for the HMF 100 
hydrogenation. Total hydrogenation of unsaturated compounds like HMF and furfural was achieved 101 
over the bimetallic Ni-Pd/SiO2 catalyst, and the key-role played by the alloy was hypothesized. When 102 
it comes to LA hydrogenation with FA as hydrogen source reaction, we demonstrated recently that 103 
among the noble metal dopants (Pt, Pd, Ru, Rh) of Ni catalyst, Pd was the most active, and preliminary 104 
results showed that the activity of the bimetallic Ni−Pd catalysts could be tuned depending on the 105 
preparation method [19].  106 

Therefore, a series of Ni-Pd bimetallic catalysts with different Ni:Pd ratios has been further 107 
developed for being evaluated in both the HMF hydrogenation with external hydrogen source and the 108 
LA hydrogenation with FA as internal hydrogen source. We focused on alumina supported catalysts, 109 
since high isoelectric point supports such as γ-Al2O3 promote the HMF ring hydrogenation for forming 110 
BHMTHF [26], whereas supports showing Brønsted acidity, such as SiO2, promote the formation of 111 
polyols and polymers by ring opening [27]. The key-factors having a role in the hydrogenation of both 112 
bioderived chemical substrates on Ni-Pd/γ-Al2O3 catalysts are discussed, together with their impact on 113 
the catalyst behavior notably in terms of activity and of reaction selectivity. 114 

2. Results 115 

2.1. Catalyst characterization 116 
The XRD patterns of mono and bimetallic catalysts are shown in Figure S1 with their corresponding 117 

description. In addition to the diffraction peaks corresponding to the γ-Al2O3 support, only broad 118 
peaks/shoulders revealed the presence of metallic Ni for the 4% Ni catalyst ; they were further 119 
attenuated upon the addition of 1% Pd in the bimetallic 4%Ni-1%Pd sample, while not visible in the 120 
low Ni loading (1%) bimetallic counterpart sample. Further, no clear reflexes corresponding to Pd were 121 
observed at ca. 40° for both monometallic Pd and bimetallic catalysts, independently of the Pd loading. 122 
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This resulted from the low amount and small size of the crystallites, as well as from the low crystallinity 123 
of the alumina support. 124 

The reduction profiles of mono and bimetallic catalysts (before the final reduction step) are shown 125 
in Figure 1. For monometallic nickel catalysts, a high-temperature hydrogen consumption peak starting 126 
at around 450°C was observed. This may suggest the presence of NiOx strongly interacting with the 127 
support or the formation of spinel [28,29]. In the case of the 1% Pd catalyst, a broad low-temperature 128 
reduction peak was noticed in the range of 50-200°C. It may be related to the presence of small Pd 129 
particles being in strong interaction with the support [30]. Furthermore, it can be related with the 130 
reduction of PdOxCly strongly interacting with the support [31]. It is worth noting that the reduction of 131 
bulk PdO is reported to take place at a lower temperature (55°C) [32].  132 

 133 

 134 

Figure 1. TPR profiles of mono and bimetallic catalysts after the oxidation step. 135 

The increase in the Pd content from 1% to 4% allows to observe a clear and sharp reduction peak 136 
with a maximum at 65°C. This peak can be ascribed to the reduction of a mix of PdO and PdOxCly 137 
species, therefore it is possible that the Pd is less interacting with the support so that its reduction is 138 
facilitated [36].  139 

The bimetallic Ni-Pd/γ-Al2O3 catalyst reduction profiles are more complex than those of the 140 
monometallic catalysts. The shape of the reduction profiles is highly dependent on the Ni-Pd ratio. In 141 
all cases, we observe a low-temperature hydrogen consumption peak within the 30-140°C range, 142 
associated with the reduction of Pd species. As the palladium content decreases, the low-temperature 143 
hydrogen consumption peak shifts towards higher temperature, which may be related to the change of 144 
Pd crystallite size and in the interaction between the metals and the support. Large crystalline palladium 145 
is able to absorb hydrogen at room temperature within the metal structure, in contrary to small well 146 
dispersed palladium species [33]. To better illustrate those differences, the TPR profiles were recorded 147 
on the reduced samples (Figure S2). Only in the case of 4%Pd, a negative TPR peak was observed, which 148 
was attributed to the decomposition of the Pd hydride (β-PdH2) formed at room temperature from the 149 
absorption of atomic hydrogen within the structure of large size metallic Pd particles [32,35,37,34]. For 150 
the bimetallic samples, the absence of the hydride phase may indicate a good dispersion of palladium, 151 
staying in interaction with the second metal [35]. 152 

Furthermore, the presence of chlorine derived from the palladium precursor may facilitate the 153 
reduction of NiOx and inhibit the formation of the interfacial NiAlxOy spinel [19]. For the 4%Ni-1%Pd 154 
catalyst, a high-temperature effect was observed in the temperature range 220-350°C associated with 155 
the reduction of NiOx species [21,22,36], so that modifying the Ni catalyst with Pd as dopant facilitated 156 
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the reduction of nickel. This effect could not observed for the 1%Ni-4%Pd catalyst, due to the low nickel 157 
content. In addition, the low-temperature region reduction might also correspond to the reduction of a 158 
mix of NiO and PdO as observed by Bayat et al. [23]. XPS and ToF-SIMS complementary analyses were 159 
performed for getting information about the catalyst surface and for identifying what kinds of surface 160 
species were present as well as their effect on the interactions between the metal(s) and the support 161 
(Figure 2 and Table 1, respectively). In the case of the bimetallic 1%Ni-4%Pd catalyst, the Pd ion intensity 162 
(Pd- and PdCl-) was higher than that recorded for the monometallic 4%Pd catalyst, which may suggest 163 
a better dispersion of palladium in the presence of small amount of nickel and thus may indicate that 164 
adding nickel improves the palladium dispersion in a Pd-rich catalyst [17,19]. It was worth noting that 165 
the surface of all Pd-containing catalysts contained residual chlorine species coming from the Pd 166 
precursor, and that were not completely eliminated during the thermal steps of the catalyst preparation. 167 
This was particularly pronounced on the 1%Ni-4%Pd bimetallic catalyst that contained a strongly 168 
higher amount of chlorine compared to that remaining in the corresponding 4%Pd monometallic 169 
counterpart, so that modifying the 4%Pd catalyst with 1% Ni unfavored the removal of the chlorine 170 
species during the thermal treatment, the highest amount of both PdCl- and Cl- ions being recorded on 171 
the Pd-rich bimetallic catalyst. However, the intensity of NiCl2- ions was similar for both bimetallic 172 
catalysts. By contrast, in the case of the Ni-rich catalyst, i.e. when Pd is only present as dopant, no 173 
difference in terms of chlorine ions intensity was observed compared to the monometallic Pd 174 
counterpart. Although the intensity of Ni ions was similar to that observed for the monometallic 175 
catalyst, the presence of additional NiCl2- ions suggested that Ni is also partially interacting with Cl 176 
species. The lower intensity of Pd in this case can suggest that Pd is partially covered by Ni species or 177 
that Pd is present as larger crystallites compared to the monometallic Pd counterpart. 178 

Table 1. Normalized intensity of selected ions identified on the surface of the catalysts. 179 

Catalysts Cl- x 10-2 Ni- x 10-4 Pd- x 10-5 PdCl- x 10-4 NiCl2- x 10-4 

1%Ni - 1.53 - - - 

4%Ni - 2.61 - - - 

1%Pd 3.23 - 3.16 5.25 - 

4%Pd 2.09 - 4.37 3.74 - 

4%Ni-1%Pd 3.48 2.55 1.96 2.30 2.50 

1%Ni-4%Pd 5.02 1.10 14.6 10.8 2.30 

 180 
Figure 2 shows the palladium Pd 3p region, the Ni 2p3/2 region and the Cl 2p region of XPS spectra 181 

recorded on the catalysts, while the wide scan survey spectra are reported as Figure S3. In general, the 182 
Ni 2p3/2 orbital spectra exhibit a complex feature with a broad multi-contribution envelope containing 183 
the core level peaks and shake-up satellite peaks corresponding to a multi-electron excitation and being 184 
characteristic of Ni species in oxidized states [37,38,39]. Except for the bimetallic 1%Ni-4%Pd catalyst, 185 
both metallic and oxidized states of Ni co-exist in all catalysts, the broad and complex envelop showing 186 
a contribution at 855.7 eV corresponding to Ni in oxidized states, that can be associated to Ni strongly 187 
interacting with the alumina support (aluminate) and/or to surface oxidized Ni, and another one at ca. 188 
851.7 eV assigned to metallic Ni [40,41]. The 4%Ni monometallic sample was suggested to be more 189 
prone to surface oxidation than the catalyst with a lower loading, as evidenced by the highest intensity 190 
of the oxidized nickel contribution vs. the metallic one. By contrast, it is worth noting that no metallic 191 
nickel was observed at the surface of the bimetallic 1%Ni-4%Pd catalyst. Ni as dopant of the Pd catalyst 192 
was only present as oxidized species, indicating that the reduction of the nickel at the surface is hindered 193 
in the Ni-modified Pd-rich catalyst.  194 

 195 
 196 
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 199 

Figure 2. a) Ni2p3/2, b) Pd3d, c) Cl2p orbital XPS spectra of the mono and bimetallic catalysts. 200 

Whatever the catalyst, the Pd 3d orbital spectra consist of three doublet contributions at 334.5 eV, 201 
335.9 eV and 337.2 eV (±0.1 eV), each of them with a 3d5/2-3d3/2 spin-orbit splitting constant of 5.26 eV. 202 
The two lower energy contributions were assigned to metallic and oxidized Pd surface species, 203 
respectively, with binding energy values being about 0.5 eV to 1.0 eV lower than those reported for bulk 204 
palladium, evidencing metal-support interaction between Pd and with Al2O3. The data do not allow to 205 
distinguish whether oxidized surface Pd corresponds to Pd oxide(s) or hydroxide(s). The higher energy 206 
doublet contribution might be assigned to Pd atoms in interaction with residual chloride species (eg. as 207 
oxychloride species, as already suggested for chloride precursor-derived metallic catalysts such as 208 
Pd/Al2O3, Ru/C or Ru/Al2O3 [42,43,44]. Indeed, the presence of residual chlorine species at the surface 209 
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of all the Pd-based catalysts was evidenced on the survey spectra, while the Cl 2p orbital spectra showed 210 
the usual 2p3/2–Cl 2p1/2 doublet contribution at 198.2-199.8 eV with a spin–orbit splitting constant of 1.6 211 
eV. This confirmed that the chlorine species were not completely eliminated during the thermal 212 
oxidation and reduction pretreatment steps [45,46,47], in agreement with ToF-SIMS results.  213 

In line with the ToF-SIMS results, it was noted that modifying the 4%Pd catalyst with Ni improved 214 
the Pd dispersion at the alumina surface, with an increase in the Pd/Al surface atomic ratio from 0.0.19 215 
to 0.024. Further, the presence of Ni was detrimental to the elimination of the chlorine species from the 216 
catalyst surface, with a strong increase of the Cl surface atomic percentage from 0.33% for the 217 
monometallic 4%Pd catalyst to 1.34% for the Ni-modified Pd-rich catalyst. This was as well evidenced 218 
by the simultaneous increase of both Cl/Al and Cl/Pd surface atomic ratios from 0.01 and 0.53, 219 
respectively, to 0.04 and 1.70 when modifying the 4%Pd catalyst with 1% of Ni.  220 

FTIR spectra of CO adsorbed on the monometallic and bimetallic catalysts recorded under pressure 221 
are shown in Figure 3A and 3B, respectively. The spectra of nickel catalysts obtained under pressure 222 
showed only the band at 2056 cm-1 attributed to CO linearly adsorbed on Ni0 or physically adsorbed on 223 
nickel as tetracarbonyl Ni(CO)4  band [48,49] being more intense in the spectrum of the 4% Ni catalyst. 224 
The strong decrease of the band intensity recorded after CO evacuation suggests the weak adsorption 225 
of CO on the nickel crystallites (Figure S4).  226 

 227 

 228 

(a) (b) 

Figure 3. FTIR spectra of CO adsorbed on the surface of (a) the monometallic and (b) the bimetallic 229 
catalysts recorded under CO pressure.  230 

In the spectra of palladium catalysts, clear bands are visible at 1930 cm-1 and 1986 cm-1, assigned 231 
respectively to the bridge-bonded CO at metal corner/edge sites and on metal (low-index plane) facets, 232 
as a result of the weaker dipole-dipole coupling on crystallite corners/edges. The band at 2090 cm-1 was 233 
assigned to linear-bonded CO on metal atoms [50,51,52] and exhibited also two shoulders at 2062 cm-1 234 
and 2114 cm-1. The shoulder at the lower wavenumber was reported to correspond to the linear CO 235 
adsorption on Pd crystallite planes with lower coordination in comparison to the band at 2090 cm-1 [53], 236 
and that at the higher wavenumber of 2114 cm-1 was indicated to characterize the linear adsorption of 237 
CO on highly dispersed cationic Pdδ+ [54]. 238 

Moreover, although on both monometallic Pd catalysts there is bridged CO adsorption on both 239 
facet and corner/edge sites, the adsorption is more intense on corner/edge sites for 1%Pd, and on facets 240 
for 4%Pd. This can be related with different sizes for the metal crystallites and with their different 241 
surface features being dominated by low index planes or corner/edge atoms [55].  242 

All the spectra recorded for CO adsorption on bimetallic catalysts showed bands of bridge-bonded 243 
CO on palladium and of CO linearly adsorbed on nickel, regardless the metal ratio used. However, the 244 
type of CO adsorption depends on the Ni:Pd ratio. Indeed, for the Pd-rich catalyst (ie. 1%Ni-4%Pd), the 245 
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band at 2090 cm-1 characteristic for the linear adsorption of CO on palladium crystallites is visible with 246 
similar intensity than for the monometallic counterpart.  247 

However only a limited bridged CO adsorption is observed on the Pd corners/edges, as evidenced 248 
by the decrease in the intensity of the band at 1930 cm-1. This might result from the partial blockage of 249 
the palladium corners/edges by heteroatoms, namely nickel and/or chlorine atoms. By contrast, in the 250 
spectra of the Ni-rich catalyst (4%Ni-1%Pd), comparing the intensity of the band at 2056 cm-1 clearly 251 
revealed that the addition of Pd causes an increase in the number of Ni adsorption centers. This increase 252 
of adsorption can result from the weaker interaction of Ni with the support surface in comparison to 253 
monometallic 4%Ni counterpart, in agreement with the TPR results. The higher number of metallic Ni 254 
centers available was also confirmed by the shoulder at 2025 cm-1, characteristic of linear CO bounded 255 
to one nickel atom, and that is not observed for the monometallic nickel catalysts [56]. 256 

In addition, FTIR studies can be associated with CO chemisorption performed at ambient pressure 257 
(Table 2). As shown above, after pressure release, the CO adsorption on Ni crystallites is weak, unlike 258 
what is observed for Pd adsorption centers (Figure S4). Therefore Ni-rich catalysts showed lower CO 259 
chemisorption uptakes than the Pd-based catalysts, however the chemisorption capacity was higher on 260 
the Ni-rich bimetallic catalyst (4%Ni-1%Pd) than on the monometallic Ni counterpart. The highest 261 
amount of chemisorbed CO was observed for the monometallic 4%Pd catalyst that showed the most 262 
intensive bands in FTIR spectra, followed by the Pd-rich bimetallic catalyst (1%Ni-4%Pd) for which the 263 
FTIR spectra also exhibited lower intensity bands in comparison to the 4%Pd monometallic catalyst. 264 
This can be related with the presence of chlorine (ToF-SIMS, XPS study) that can influence the 265 
chemisorption capacity, as well as with the possible blockade of Pd corners and edges, with 266 
consequently a lower CO chemisorption. 267 

Table 2. CO chemisorption and NH3-TPD results of the Ni-Pd catalysts. 268 

Catalysts CO uptake [µmol/g] Acidity [mmol/g] 

1%Ni 4 0.878 

4%Ni 20 0.852 

1%Pd 16 0.990 

4%Pd 61 1.212 

4%Ni-1%Pd 25 1.210 

1%Ni-4%Pd 31 1.150 

γ-Al2O3 - 0.980 
 269 
The acidity of the catalysts was derived from the temperature programmed desorption of NH3 and 270 

expressed as the molar amount of NH3 adsorbed per gram of catalyst (Table 2). It can be seen that the 271 
acidity of the monometallic Ni catalysts is lower than that of the support itself and is decreasing with 272 
the increase in the metal loading, which is related with the coverage of the acid sites of the support [57]. 273 

In contrast to the nickel catalysts, the acidity of Pd-based catalysts (mono and in particular 274 
bimetallic) does not decrease or is even higher than for bare γ-Al2O3. There are several factors that can 275 
be responsible for that phenomena. Firstly, it can be related with the presence of residual chlorine 276 
derived from the palladium precursor (ToF-SIMS, XPS). Although chlorine is a Brønsted base, its 277 
electron withdrawing properties may change the acid-base balance of the alumina supported palladium 278 
catalyst due to its interaction with metal and oxide. As a result of the interaction with the surface of 279 
aluminum oxide, chlorine builds into its structure replacing the basic centers, thereby strengthening the 280 
acid centers [58,59,60]. 281 

Secondly, the interaction between chlorine and palladium results in the electron-deficient character 282 
of the palladium metal [61,62,63,64], what can consequently enhance the NH3 adsorption. What is more, 283 
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metallic palladium and nickel are also considered as NH3 adsorption site and this adsorption is 284 
facilitated in the case of bimetallic catalysts due to the decrease of the Ni/support interaction [65].  285 

2.2. Catalytic activity in the hydrogenation of LA  286 
The catalytic activity of the mono- and bi-metallic catalysts with different Ni-Pd ratios in the LA 287 

hydrogenation using FA as a hydrogen source is reported in Table 3 in terms of both FA and LA 288 
conversions and of yield to GVL. In general, both monometallic Pd catalysts exhibited a higher activity 289 
in the FALA reaction than the monometallic nickel catalysts, for which only low FA decomposition (26-290 
31%) was observed with consequently a very low LA conversion (5-6%) and no production of GVL, 291 
independently of the Ni metal loading. We showed  that nearly full FA conversion is necessary for 292 
initiating the subsequent LA hydrogenation. This is related to the strong adsorption of the formate 293 
intermediate on the active metal sites, that hinders the adsorption of LA [19,42]. Despite a full FA 294 
decomposition, the monometallic Pd catalysts exhibited a low LA hydrogenation level (14-16%) 295 
regardless the Pd content, with a very low GVL yield of about 8-12%. 296 

By contrast, both bimetallic Ni-Pd catalysts displayed a strongly higher activity in the combined 297 
FALA reaction than the different monometallic counterpart catalysts independently of the Ni:Pd ratio. 298 
Whereas full FA decomposition was obtained in both cases, a strongly higher LA conversion and GVL 299 
yield of 43% and 37%, respectively, could be achieved on the bimetallic Ni-rich catalyst (4%Ni-1%Pd), 300 
while the highest activity was observed for the catalyst with the highest Pd content (1%Ni-4%Pd), that 301 
allowed to obtain a LA conversion of 50% with a GVL yield of 47%. 302 

Table 3. Activity of mono- and bimetallic Ni-Pd/γ-Al2O3 catalysts in the simultaneous FA decomposition 303 
and LA hydrogenation into GVL, expressed in terms of both FA and LA conversions and of GVL yield.  304 

Catalysts 

Conversion [%]  Yield [%] 

FA 
 

 

LA 

 

 GVL 
 

 

1%Ni/γ-Al2O3 31 6  0 

4%Ni/γ-Al2O3 26 5  0 

1%Pd/γ-Al2O3 100 14  8 

4%Pd/γ-Al2O3 100 16  12 

4%Ni-1%Pd/γ-Al2O3 100 50  47 

1%Ni-4%Pd/γ-Al2O3 100 43  37 

Reaction conditions: 190oC; 2 h; 0.6 g of catalyst; 1 g LA and 0.4 ml FA corresponding to an 
equimolar LA:FA ratio; 30 ml water. 

 305 

2.3. Catalytic activity in the hydrogenation of HMF 306 
The conversion and the product yields in hydrogenation of HMF obtained for the mono and 307 

bimetallic catalysts with different Ni-Pd ratios are shown in Table 4. In given reaction conditions, full 308 
conversion was obtained for most of the catalysts with the exception of the monometallic Ni catalyst.  309 
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In the case of the monometallic Ni catalyst, the reaction is not selective, and the main products 310 
observed were BHMTHF and MTHFA, giving also the highest number of other by-products. The lack 311 
of DMF could suggest that the reaction proceed via the carbonyl group hydrogenation, followed by the 312 
ring hydrogenation to form BHMTHF and further hydrogenolysis to MTHFA and DMTHF. Although 313 
for Ni catalysts the selectivity path depends strongly on both the catalyst properties and the reaction 314 
conditions, the above proposed path is supported by the literature, particularly for alumina supported 315 
Ni catalysts [66],	or for Raney Nickel in milder hydrogenation conditions.16 According to the literature, 316 
the presence of a support with high isoelectric point (like alumina) can additionally enhance the 317 
reduction of the aromatic ring [26]. 318 

In contrast, the monometallic 4%Pd shows a high yield of BHMTHF (57%), with the formation of 319 
significant amount of DMF (32%). The formation of DMF can occur both via the hydrogenolysis of HMF 320 
to 5-MF, or via the hydrogenation its aldehyde group to form BHMF. However, while BHMF is the 321 
postulated intermediate in the literature for the DMF formation, BHMF can further be hydrogenated to 322 
BHMTHF. In our case, the subsequent hydrogenolysis of BHMTHF on Pd/Al2O3 is however suppressed, 323 
as only marginal yields to MTHFA and DMTHF were observed. It is known however that the 324 
hydrogenolysis of the side chains in HMF is competitive with the ring hydrogenation on Pd catalysts, 325 
so that is difficult to control this selectivity [67,68]. 326 

As far as the bimetallic catalysts are concerned, the above-described effects are amplified. The 327 
addition of 1%Ni to the 4%Pd catalyst promoted the formation of BHMTHF, so that the bimetallic 1%Ni-328 
4%Pd catalyst strongly overcomes its 4%Pd monometallic counterpart with a high yield to BHMTHF of 329 
76%. Interestingly the selectivity of Pd-rich catalyst is kept to the same product. Having in mind that 330 
the Pd-supported catalyst is quite selective towards BMHTHF, especially at high temperatures [69], this 331 
suggests that here Pd is the active site whereas the Ni dopant remains a spectator for the reaction. The 332 
higher activity of the bimetallic catalysts in comparison to the monometallic counterparts and to Raney 333 
Nickel was also shown by the group of Tomishige for systems supported on silica, but they did not 334 
observed this behavior related with the selectivity issue was however not observed by his group on 335 
silica supported materials [18]. 336 

Adding 1%Pd to the 4%Ni catalyst allowed the formation of equal amounts of BHMTHF and 337 
DMTHF, avoiding the formation of by-products as in the case of monometallic Ni. Once again similar 338 
effect was observed for the Ni-rich bimetallic system. We observed typical behavior in this reaction for 339 
monometallic Ni, namely ring hydrogenation and BHMTHF formation and further hydro-genolysis via 340 
MTHFA to DMTHF. The difference was however related to the fact that this reaction proceeds to much 341 
higher extend, as much higher yields to BHMTHF and DMTHF were obtained with the suppression of 342 
by-products. In this case, Ni was considered as active site, similarly to what is described in the literature 343 
for Ni-Au systems, for which the role of Au was to alter the Ni properties, e.g. by preventing from 344 
surface poisoning due to a beneficial change in the adsorption energy of reaction substrates. 345 

Table 4. Activity of monometallic and bimetallic Ni-Pd/γ-Al2O3 catalysts in the HMF hydrogenation, 346 
expressed in terms of HMF conversion and of the different product yields. 347 

Catalysts Conversion 
[%] 

 Product yields 
[%] 

 HMF 

 

 MF  

 

BHMF 

 

MFA 

 

DMF 

 

BHMTHF 

 

MTHFA 

 

DMTHF 

 

Others 
 

4%Ni 90  2 0 0 0 34 27 3 24 
4%Pd 100  1 0 1 32 57 3 6 0 

4%Ni-1%Pd 100  1 1 0 0 47 0 50 0 
1%Ni-4%Pd 99  1 0 1 18 76 0 3 0 

  Reaction conditions: 220oC; 4 h; 0.3 g of catalyst; 1 g HMF, 30 ml 1,4-dioxane and 30 bar H2. 

  348 
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3. Discussion 349 
This work aimed at getting deeper understanding on the influence of the modification of Pd and 350 

Ni catalysts by dopants, on their physicochemical properties and their activity in two important bio-351 
based processes. HMF hydrodeoxygenation and LA hydrogenation reactions were consequently 352 
chosen to illustrate selectivity and activity performance issues, respectively. Ni/γ-Al2O3 shows poor 353 
activity in both processes, due to the existence of very strong interactions between the nickel phase 354 
and the alumina support, that are favoring the formation of the hardly reducible NiAl2O4 spinel 355 
interfacial phase [70], with in consequence the reduction of the number of active metallic sites [71]. 356 
By contrast, they create new active centers that are reactive for the hydrogenation of furan ring.  357 

The modification of the Ni-rich catalysts with Pd boosted strongly the activity performance, with 358 
a twofold role played by the Pd dopant. This role is not only limited to the direct Pd influence, but 359 
also relates to the presence of residual chlorine derived from the Pd metallic precursor. Firstly, we 360 
observed a changed affinity of Ni with the alumina support that results from the interaction of Ni 361 
with Pd and chlorine [19]. Consequently, for Ni-rich bimetallic catalysts, this results in higher 362 
availability of Ni active sites. 363 

Modifying the Ni catalyst with Pd lowered the catalyst reduction temperature, evidenced by 364 
CO-adsorbed FTIR and CO chemisorption, in agreement with the literature [72]. Additionally, during 365 
the reaction in reductive atmosphere, the reduction of Ni can be favor by spillover effect taking place 366 
on surface Pd, on which H2 molecules dissociate into atomic hydrogen. The stronger reducing power 367 
of atomic hydrogen compared to molecular gaseous H2 is consequently beneficial for the 368 
hydrogenation reactions, while it can also favor an easier reduction of surface NiOx species after fast 369 
diffusion into the Ni crystal lattice [22,76]. 370 

We suggest that the dopant metal in low content influences directly the surface properties of the 371 
Ni-Pd catalysts, so that it is somehow indirectly responsible for the change in the catalytic 372 
performances in both HMF hydrodeoxygenation and LA hydrogenation. The selectivity of the 373 
reactions was kept to the same product, while the catalyst activity was boosted compared to the 374 
monometallic counterparts. 375 

The Pd-modified Ni-rich system behaves therefore like the pure Ni catalyst but with a strongly 376 
boosted activity, and the role of Pd can be considered as spectator. This is especially visible in the 377 
HMF hydrodeoxygenation, and this stronger activity could be related to the higher number of Ni 378 
active sites. This higher amount of active sites is also manifested in FALA reaction, providing the 379 
highest activity is the reaction. 380 

The situation is different in the case of the Ni-modified Pd-rich system, for which a higher 381 
dispersion of Pd was manifested compared to the monometallic Pd catalyst (ToF-SIMS, XPS study). 382 
A higher number of active sites while preserving the very high acidity of the surface of the catalyst 383 
help to push the HMF hydrodeoxygenation forward towards BHMTHF [10]. Pd generally favors the 384 
hydrogenation of the furan ring because of the strong interaction between the narrow d band of Pd 385 
and π bonds [5]. Additionally, the Pd-supported catalyst is quite selective towards BMHTHF, 386 
especially at high temperatures [73]. Higher activity of this bimetallic palladium-rich catalyst in 387 
comparison to monometallic Pd counterpart could be also related with limited formation of β-Pd 388 
hydrate, which could poison palladium. This suggests that here Pd is the active site whereas the Ni 389 
dopant remains a spectator for the reaction. 390 

Furthermore, the very high content of chlorine of the catalyst (even largely higher than for the 391 
monometallic 4%Pd counterpart) has a significant effect. The higher electronegativity of Cl vs. Ni 392 
(with the high electron withdrawing properties of Cl) can lead to an electronic depletion of the Ni 393 
species, that might explain the weaker resistance of Ni to surface oxidation, i.e. a hindering of the Ni 394 
reduction. A similar effect between neighboring Pd and Ni atoms can also be suggested due to the 395 
lower Ni electronegativity. By contrast, this Cl- and Pd- induced effect on the electronic state of the 396 
Ni species is not preponderant in the Ni-rich catalyst, because of the largely smaller amount of 397 
chlorine and Pd atoms compared to the dominant Ni. 398 

4. Materials and methods 399 
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4.1. Materials and chemicals 400 
Ni(NO3)2·6H2O (100% pure, Chempur, Poland), PdCl2 (98.5% pure, Chempur, Poland), Al2O3 401 

(Fluka, type 507, Buchs SG), formic acid (85% purity, Chempur, Poland), levulinic acid (98% purity, 402 
Sigma Aldrich), hydroxymethylfurfural (98% purity, FluoroChem, United Kingdom) and 1,4-dioxane 403 
(98% pure, POCH, Poland) were used as received. 404 

4.2. Catalyst preparation 405 
γ-Al2O3 supported bimetallic Ni-Pd (5 wt.%) catalysts with different metal ratios (1:4 and 4:1) 406 

were prepared following the wet impregnation method using Ni(NO3)2.6H2O and PdCl2 as metal 407 
precursors in water. All catalysts were calcined at 500°C for 5 h under flow of air with a temperature 408 
ramp rate of 5°C min-1 and further reduced under H2 flow for 1 h at 650°C (5°C min-1). The 409 
monometallic counterpart catalysts were also prepared following a similar protocol with 1 wt.% and 410 
4 wt.% of metals for comparison. 411 

4.3. Characterization techniques 412 
Temperature-Programmed Reduction (TPR) was carried out on AMI1 system (Altamira Instr., 413 

U.S.A) using a thermal conductivity detector, for studying the catalyst reducibility. TPR was 414 
performed on the samples after the calcination step. TPR profiles were recorded with a 10°C/min 415 
heating rate, using a mixture of 5/95 vol.%/vol.% H2/Ar at a space velocity of 3.1 × 10-9 g s--1 cm-3. 416 

Fourier Transform Infrared spectra (FTIR) of the adsorbed CO were recorded on Nicolet 6700 417 
spectrometer equipped with a liquid nitrogen cooled MCT detector and a diffuse reflectance 418 
environmental chamber (Specac Ltd England). The catalyst was placed in a sample holder, reduced 419 
in situ at 650°C in flowing 5% H2/Ar for 1h, and cooled to room temperature under Ar flow before 420 
recording the background spectrum. Two types of CO-adsorbed FTIR spectra were collected, i.e. 421 
under pressure of CO and at ambient pressure after its evacuation. The CO absorption spectra under 422 
a pressure of 5 bars of 5% CO/Ar were obtained after saturation of the sample surface for 30 min, 423 
while the spectra at ambient pressure were recorded after release of the CO pressure. All spectra were 424 
collected at a resolution of 4 cm-1 accumulating 64 scans. 425 

CO chemisorption studies were carried out with the use of PEAK-4 apparatus [73]. 0.4 g of 426 
catalyst was placed in a glass tube reactor with an internal diameter of 5 mm and was in-situ reduced 427 
at the temperature of 650°C for 1 h in H2 stream with a flow rate of 40 cm3min-1. Then the reactor was 428 
cooled to room temperature and the flow of H2 was replaced by Ar. Next, pulses of 0.05 cm3 CO were 429 
introduced to the reactor using a six-way valve and an infrared gas analyzer (Fuji type ZRJ-4) was 430 
used for monitoring the changes in the CO concentration. 431 

Temperature-Programmed Desorption (TPD) of NH3 was performed for studying the catalyst 432 
acidity. The NH3-TPD experiments were implemented in a home-made quartz-based flow micro-433 
reactor. Before all experiments, the surface of the catalyst was cleaned under hydrogen flow for 30 434 
min at 500°C. The catalyst was then cooled down to 100°C and NH3 was adsorbed on the surface of 435 
the catalyst for 15 min at 100°C. Prior to measurement, physically adsorbed NH3 was removed from 436 
the surface of the catalyst by He flow cleaning for 15 min before cooling down the sample to ambient 437 
temperature. The NH3-TPD experiment was performed from room temperature to 500°C with a 438 
25°C/min heating ramp.  439 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) measurements were carried out 440 
in a ION-TOF GmbH instrument (TOF-SIMS IV) equipped with a 25 kV pulsed Bi3+ primary ion gun 441 
in static mode. To obtain a flat sample surface (so that better resolved mass spectra can be achieved), 442 
powdery samples were tableted before to be fixed at the sample holder using double-sided adhesive 443 
tape. The analyzed area of the sample surface was 500µm x 500µm. Three spectra from different 444 
surfaces were analyzed for each sample. During the analysis, charge neutralization was obtained by 445 
using a pulsed low-energy electron flood gun. The number of counts of selected ions from the mass 446 
spectra was normalized on the basis of the total ion count for allowing semi-quantitative analysis. 447 
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X-ray diffraction (XRD) measurements were performed on a PANalyticalX’Pert Pro MPD 448 
diffractometer, using a Cu long-fine focus XRD tube working at 30mA and 40kV as a X-ray source. 449 
Data were recorded in the 2θ mode with a 0.0167° step (5–90°). Crystalline phases were identified by 450 
referring to the ICDD PDF-2 database (version 2004). 451 

X-Ray Photoelectron Spectroscopy (XPS) characterization was performed on a ThermoVG 452 
MultilabESCA3000 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an 453 
Al Kα anode (hλ = 1486.6 eV). The energy shift due to electrostatic charging was subtracted using 454 
the contamination sp2 carbon C 1s band at 284.6 eV. Contributions with Doniach–Sunjic shape 455 
[74] and a S-shaped Shirley type background [75] were used, while the surface atomic ratios 456 
and the surface atomic concentrations were obtained using the appropriate experimental 457 
sensitivity factors as determined by Scofield [76]. 458 

4.4. Catalytic tests  459 
The catalysts were tested in the levulinic acid hydrogenation with formic acid as internal 460 

hydrogen source (FALA). The activity tests were performed in a stainless-steel autoclave (Berghof, 461 
Germany), equipped with Teflon insert allowing a reaction volume of 45 ml. The FALA reaction was 462 
carried out with 1 g of LA and 0.4 mL of FA aqueous solution at 85% corresponding to a LA/FA 463 
equimolar ratio, 0.6 g of catalyst and 30 mL of distilled water. The temperature was maintained at 464 
190°C for 2 h. After reaction, the reactor was cooled down to room temperature, the remaining 465 
pressure was released, and the mixture was centrifuged to separate the catalyst from the solution. 466 
The liquid products were analysed by high-performance liquid chromatograph (Agilent 467 
Technologies 1260 Infinity, Perlan Technologies) equipped with refractive index detector and Rezex 468 
ROA column, using 0.0025 mol·dm-3 H2SO4 as an eluent. The activity of the catalysts were expressed 469 
in terms of LA and FA conversions, and GVL yield, calculated as follows: 470 

 471 

𝐶"# =
𝑛"#& − 𝑛"#(

𝑛"#&
∙ 100% (1) 

𝐶-# =
𝑛-#& − 𝑛-#(

𝑛-#&
∙ 100% (2) 

𝑌/0" =
𝑛/0"
𝑛"#&

∙ 100% (3) 

 472 
- nLAi and nHMFr being the number of moles of LA molecules before and after the reaction 473 

respectively, used for calculate the LA conversion (CLA) ; 474 
- nFAi and nFAr being the number of moles of FA molecules before and after the reaction 475 

respectively, used for calculate the FA conversion (CFA) ; 476 
- and nGVL being the number of moles of GVL molecules produced and used for calculated the 477 

GVL yield (YGVL). 478 
 479 
The catalysts were tested in the hydrogenation of 5-(hydroxymethyl)furfural. The tests were 480 

performed in a 60 ml stainless-steel autoclave (Premex, Poland) with 1 g of 5-HMF, 0.15 g of catalyst 481 
and 30 mL of 1,4 dioxane as solvent. After purging 2 times with H2, the reactor was pressurized with 482 
H2 to 30 bar and heated at 220°C for 4 h under stirring. After reaction, the reactor was cooled down 483 
to room temperature, the remaining pressure was released, and the mixture was centrifuged to 484 
separate the catalyst from the solution. The products were subsequently injected into a GC-FID 485 
(Agilent 7890A, CP-Wax 52 CB capillary column). The activity of the catalysts were expressed in 486 
terms of HMF conversion and of reaction yields to given products, calculated as follows: 487 

 488 
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𝑛78-&
∙ 100% (4) 

𝑌𝑖𝑒𝑙𝑑 =
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𝑛78-&

∙ 100% (5) 

- nHMFi and nHMFr being the number of moles of HMF molecules before and after the 489 
reaction, respectively, and nprod being the number of moles of a given product in the 490 
reaction mixture. 491 

All catalytic tests in both LA and HMF hydrogenation reactions were duplicated, and the 492 
obtained results remained within a ±2% accuracy range. The average data are presented in Tables 3 493 
and 4. 494 

5. Conclusion  495 
We showed that the Ni:Pd metal ratio strongly influences the activity and more globally the 496 

catalytic behavior of the Ni-Pd/g-Al2O3 catalysts in both LA hydrogenation into GVL using FA as 497 
internal hydrogen source and HMF hydrodeoxygenation. Interestingly, the influence of the Ni:Pd 498 
ratio was strongly depending on the hydrogenation reaction. Monometallic Ni catalyst shows low 499 
activity in both processes, due to a low number of active metallic sites, as a result of strong 500 
nickel/alumina interactions, that may favor the formation of the detrimental aluminate spinel 501 
interfacial phase. The Pd-modified Ni-rich system shows boosted activity due to a higher number of 502 
Ni active sites, while Pd is proposed to be a spectator species for the reaction. By contrast, the much 503 
higher Pd active site availability in the Ni-modified Pd-rich catalyst in comparison to its 504 
monometallic Pd counterpart associated to the maintain of a very high surface acidity was proposed 505 
to push the HMF hydro-deoxygenation forward and consequently to achieve a higher BHMTHF 506 
selectivity. Beside the role of metals, residual chlorine was suggested to positively influence the 507 
metals/support interactions and consequently to alter the catalyst properties.  508 

Forthcoming investigations will study the influence of both nature and the morphology of the 509 
oxide support on the catalytic behavior of NiPd catalysts, with focus of the establishment of new 1D 510 
morphology-induced metal/support interactions [77]. 511 

By testing the catalysts in two hydrogenation reactions that require different site-specific 512 
properties, we showed also the broader aspect of this work which can be easily extended for other 513 
high impact hydrogenation processes of high industrial relevance, for which activity and even more 514 
selectivity aspects remain crucial. 515 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: XRD 516 
patterns of mono- and bi-metallic catalysts, Figure S2: TPR profiles of the mono- and bi-metallic catalysts after 517 
the reduction step, Figure S3: Wide scan survey XPS spectra of the mono and bimetallic catalysts. Figure S4: FTIR 518 
spectra of CO adsorbed on the surface of A) the monometallic and B) the bimetallic catalysts recorded after CO 519 
evacuation. 520 
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