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Nickel phosphide/silica catalysts for the gas-phase 

hydrogenation of furfural to high value-added chemicals 
Carmen P. Jiménez-Gómez, Juan A. Cecilia, Ramón Moreno-Tost and Pedro Maireles-Torres* 

Abstract: A series of nickel phosphide-based catalysts, supported 
on a commercial silica, with a metallic Ni loading between 5-20 wt.% 
and initial P/Ni molar ratio 0-3, has been prepared by incipient 
wetness impregnation. Catalyst precursors were reduced and 
characterized by X-ray diffraction, CO chemisorption, NH3-TPD, N2 
adsorption-desorption at -196 ºC and X-ray photoelectron 
spectroscopy, among other techniques and then tested in the furfural 
hydrogenation in gas-phase. Almost full furfural conversion and a 2-
methylfuran yield of 73% can be achieved with the Ni2P based 
catalysts with nickel content of 15 wt.%, at 190 ºC after 5 h of TOS. 
The high selectivity towards 2-methylfuran is attributed to both the 
high hydrogenating capacity of metallic sites leading to furfuryl 
alcohol and the presence of reduced phosphorus species that favor 
the hydrogenolysis process. However, catalysts undergo 
deactivation along the catalytic test, due to formation of 
carbonaceous deposits in the form of coke and reactants and/or 
products. 

Introduction 

In the last century, the industrial development and the increase 
of the world population have caused the depletion of the fossil 
reserves. This fact together with more stringent environmental 
legislations have led to the search and development of 
alternative environmentally friendly energy sources to replace 
fossil fuels. Among them, biomass is emerging as an widely 
available source to produce energy and, excluding fossil fuels, is 
the only source that can provide liquid fuels and chemicals.[1] 
The lignocellulosic biomass is a non-edible source, which has 
been considered as the main biomass feedstock due to its high 
abundance and availability.[2] Generally, lignocellulosic biomass 
is composed by cellulose (40-50%), lignine (15-25%) and 
hemicellulose (20-35%).[1] The hemicellulose, formed by xylans 
and pentosans, has received much attention due to the 
synthesis of furfural through acid-catalyzed dehydration.[1,3] 

Furfural is the second more produced chemical, after bioethanol, 
from the lignocellulosic biomass with an annual production about 
280,000 Tm/year.[1] Itself, furfural is used in the resin and plastic 
production, in the pharmaceutical industry due to its fungicide 
and nematocide properties, and as extracting of lubricants.[2,4] 
The high interest for furfural is attributed to its chemical 
functionalities (α,β-unsaturated aldehyde with double C=O y 

C=C bonds), which provide high reactivity, making it potentially 
interesting for the synthesis of a vast variety of high value-added 
chemicals.[1,3] In this sense, its catalytic hydrogenation is an 
important industrial route to obtain chemicals, such as furfuryl 
alcohol, tetrahydrofurfuryl alcohol, 2-methylfuran, 2-
methyltetrahydrofuran, furan, tetrahydroduran and alkanes as 
products.[1] Furfuryl alcohol (FOL) is used in the synthesis of 
thermostatic resins or in the manufacture of vitamin C or lysine.[5] 
2-methylfuran (2-MF) and 2-methyltetrahydrofuran (2-MTHF) are 
products with high interest, being used as additives to increase 
the octane index of gasoline, in pharmaceutical industries or as 
solvents.[5,6] Furan is used as a starting point to other specialty 
chemicals as heterocycles.[7] Tetrahydrofuran (THF) has been 
also employed in the synthesis of polymers as well as adhesives, 
PVC cements, vinyl films and cellophane.[5,8] The opening of the 
ring leads to the formation of butane or pentane which can be 
used for gasoline blending.[4] 

Taking into account the great variety of products obtained from 
the furfural hydrogenation, the catalyst selection seems to be a 
key parameter for attaining high yields of the desired product. 
Copper chromite is the commercially used catalyst to obtain 
hydrogenated products without C-C cleavage,[9] while Pd/C is 
the commercial catalyst for furfural decarbonylation or furan ring 
opening.[5] However, the search of inexpensive catalysts, more 
resistant to deactivation and environmentally benign, has led to 
the development of new catalytic systems. Among them, Cu,[10] 
Co[11] and Ni[10c,12] based catalysts have shown to be active and 
highly selective. On the other hand, nickel phosphide (Ni2P) 
based catalysts have attracted great attention for 
hydroprocessing treatments, such as hydrodesulfurization 
(HDS),[13] hydrodenitrogenation (HDN)[13c,14] or 
hydrodeoxygenation (HDO),[15] due to the presence of 
phosphorous modifies the geometry and electronic density of 
nickel sites,[16] improving its hydrogen transfer properties.[17] In 
spite of their excellent catalytic behavior, Ni2P-based catalysts 
have not yet been evaluated in hemicellulose valorization. 

The aim of the present work is the synthesis of nickel 
phosphide-based catalysts to be evaluated in the gas phase 
hydrogenation of furfural, at atmospheric pressure. Firstly, nickel 
phosphide loading was optimized, comparing their catalytic 
performance with that of nickel catalysts and the commercial 
catalyst used in the furfural hydrogenation (copper chromite). 
Then, the influence of the initial P/Ni molar ratio has been also 
studied, since it has been previously reported that phosphorous 
content is a key factor in the catalytic behavior in 
hydroprocessing.[13a,13c,18] 

Results and Discussion 

The identification of crystalline phases in catalysts reduced at 
550 and 620ºC for nickel and nickel phosphide based catalysts, 
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respectively, has been performed by X-ray diffraction (Figure 1). 
XRD patterns of catalysts with different Ni2P loadings reveal an 
increase in intensity of diffraction peaks located at 2θ = 40.7, 
44.6, 47.4, 54.2 and 55.0º (Fig. 1A), which are ascribed to the 
Ni2P phase (PDF 01-089-4864), as the loading raises from 5 to 
20 wt%. Consequently, the crystal size, as determined from the 
Williamson-Hall equation, also increases until a value of 29.1 nm 
for Ni2P-2-20 catalyst, although in the case of the Ni2P-2-5 
catalyst, diffraction signals are barely visible. 

The influence of phosphorus addition on the nature of crystalline 
phases was evaluated for the catalyst with 15 wt% Ni. Ni-15 
catalyst (Fig. 1B) exhibits two diffraction peaks located at 2θ = 
44.6 and 51.8º, which are attributed to metallic nickel (Ni0) (PDF 
01-070-1849). The modification of the phosphorus content 
causes a progressive decrease of the diffraction peaks intensity, 
but only signals associated to the crystalline Ni2P phase were 
detected. However, previous studies have demonstrated that the 
modification of the initial P/Ni molar ratio could lead to the 
formation of several crystalline phases: Ni5P4, Ni12P5 and 
Ni5P2.[18] The determination of the crystal size points out that the 
incorporation of phosphorus slightly decreases the crystal size 
from 20 nm for Ni-15 catalyst to 14 nm in the case of Ni2P-15-3 
catalyst. 

 

 
Figure 1. X-ray diffraction patterns of (A) Ni2P-x-2 and (B) Ni2P-15-y catalysts. 

The amount of available Ni sites was evaluated by CO 
chemisorption, assuming that each CO molecule reacts with 
only one Ni site (Table 1). In the case of the catalysts with the 
same P/Ni ratio, i.e. P/Ni= 2, the CO chemisorption is 
irrespective of Ni loading up to 15 wt%; however, the 
incorporation of higher Ni content provokes a decrease of the 
CO chemisorption. This fact implies that metallic surface per 
mass unit of Ni and the dispersion decrease directly with the Ni 
loading. In spite of all nickel phosphide-based catalysts display 
Ni2P phase as the only crystalline phase, CO chemisorption data 
reveals that the incorporation of phosphorus in the catalytic 
system diminishes the amount of Ni species exposed on the 
catalyst surface. This fact involves a decrease of the metallic 
surface and the dispersion of the available Ni species.[17b,18] 
Concerning the influence of the P/Ni molar ratio, it is found a 
detrimental effect of the addition of phosphorous on metal 
dispersion and, consequently, on the metal surface area. 

Table 1. CO chemisorption data of nickel phosphide-based 
catalysts. 

 

Sample 
CO uptake 
(μmol g-1) 

Metal 

Dispersion (%) 

Metal surface area Particle 
size 

(nm)a 
m2 gcat

-1 m2 gNi
-1 

Ni2P-5-2 39 4.55 1.52 30.31 - 

Ni2P-10-2 41 2.43 1.61 16.18 10 

Ni2P-15-2 39 1.52 1.55 10.33 15 

Ni2P-20-2 18 0.53 0.72 3.60 29 

      

Ni-15 57 2.23 2.22 14.80 20 

Ni2P-15-1 44 1.72 1.75 11.67 17 

Ni2P-15-2 39 1.52 1.55 10.33 15 

Ni2P-15-3 10 0.39 0.40 2.60 14 

a Particle size, determined from Williamson-Hall method. 

Textural properties of catalysts were evaluated by N2 adsorption-
desorption at -196 ºC (Table 2 and Fig. S1 in Supplementary 
Information). According to the IUPAC classification, the silica 
support and catalysts display Type II isotherms, typical of non 
porous or macroporous materials. This fact is attributed to the 
silica used as support, which is formed by solid nanospheres 
with a diameter of 200-300 nm, so BET surface area and pore 
sizes could be associated to interparticle voids. The 
incorporation of nickel and phosphorus on the surface of the 
support decreases the SBET values from 195 to 8 m2 g-1 due to 
the pore filling, as can be deduced from the corresponding pore 
size distributions (Fig. S1). In the same way, the textural 
properties also reveal that an increase of the phosphorus 
content also provokes a decrease of the SBET value and a shift of 
the pore sizes to higher values. 

It is well known that acid/base properties can play an important 
role in furfural hydrogenation selectivity.[19] The amount and 
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density of acid sites (Table 2) increase with both the nickel 
loading and the P/Ni molar ratio. The NH3-TPD profiles (Fig. S2) 
evidence a heterogeneous distribution of acid sites strength. 
Among the catalysts, the Ni2P-20-2 catalyst exhibits the higher 
amount of evolved ammonia at higher temperature, which 
demonstrates the existence of strong acid sites. It has been 
previously pointed out that unreduced phosphate species can 
provide Brönsted acid sites.[20] In addition, other authors have 
also established the existence of Lewis acid sites in the nickel 
phosphide-based catalysts due to nickel species bearing a small 
positive charge attributed to the electron transfer from nickel to 
phosphorus. The existence of Lewis acid sites can be also 
ascribed to unreduced Ni2+ species and/or modification of the 
electronic density due to the metal-support interaction.[21] 

Table 2. Textural and acidic properties of support and nickel 
phosphide-based catalysts 

Sample 
SBET 

(m2 g-1)[a] 
Vp 

(cm3 g-1)[a] 
Amount of acid sites 

(μmol g-1)[b] 

SiO2 195 0.662 30 

Ni2P-5-2 161 0.568 214 

Ni2P-10-2 106 0.410 370 

Ni2P-15-2 86 0.281 452 

Ni2P-20-2 - - 588 

    

Ni-15 172 0.594 164 

Ni2P-15-1 114 0.366 376 

Ni2P-15-2 86 0.281 452 

Ni2P-15-3 62 0.188 505 

[a] From N2 adsorption-desorption isotherms at -196 ºC 

[b] From NH3-TPD measurements 

Figure 2 displays the TEM micrographs of the Ni2P-15-y 
catalysts, where particles of spherical morphology can be 
observed, as was previously reported. The size of nickel 
particles decreases when phosphorus species are incorporated, 
which is in agreement with XRD data (Fig. 1). However, a high 
phosphorus content provokes the agglomeration of catalyst. 

In order to get insights into the superficial composition of 
catalysts, XPS analysis was performed in the Ni 2p and P 2p 
regions. In all cases, the Ni 2p3/2 core level spectra display three 
contributions. That located between 852.7 and 853.2 eV can be 
ascribed to reduced nickel species, although it cannot be 
discerned between Ni0 and Niδ+ species in nickel phosphide-
based samples, since Niδ+ is a quasimetallic oxidation state.[22] 
The second contribution at 856.6 eV is associated to unreduced 
Ni2+,[17b] while the third one (862 eV) is the typical shake-up 
satellite of the latter divalent species. [17b] 

 

 
Figure 2. TEM micrographs of (A) Ni-15, (B) Ni2P-15-1, (C) Ni2P-15-2 and (D) 
Ni2P-15-3 catalysts. 

With regard to the P 2p core level spectra, the P 2p3/2 region of 
all nickel phosphide-based catalysts shows the coexistence of 
two contributions: a lower binding energy value (129 eV) is 
assigned to reduced phosphorus (Pδ-), in the form of 
phosphide,[22] while the band at 134 eV is attributed to oxidized 
phosphorus species (PO4

3- and HPO3H-).[17b] 

Therefore, from XPS spectra (Figure 3), it can be inferred the 
coexistence of reduced and oxidized Ni and P species on the 
catalyst surface. In this sense, Ni2+ species are responsible of 
Lewis acidity, whereas unreduced phosphorus species in the 
form of hydrogenphosphite could be associated to Brönsted acid 
sites. In addition, XPS data reveal that the proportion of oxidized 
P species is more important for the catalyst with the highest 
phosphorus content (Ni2P-15-3). These data agree with the 
information deduced from the NH3-TPD profiles, since this 
catalyst, with higher proportion of PO4

3- or HPO3H- species, 
displays a higher acidity. The data obtained from XPS can also 
be related with the CO chemisorption (Table 1) inasmuch as the 
presence of a higher proportion of oxidized phosphorus species 
on the surface of catalyst could block the metallic sites for the 
CO chemisorption.  

The surface atomic concentration data (Table 3) point out that 
both nickel and phosphorus contents on the surface increase 
with their loading, as expected, but with a higher proportion of 
phosphorus species in comparison to the nickel ones. The 
dispersion of Niδ+ species can be evaluated from their atomic 
concentrations and Niδ+/Si molar ratio. These data indicate that 
higher nickel loading leads to an increase of Niδ+ content on the 
surface of the Ni2P-x-2 catalysts. On the other hand, the 
incorporation of phosphorus in the catalytic system (Ni2P-15-y 
catalysts) does not seem to affect the exposed Niδ+ on the 
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catalyst surface, while the phosphorus content, mainly in the form of POx
n-, increases. 

    

Figure 3. XPS spectra of the (A, B) Ni2P-x-2 catalysts and (C, D) Ni2P-15-y catalysts. 

The presence of superficial Niδ+ species is favoured for higher Ni 
contents and P/Ni molar ratio in the case of the Ni2P-x-2 and 
Ni2P-15-y catalysts, respectively, whereas the amount of P δ- 

doesn’t follow a clear trend (Table 3). However, in most of 
catalysts, oxidized POx

n- species are more abundant on surface  

Table 3. XPS data of nickel and nickel phosphide-based catalysts (percentage in parentheses). 

Sample 

Binding Energy (eV) 

Ni 2p P 2p 

Niδ+ Ni2+ Pδ- POx
n- 

Ni2P-5-2 853.4 (50) 856.9 (50) 128.4 (28) 134.5 (72) 

Ni2P-10-2 852.9 (68) 856.0 (32) 129.1 (17) 134.7 (83) 

Ni2P-15-2 852.9 (73) 856.8 (27) 129.1 (39) 134.7 (61) 

Ni2P-20-2 853.0 (76) 856.0 (24) 128.6 (55) 134.2 (45) 

     

Ni-15 852.9 (39) 856.6 (61) - - 

Ni2P-15-1 852.9 (52) 856.9 (48) 129.1 (18) 134.5 (82) 

Ni2P-15-2 852.9 (73) 856.8 (27) 129.1 (39) 134.7 (61) 

Ni2P-15-3 852.9 (77) 856.9 (23) 129.4 (10) 134.9 (90) 

 

The nickel phosphide-based catalysts have been evaluated in 
the furfural hydrogenation, in gas phase, at atmospheric 
pressure. In a preliminary test, cyclopentylmethyl ether (CPME), 
used as solvent, was fed without furfural under reaction 
conditions, being completely recovered after 5 h of time-on-
stream. 

Several catalytic parameters were studied in order to elucidate 
their influence in both furfural conversion and selectivity pattern. 
Thus, the study of the nickel phosphide content, with a 

stoichiometric P/Ni molar ratio of 2, reveals that furfural 
conversion increases with the nickel content, achieving a 
complete furfural conversion for Ni2P-15-2 catalyst (Figure 4A), 
but a higher Ni2P content (20 wt% Ni) exerts a negative effect on 
furfural conversion (77%, after 1 h of TOS). This decrease can 
be ascribed to the presence of a lower amount of available 
metallic sites, as was inferred from CO chemisorption data 
(Table 1), which are involved in FUR hydrogenation. In any case, 
all nickel phosphide-based catalysts reach furfural conversion 
values higher than the reduced copper chromite (2CuO.Cr2O3) 
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catalyst, after 5 h of TOS. All catalysts undergo a progressive 
deactivation, which is less pronounced for the Ni2P-15-2 catalyst, 
that maintains a furfural conversion of 88% after 5 h of TOS. 

  

  
Figure 4. Evolution of (A) Furfural conversion, (B) furfuryl alcohol yield, (C) 2-
methylfuran yield and (D) furan yield as a function of time-on-stream for Ni2P-
x-2 catalysts (Experimental conditions: mcat= 150 mg, T= 210 ºC, H2 flow =10 
mL min-1, Feed flow= 2.3 mmol FUR h-1). 

Regarding yield data (Fig. 4), 2-methylfuran was the main 
product, reaching values between 76% (Ni2P-15-2) and 22% 
(Ni2P-5-2), after 1 h of TOS. However, the MF yield decreases 
along the TOS as a consequence of deactivation, as inferred 
from the evolution of FUR conversion, except in the case of the 
Ni2P-15-2 catalyst that still exhibits a MF yield of 72% after 5 h of 
TOS. The copper chromite catalyst, however, displays MF yields 
lower than 10 %, being more selective toward FOL, although this 
catalyst suffers a severe deactivation along the TOS. The 
presence of furan is also noticeable for the catalyst with the 
highest catalytic activity, Ni2P-15-2, with a furan yield close to 
25% after 1 h of TOS, which decreases until 13% after 5 h. 
Finally, the furfuryl alcohol yield is negligible for all the Ni2P-x-2 
catalysts, being lower to 8%.  

The influence of the phosphorus content was also evaluated in 
the furfural hydrogenation (Table 4). The incorporation of 
phosphorus does not seem to affect the catalytic behaviour 

since the conversion values are in the same range (88.9-92.4%) 
after 5 h of TOS, although the yield patterns differ between them. 
Thus, Ni-15 catalyst displays the highest FOL yield, attaining a 
yield close of 16.2 % after 1 h of TOS, and even increases along 
the TOS, reaching a yield of 25.6% after 5 h. The incorporation 
of phosphorus in the catalytic system leads to negligible FOL 
content. On the other hand, higher 2-MF yields are attained with 
both Ni2P-15-1 and Ni2P-15-2 catalyst, with values of 63.5 and 
72.5%, respectively. Moreover, Ni-15 and Ni2P-15-3 catalysts 
reached high yields towards furan, 44.6 and 61.4%, respectively, 
whereas THF is only detected with Ni2P-15-3. 

Table 4. Furfural conversion and furfuryl alcohol, 2-methylfuran, furan and 
tetrahydrofuran yields after 1 h and 5 h of TOS (in parentheses) for Ni2P-15-y 
catalysts (Experimental conditions: mcat= 150 mg, T= 210 ºC, H2 flow =10 mL 
min-1, Feed flow= 2.3 mmol FUR h-1).. 

Sample 
Conv 
(%) 

Y(FOL) 
(%) 

Y(MF) 
(%) 

Y(F) 
(%) 

Y(THF) 
(%) 

Ni-15 
90.5 

(92.3) 
16.2 

(25.6) 
11.5 

(10.4) 
56.6 

(44.6) 
- 

(-) 

Ni2P-15-1 
97.9 

(88.9) 
- 

(0.12) 
67.5 

(63.5) 
24.3 

(23.3) 
- 

(-) 

Ni2P-15-2 
100 

(88.4) 
- 

(-) 
75.4 

(72.5) 
24.5 

(12.0) 
- 

(-) 

Ni2P-15-3 
99.7 

(92.4) 
- 

(-) 
20.7 

(24.7) 
49.8 

(61.4) 
30.0 
(6.9) 

Nickel-based catalysts has been largely reported for FUR 
hydrogenation in liquid phase, being scarce the number of 
papers dealing with the gas phase hydrogenation.[10c,12b-c] 
Concerning a plausible mechanism of FUR hydrogenation, 
besides the homolytic dissociation of H2 molecules on the Ni 
surface, Sitthisa and Resasco[10c] established for a Ni/SiO2 
catalyst that Ni sites interact easily through the d orbital with a π 
acceptor orbital of the carbonyl group (Figure 5). This interaction 
takes place adopting a 2

η (C,O)-aldehyde configuration, which is 
the most stable adsorption mode.[24] The hydrogenation process 
can occur via an hydroxyalkyl intermediate to form FOL, 
although this route is only favoured at mild temperatures. The 
use of high reaction temperatures modifies the conformation 
adopted by furfural molecules on the metallic surface, adopting a 
1
η (C)-acyl configuration that favours the decarbonylation of the 

hydroxyalkyl intermediate to form furan.[10c,25] The data reported 
for Ni-15 catalyst show the formation of F, FOL and MF, so the 
FUR adsorption might take place adopting both conformations. 
Previous works have pointed out that it is necessary the 
presence of weak acid sites to favour the hydrogenolysis 
reaction.[10d,26] In the case of Ni-15 catalyst, this acidity can only 
be provided by unreduced Ni2+ (Lewis acid sites), and since 
acidity of Ni-15 catalyst was low (Table 2), it was expected low 
MF yield. With regard to FOL yield, Ni-15 catalyst show an 
increase of yield along the catalytic test, which could be 
attributed to the loss of metallic sites by the decarbonylation 
reaction, as suggests the decrease of the furan yield. 
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Figure 5. Mechanisms of furfural hydrogenation with nickel

The incorporation of phosphorus provokes a decrease of the Ni 
exposed to deactivation processes and also 
crystal structure.[17b] XRD data of the nickel phosphide
catalysts revealed the presence of Ni2P phase as the only 
crystalline phase. In this phase, the surface of Ni and P atoms 
are slightly polarized, such that Ni and P are partially
The phosphorus atoms can act as stable adsorption sites for 
atomic hydrogen, the superficial phosphorus may also reduce 
the catalytic behaviour since P sites do not possess the same 
ability to promote the dissociative adsorption of H
Ni0 sites.[28] Ni2P crystals display an orthorhombic structure 
constituted by two kinds of Ni atoms denoted as Ni(1) and Ni(2) 
and two types of P atoms denoted as P(1) and P(2)
adopt an almost tetrahedral structure, while Ni(2) atoms exhibit a 
square pyramidal structure.[29] These authors have 
out that along (0001) direction of the Ni2P crystal
structures, Ni3P2 and Ni3P, are formed (Figure 6
has been also established that Ni3P2-terminated surface 
involved in hydrodesulfurization[30], hydrodeoxygenation
hydrogen evolution[32] or water-gas shift reaction
Ni3P-terminated surface is responsible of H2 adsorption.

Considering these premises, it seems that H
the Ni3P-surface, where proceeds its homolytic dissociation
atomic hydrogen, which can be adsorbed on P
furfural molecule might be adsorbed on nickel sites of the Ni
surface via an hydroxyalkyl intermediate. The catalytic results 
(Figure 4 and Table 4) reveal that FOL formation
all nickel phosphide-based catalysts in comparison with 
nickel-based catalyst. This is attributed to the 

 

of furfural hydrogenation with nickel-based catalysts (adapted from ref[1]). 

a decrease of the Ni 
also changes in the 

data of the nickel phosphide-based 
P phase as the only 

crystalline phase. In this phase, the surface of Ni and P atoms 
and P are partially charged.[27] 
as stable adsorption sites for 
phosphorus may also reduce 

the catalytic behaviour since P sites do not possess the same 
ability to promote the dissociative adsorption of H2 molecules as 

an orthorhombic structure 
constituted by two kinds of Ni atoms denoted as Ni(1) and Ni(2) 
and two types of P atoms denoted as P(1) and P(2). Ni(1) atoms 

tetrahedral structure, while Ni(2) atoms exhibit a 
These authors have also pointed 

P crystal, two stacked 
Figure 6).[29] However, it 

terminated surface can be 
, hydrodeoxygenation,[31] 

reaction,[33] while the 
adsorption.[29a] 

Considering these premises, it seems that H2 are adsorbed on 
homolytic dissociation in 

be adsorbed on Pδ- sites. The 
be adsorbed on nickel sites of the Ni3P2-

rmediate. The catalytic results 
formation is negligible for 

based catalysts in comparison with the 
This is attributed to the presence of a 

higher amount of Brönsted acid sites (P
which are involved in the dehydration react
the furan yield, nickel phosphide-
an initial molar ratio P/Ni between 
than the Ni-15 catalyst. This lower concentration of Ni sites 
the Ni3P2-surface, in comparison to 
lessen the interaction with the carbonyl group of furfural
disfavouring the furan formation. 
catalyst, the furan yield increases so it seems that the presence 
of higher amount of P-OH groups (Brönsted sites
involved in the decarbonylation of FUR.

Figure 6. Unit cell of Ni2P. 

In order to evaluate the changes of the active phase along the 
FUR hydrogenation, the used catalysts were recovered and kept 
in an inert solvent, and later characterized by XRD and XPS.
XRD patterns of used catalyst (Fig. 
the fresh catalysts, that indicating that
phases are stable along the catalytic test. 
metal particles as cause of catalyst deactivation could be rule

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of Brönsted acid sites (P-OH groups) (Table 2), 
which are involved in the dehydration reaction.[34] With regard to 

-based catalysts prepared with 
between 1 and 2 display values lower 

. This lower concentration of Ni sites in 
in comparison to Ni-based catalysts, can 

lessen the interaction with the carbonyl group of furfural, 
the furan formation. In the case of Ni2P-15-3 

catalyst, the furan yield increases so it seems that the presence 
OH groups (Brönsted sites) may be 

ylation of FUR. 

In order to evaluate the changes of the active phase along the 
catalysts were recovered and kept 

and later characterized by XRD and XPS. 
Fig. S3) are similar to those of 

the fresh catalysts, that indicating that Ni0 and Ni2P crystalline 
phases are stable along the catalytic test. Thus, sintering of 

cause of catalyst deactivation could be ruled 
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out, which would be expected due to the reaction temperature is 
far from the reduction temperature. 

The superficial modifications were studied by XPS (Figure 7). 
Both Ni 2p and P 2p core level spectra display the same 
contributions that were found for fresh catalysts, although the 
concomitant formation of MF is accompanied by the formation of 
a H2O molecule that could favour the oxidation of Ni species. 
The atomic concentrations of the used catalysts (Table S1) 
show that Ni and P content on the surface of the catalyst 
diminishes after the catalytic test as a consequence of the 
formation of carbonaceous deposits that could deactivate the 
active sites. In fact, it cannot be detected any contribution 
ascribed to the Ni 2p core level for the Ni2P-15-3 catalyst. On the 
other hand, the carbon concentration on the surface can be 
related with the acidity of the catalysts, and mainly with Brönsted 
acid sites associated to P-OH groups, in such a way that 
catalysts with a higher phosphorus content have greater 
tendency to form carbonaceous deposits.  

  

  
Figure 7. XPS spectra of (A, B) Ni2P-x-2 catalysts and (C, D) Ni2P-15-y 
catalysts, after 5h of TOS. (Experimental conditions: mcat= 150 mg, T= 210 ºC, 
H2 flow =10 mL min-1, Feed flow= 2.3 mmol FUR h-1). 

In order to elucidate the chemical nature of these carbonaceous 
deposits, the C 1s core level spectrum of the spent catalyst with 
the higher carbon content (Ni2P-15-3) was analysed in detail 
(Figure 8). The deconvolution of the spectrum allows to discern 

four components: a main contribution located at 284.8 eV 
attributed to the adventitious carbon and C-C bonds, a band 
about 286.3 eV, which can be ascribed to the existence of C-OH 
and/or C-O-C bands, at 287.9 eV could be assigned to C=O 
bonds and a high BE band at 288.8 eV due to carboxylate O-
C=O groups.[35] The presence of these contributions suggest the 
adsorption of reagent of products on the surface of the metallic 
sites. In this sense, it has been reported Cu sites interacts 
strongly with FOL, and mainly FUR in the furfural 
hydrogenation,[10d] so it is expected a similar trend for nickel and 
nickel phosphide-based catalysts. 

 

Figure 8. C 1s core level spectrum of Ni2P-15-3 catalyst after 5 h of TOS. 
(Experimental conditions: mcat= 150 mg, T= 210 ºC, H2 flow =10 mL min-1, 
Feed flow= 2.3 mmol FUR h-1). 

The Ni2P-15-2 catalyst, which displayed the highest MF yield, 
was chosen to test the effect of several catalytic parameters 
such as temperature and contact time. The furfural 
hydrogenation as a function of the reaction temperature (Table 
5) shows an increase of the conversion with temperature, due to 
endothermic character of the hydrogenation process.[10d] 
However, higher temperatures could favour the desorption of 
reactants and/or products that interact strongly with metallic 
sites; however, the catalytic conversion above 210ºC decays 
due to the polymerization of furfural and the formation of 
carbonaceous deposits which disable a high proportion of 
metallic sites.[10e,f] The FOL yield is negligible in all cases, since 
the reaction evolves easily towards MF, obtaining a MF yield of 
72.5% at 190 ºC after 5 h of TOS. This fact is attributed, as was 
mentioned previously, to the hydrogenolysis reaction, which is 
favoured by the existence of an excess of Brönsted acid sites. 
The increase of the reaction temperature improves the furan 
yield, obtaining a highest value close to 54.5%, which is 
agreement with those data reported in the literature for nickel-
based catalysts,[10c] where the use of high temperatures favours 
the decarbonylation to furan. Moreover, it is detected a new 
hydrogenation product: tetrahydrofuran (THF), although only in 
the first few hours of reaction. The interaction between the 
delocalized π-electrons and the nickel metal sites favours the 
hydrogenation of the furanic ring to THF.[10c] 

Finally, the study of the H2 flow reveals that FUR conversion 
increases for lower H2 flow values, that is, for long contact times 
(Figure 9). However, a lower contact time favours FOL formation. 
From these data, it can be deduced that a longer contact time 

10.1002/cctc.201700312ChemCatChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

 
 
 
 
 

slightly prevents the hydrogenolysis step FOL � MF, although 
MF continues being the main product in all cases. Thus, it could 
be inferred that the reaction mainly proceeds through the 
hydrogenation-hydrogenolysis route, while the decarbonylation 
route is favoured in the case of higher contact time (10 mL min-1). 

Table 5. Influence of the reaction temperature on furfural conversion and 
product yields after 1 h and 5 h of TOS (in parentheses) for Ni2P-15-2 catalyst 
(Experimental conditions: mcat= 150 mg, H2 flow =10 mL min-1, Feed flow= 2.3 
mmol FUR h-1). 

Sample 
Conv 
(%) 

Y(FOL) 
(%) 

Y(MF) 
(%) 

Y(F) 
(%) 

Y(THF) 
(%) 

Ni2P-15-2 
(170 ºC) 

33.5 
(17.4) 

2.5 
(6.3) 

26.0 
(11.4) 

3.5 
(1.4) 

- 
(-) 

Ni2P-15-2 
(190 ºC) 

100 
(88.4) 

- 
(-) 

75.4 
(72.5) 

24.5 
(12.0) 

- 
(-) 

Ni2P-15-2 
(210 ºC) 

100 
(100) 

- 
(-) 

15.8 
(39.0) 

44.7 
(54.5) 

38.4 
(6.4) 

Ni2P-15-2 
(230 ºC) 

63.4 
(14.6) 

- 
(-) 

5.8 
(3.7) 

33.3 
(8.7) 

23.4 
(2.0) 

    
Figure 9. Influence of the H2 flow on (A) Furfural conversion, (B) furfuryl 
alcohol yield, (C) 2-methylfuran yield and (D) furan yield as a function of time-
on-stream for Ni2P-15-2 catalyst (Experimental conditions: mcat= 150 mg, T= 
210 ºC, Feed flow= 2.3 mmol FUR h-1). 

 

Conclusions 

Nickel phosphide supported on a commercial silica catalysts 
have been synthesized, from Ni(OH)2 and H2POH, characterized 
and tested in the furfural hydrogenation. Both nickel and nickel 
phosphide-based catalysts have shown to be active, with a 
maximum furfural conversion of 88 % with the highest 2-
methylfuran yield (73%), at 190 ºC, for the nickel phosphide-
based catalyst with a 15 wt% Ni. The furfural reaction takes 
place via hydrogenation of furfural to furfuryl alcohol; however, 
this product in only noticeable in the case of nickel-based 
catalyst. The incorporation of phosphorus species in the catalytic 
system causes a decrease of the metallic character of the Ni 
species, which must soften the interaction between the metallic 
sites and furfural, intermediates and products. Nonetheless, 
XPS data reported higher carbon content on the surface of the 
catalysts by the formation of coke and the strong interaction with 
molecules involves in the furfural hydrogenation, being the 
reason of the catalytic deactivation along the TOS. In addition, 
the presence of unreduced phosphorus species (–P-OH) 
generates Brönsted acid sites that favors the hydrogenolysis 
reaction of furfuryl alcohol to 2-methylfuran. In addition, it is 
noteworthy the presence of furan due to the decarbonylation of 
furfural is favored at higher temperature. 

Among all possible products of furfural hydrogenation, 2-
methylfuran can be the most desirable product due to the 
interesting properties as fuel additive, as well as a model 
molecule of the desired reaction paths in bio-oil upgrading. 
Taking into account these results, nickel phosphide could be 
considered as an active phase with a high potential to obtain 
high value-added chemicals from lignocellulosic biomass. 

Experimental Section 

For the use of nickel phosphide-based catalysts, a commercial silica 
(Sigma-Aldrich) with a diameter size of 200-300 nm was used. The 
reagents used to prepare nickel phosphide precursors were phosphorous 
acid (H2PO3H, Aldrich 99%), and nickel(II) hydroxide (Ni(OH)2, Aldrich 
99%). In the case of the nickel based precursor nickel(II) nitrate 
hexahydrate (Ni(NO3)2 6H2O, Aldrich 99%) was employed, while the 
commercial copper chromite (2CuO Cr2O3, Aldrich). 

Nickel phosphide-based catalysts were synthesized using an aqueous 
solution of nickel(II) dihydrogenphosphite (Ni(HPO3H)2 prepared by 
mixing the stoichiometric amounts of H2PO3H and Ni(OH)2 (a P:Ni molar 
ratio of 4:1). In order to evaluate the influence of the P/Ni molar ratio, the 
H2PO3H content was varied in the synthesis. The support was 
impregnated with aqueous solutions containing the desired amount of Ni 
and P precursors, and then were air dried at 60 ºC for 24 h. Finally, the 
precursors were reduced to phosphide by temperature programmed 
reduction (H2-TPR) under H2 flow of 60 mL min-1, with a rate of 3 ºC min-1 
from room temperature to 610 ºC, maintaining this temperature for 2 h, 
as was studied in previous research.[15b,c] Nickel-based precursor was 
prepared using an aqueous solution of Ni(NO3)2 6H2O, which was used 
to impregnate the support. Then, the sample was air dried at 60 ºC for 24 
h and calcined at 500 ºC for 4 h. Finally, the catalytic precursor was 
reduced to the metallic phase using a H2 flow of 60 mL min-1, with a rate 
of 10 ºC min-1 from room temperature to 550 ºC, maintaining this 
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temperature for 2 h.[17b] The synthesized catalysts were labelled as Ni2P-
x-y, where x represents the weight percentage of nickel in catalysts and y 
the initial P/Ni molar ratio. 

Powder X-ray diffraction (XRD) patterns were obtained in a PAN 
analytical X´Pert Pro automated diffractometer, in Bragg-Brentano 
reflection configuration, by using a Ge (111) primary monochromator (Cu 
Kα1) and the X´Celerator detector with a step size of 0.017º (2θ), 
between 10 and 70º in 2θ with an equivalent counting time of 712 s step-1. 
The crystallite size (D) was calculated by using the Williamson-Hall 
equation,[23] B cos θ = (K λ / D) + (2 ε sin θ), where θ is the Bragg angle, 
B is the full width at half maximum (FWHM) of the XRD peaks, K is the 
Scherrer constant, λ is the wavelength of the X ray and ε the lattice strain. 

CO chemisorption analyses were performed under static volumetric 
conditions using a Micromeritics ASAP 2020 apparatus. Samples were 
reduced ex situ and then transferred to an inert atmosphere. Prior to 
measurement, samples were reduced in situ in H2 at 400 °C and 
evacuated at 25 °C for 10h. The chemisorption isoth erms were obtained 
by measuring the amount of CO adsorbed between 10 and 600 mmHg at 
35 °C. After completing the initial analysis, the r eversibly adsorbed gas 
was evacuated and the analysis was repeated to determine only the 
chemisorbed amounts. 

The textural parameters were evaluated from nitrogen adsorption–
desorption isotherms at -196 ºC, as determined by an automatic ASAP 
2020 Micromeritics apparatus. Prior to measurements, samples were 
outgassed at 200 ºC and 10-4 mbar overnight. Specific surface areas 
(SBET) were determined by using the Brunauer–Emmett–Teller (BET) 
equation considering a nitrogen molecule cross section of 16.2 Å2. Pore 
size distribution was determined using the density functional theory 
(DFT). 

X-ray photoelectron spectra were obtained using a Physical Electronics 
PHI 5700 spectrometer with non-monochromatic Mg Kα radiation (300 W, 
15 kV, 1253.6 eV) with a multi-channel detector. Spectra were recorded 
in the constant pass energy mode at 29.35 eV, using a 720 μm diameter 
analysis area. Charge referencing was measured against adventitious 
carbon (C 1s at 284.6 eV). A PHI ACCESS ESCA-V6.0 F software 
package was used for acquisition and data analysis. A Shirley-type 
background was subtracted from the signals. All recorded spectra were 
always fitted using Gaussian-Lorentzian curves to more accurately 
determine the binding energy of the different element core levels. All 
samples were stored in sealed vials with an inert solvent to avoid 
oxidation. The sample preparation was done in a dry box under a N2 flow, 
where the solvent was evaporated prior to its introduction into the 
analysis chamber, and directly analyzed without previous treatment. 

The vapor-phase hydrogenation of furfural was performed in a ¼” tubular 
quartz reactor, by putting the pelletized catalyst (325-400 μm) at the 
center of the reactor tube, between two layers of glass beads and quartz 
wool. Prior to the catalytic test, catalysts were reduced in situ under a H2 
flow (60 mL min-1) at 550ºC for 1 h in the case of nickel-based catalyst 
and 620 ºC for the nickel phosphide-based catalysts. After reduction, 
catalysts were cooled down to the selected reaction temperature under a 
H2 flow (10-60 mL min-1). After reaching this temperature, a flow of 3.87 
mL h-1 of a furfural solution in cyclopentyl methyl ether (CPME) (5 vol%) 
was continuously injected by means of a Gilson 307SC piston pump 
(model 10SC). The furfural was dissolved in CPME in order to avoid 
problems related to the use of pure furfural found in our equipment, such 
as blockage of the lines due to the polymerization of furfural. CPME is an 
environmentally friendly solvent that has been used in different organic 
reactions, thus demonstrating to be a green co-solvent for the selective 
dehydration of lignocellulosic pentoses to furfural.[36] The liquid samples 

were kept in sealed vials and subsequently analyzed by gas 
chromatography (Shimadzu GC-14B), with a flame ionization detector 
and a capillary column, CP Wax 52 CB. The furfural conversion, 
selectivity and yield were calculated and defined as follows:  

Conversion 
%� =  
mol of furfural converted

mol of furfural fed
 × 100 

Selectivity 
%� =  
mol of the product

mol of furfural converted 
 × 100 

Yield 
%� =  
Conversion × Selectivity

100 
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