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A B S T R A C T   

The present work is dedicated to the nickel phosphide based catalysts, containing particles, generated in situ in 
the reaction medium from the different catalytic systems. The present catalytic systems exhibited high activity in 
the hydroprocessing of furfural. Full conversion of furfural depending on conditions was reached after 
0.5− 3 hours of reaction at 250− 350 ◦C. 2-methylfuran was obtained as a main product in toluene with the 
highest selectivity of 77 %. Ethyl levulinate and 2-methylfuran with selectivity of 40 % and 38 % respectively 
were obtained as main products in ethanol under different conditions. Different reaction medium and nickel 
phosphide precursors had an influence on the obtained phases of catalysts. Ni12P5 and Ni2P were obtained in 
toluene from oil-soluble precursors and Ni12P5 was obtained in ethanol from water-soluble precursors.   

1. Introduction 

Nowadays, the whole world community is interested in alternative 
energy sources, such as renewable sources. Especially it can be produced 
everywhere, where agriculture, food and wood industry are developed. 
Over the past fifteen years biofuel production greatly increased and 
various biofuel regulation standards appeared. The leading countries in 
the production of biofuels are the USA, Germany and France [1]. A 
feedstock for biofuel production is biomass. About 200 billion tonnes of 
biomass are formed every year around the world [2,3]. Biomass consists 
of different types of polymers such as cellulose (38–50 %), hemicellulose 
(23–32 %) and lignin (15− 25 %) [3]. Hemicellulose is the second spread 
polysaccharide available in nature [3,4]. Such hemicellulose-derived 
compound as furfural deserves much attention as a perspective plat
form for chemicals and biofuels. According to various estimates, annual 
production of furfural is between 300 and 800 thousand tonnes [5]. 
Using various types of catalysts, furfural can be converted to different 
promising components of biofuels such as furans and their tetrahydro- 
derivatives, furfuryl alcohol, tetrahydrofurfuryl alcohol, levulinic acid 
and its esters [4,6], γ-valerolactone [4,7] and others. 

Noble metals and transition metal sulfides are generally used in 
hydrodeoxygenation (HDO), but both types of catalysts have some dis
advantages. Noble metals are characterized by high price and transition 
metal sulfides additionally need a sulfiding agent. Interesting alternative 
catalysts are transition metal phosphides. In recent years, this class of 

catalysts has attracted much attention due to the wide range of appli
cations, including the field of catalysis [8,9]. Various methods of 
phosphides synthesis exist. The most commonly used is 
temperature-programmed reduction (TPR) of phosphate precursors 
[9–12]. It is a simple technique, however, reduction temperature is high 
enough [12]. Low temperature synthesis methods are also known. They 
include the application of phosphorus sources, where phosphorus is in 
lower oxidation state. For example, phosphorous H3PO3 and hypo
phosphorous H3PO2 acids or their salts and various organic phosphines 
PR3 (R = phenyl, butyl, octyl etc.) are related to such sources [10,13]. 

We proposed a method for producing phosphide-based catalysts from 
different precursors during hydroprocessing of various substrates. This 
approach is that the active phase of the catalyst forms independently in a 
reactor in parallel with the process of the substrate hydroprocessing. In 
this case, pre-synthesis of the catalyst is avoided. The using of the cat
alytic systems allows nickel phosphide to form in situ in the reaction 
medium. Previously, this approach has been successfully worked out in 
the hydrodeoxygenation of guaiacol (bio-oil phenolic compound) [14], 
palmitic and stearic acids [15]. In present work, this approach was 
applied to hydrodeoxygenation of furfural. The first catalytic system 
contained oil-soluble compounds such as Ni (II) 2-ethylhexanoate, tri
octylphosphine (TOP), toluene and furfural. The second catalytic system 
contained water-soluble compounds such as Ni (II) acetate, hypophos
phorous acid, ethanol and furfural. 

Previously, furfural hydrodeoxygenation over nickel phosphide 
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based catalysts was studied in several works (Table 1). 2-methylfuran 
[16–19], furan [18], furfuryl alcohol [20], 2-pentanol [19], 2-propoxy
methylfuran [19] were obtained as main products. In present work, 
2-methylfuran was obtained with 77 % of selectivity at full conversion of 
furfural using toluene as a solvent and the catalytic system, containing 
nickel phosphide, whereas in other works the similar conversion and 
2-methylfuran selectivity reached under gas-phase reaction conditions 
[18], using 2-propanol [16,17,19] or cyclopentyl methyl ether [18] as 
solvents. Moreover, in present work, ethyl levulinate and 2-methylfuran 

were obtained with 40 % and 38 % of selectivity respectively at full 
conversion of furfural using ethanol as a solvent and the catalytic sys
tem, containing nickel phosphide. Thus, we reached the similar to 
literature mentioned results in furfural HDO over nickel phosphide 
based catalysts, using toluene as a solvent and reached different results, 
using ethanol as a solvent. This influence on the reaction products has 
not only by the solvent, but also by the use of different catalytic systems 
including the use of hypophosphorous acid as a precursor. 

2. Experimental 

2.1. Materials 

Nickel (II) acetate tetrahydrate (Sigma-Alrdrich, 98 %), nickel (II) 2- 
ethylhexanoate (Aldrich, 78 wt.% in 2-ethylhexanoic acid), hypophos
phorous acid (Sigma-Aldrich, 50 wt.% in H2O), trioctylphosphine (Acros 
Organics, 90 %) were used for catalysts preparation. Nickel phosphide 
(Aldrich, 100 mesh, 98 %) was used as a comparative catalyst. Furfural 
(Component-reaktiv, >99 %) was used as a substrate in hydrogenation, 
toluene (Component-reaktiv, >99 %) and ethanol (Reakhim, >99 %) 
were used as solvents. Deionized water and hexane (Component-reaktiv, 
>99 %) were used for washing the catalysts. Potassium manganite (VII) 
(Component-reaktiv, ≥98 %) and gases H2 (Air Liquide, ≥98 %), Ar (Air 
Liquide, ≥98 %) also were used. Furfural was purified by standard 
technique before catalytic tests. Ethanol was dried with 3 Å molecular 
sieves (Sigma-Aldrich, pellets, 3.2 mm). Other reagents were used as 
received without extra purification. 

2.2. Catalysts preparation and activity tests 

Nickel phosphide catalysts were prepared in a stainless-steel batch 
reactor during the catalytic tests. Catalysts were prepared using two 
different types of precursors (water-soluble and oil-soluble) and sol
vents. The mixture of 23.9 mg of Ni(OAc)2 (or 41.6 mg of nickel (II) 2- 
ethylhexanoate) and 24.8 mg of H3PO2 (or 77.4 mg of TOP) with P/Ni 
molar ratio = 2 and 7 wt. % solution of 225.8 mg of furfural (substrate/ 
Ni molar ratio = 25) in 3 g of ethanol (or toluene) was put in the reactor. 
The initial pressure of H2 was 5 MPa. The reactor was heated up to 
250− 350 ◦C during 0.5− 6 hours with magnetic stirring. After the cata
lytic tests the reactor was cooled at the room temperature and the gas 
pressure was released into potassium manganite (VII) solution to 
remove phosphine residues [21]. Liquid products were isolated from the 
reactor and were separated from catalyst by centrifugation (5000 rpm). 
Obtained catalysts were called NiP-H3PO2 and NiP-TOP respectively. 
The NiP-H3PO2 was washed by water and the NiP-TOP was washed by 
hexane to dissolve probable residues of water-soluble and oil-soluble 
precursors respectively. Catalysts were dried in an oven at 120 ◦C and 
were kept under Ar. 

All experiments with purchased nickel phosphide and recycling tests 
of catalysts were carried out at the reaction conditions mentioned above. 
For the comparative study 7.1 mg of nickel phosphide was used. 

2.3. Characterization 

Liquid products were analyzed by gas chromatography with flame- 
ionization detector (GC–FID) and gas chromatography–mass spectrom
etry (GC–MS). Qualitative analysis of liquid products was carried out 
using a Thermo Focus DSQ II instrument with a capillary column Varian 
VF-5MS (30 m x0.25 mm x0.25 μm) and helium as a carrier gas. The 
components were identified using reference mass spectra of the NIST/ 
EPA/NIH database. Quantitative analysis of liquid products was carried 
out using a gas-liquid chromatograph Crystallux 4000 M with a flame 
ionization detector, a capillary column SPB-1 (Superlco, 30 m x0.25 mm 
x0.25 μm), helium as a carrier gas. To obtain and analyze chromato
grams NetChromWin software was used. Furfural conversion and 
products yields were calculated using the following equations: 

Table 1 
Literature reported results of furfural HDO over NiP-based catalysts.  

Catalyst Reaction 
conditions 

Conversion, 
% 

Selectivity, % Reference 

Ni2P 
(Ni2P_0.5 
*) 

240 ◦C, 2 MPa H2, 
4 h, 0.1 g cat., 
0.5 ml of furfural 
in 3 ml of 2- 
propanol 

100 83.1 for 2- 
methylfuran 

[16] 

Ni2P 
(Ni2P- 
1.00− 300 
*) 

260 ◦C, 1.5 MPa 
H2, 3 h, 0.1 g cat., 
0.5 ml of furfural 
in 3 ml of 2- 
propanol 

100 91.2 for 2- 
methylfuran 

[17] 

15 wt.% 
Ni2P/SiO2 

(Ni2P-15-2 
*) 

210 ◦C, H2 flow 
=10 ml/min, feed 
flow =2.3 mmol 
furfural/h, 1 h of 
TOS, 0.15 g cat, 
5 vol.% of furfural 
in cyclopentyl 
methyl ether 

100 75.4 for 2- 
methylfuran 

[18] 
15 wt.% 

Ni2P/SiO2 

(Ni2P-15-3 
*) 

92.4 66.5 for furan 

NiPMoS 

310 ◦C, 2 MPa H2, 
H2 flow =50 ml/ 
min, WHSV 
=1.98 h− 1, 2.5 wt. 
% of furfural in 2- 
propanol 

95.1 57.7 for 2- 
methylfuran 

[19] 

15 wt.% 
NiPMoS/ 
laponite 

230 ◦C, 2 MPa H2, 
H2 flow =50 ml/ 
min, WHSV 
=1.98 h− 1, 2.5 wt. 
% of furfural in 2- 
propanol 

98.1 
67.4 for 2- 
propoxy 
methyl furan 

230 ◦C, 2 MPa H2 

with H2 flow 
=50 ml/min, 
WHSV =1.98 h− 1, 
2.5 wt.% of 
furfural in toluene 

92.2 
81.7 for 2- 
pentanol 

Ni85P15 

80 ◦C, 1.7 MPa H2, 
4 h, 0.3 g. cat., 
2 ml of furfural in 
170 ml of ethanol 

50 
80 for furfuryl 
alcohol [20] 

NiP-based 
catalyst 

250 ◦C, 5 MPa, 3 h, 
furfural/Ni = 25; 
225.8 mg of 
furfural in 3 g of 
toluene 

100 

44 for furan 

This work 

350 ◦C, 5 MPa, 6 h, 
furfural/Ni = 25; 
225.8 mg of 
furfural in 3 g of 
toluene 

77 for 2- 
methylfuran 

350 ◦C, 5 MPa, 3 h, 
furfural/Ni = 25; 
225.8 mg of 
furfural in 3 g of 
ethanol 

40 for ethyl 
levulinate 

350 ◦C, 5 MPa, 1 h, 
furfural/Ni = 25; 
225.8 mg of 
furfural in 3 g of 
ethanol 

38 for 2- 
methylfuran  

* The name of the catalyst in the article. 
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Conversion (%) =
mole of consumed substrate

initial mole of substrate
× 100%  

Yield (%) =
mole of formed product
initial mole of substrate

× 100%.

The crystalline phases of catalysts were detected by X-ray diffraction 
(XRD) analysis, which was carried out using a Rigaku Rotaflex RU-200 
diffractometer (CuKα radiation) in the range of 5− 100◦ 2θ, with a 
goniometer (Rigaku D/Max-RC), a rotation speed of 1◦ 2θ/min, a step 
0.04◦. Qualitative phase analysis of the samples was carried out using 
the PDF-2 ICDD database of powder diffraction patterns. The average 
crystallite size was estimated by the widths of corresponding patterns 
using the Scherrer equation by MDI Jade® software package. 

Transmission electron microscopy (TEM) and energy-dispersive X- 
ray spectroscopy (EDX) were carried out using FEI’s Tecnai Osiris TEM 
equipped with X-FEG gun at 200 KeV. To obtain the microphotographs 
and determine particles sizes Gatan DigitalMicrograph® software was 
used. To analyze the average particles sizes SigmaPlot software was 
used. 

X-ray photoelectron spectra were obtained from previously degassed 
under vacuum samples using an upgraded electronic spectrometer ES – 
2403 SDB AI RAS equipped with a PHOIBOS 100− 5MCD energy 
analyzer (manufactured by SpecsGmbH, Germany) and an MgKα/AlKα 
XR-50 X-ray source (manufactured by SpecsGmbH, Germany). Charac
teristic MgKα radiation with a power of 250 W was used for photo
electron excitation for all samples. The temperature of the samples 
during the analysis did not exceed 23 ◦C. Spectra were recorded at the 
pressure of no higher than 3⋅10− 6 Pa. Survey spectra were obtained in 
the range 1100− 0 eV with a step of 0.5 eV and an exposure at a point of 
0.4 s; the transmission energy of the analyzer was 40 eV, which corre
sponds to 1.4 eV of the FWHM of the photoelectron band of the Ag 3d5/2 
standard High resolution spectra were obtained with an energy step of 
0.05 eV; the transmittance energy of the analyzer while recording high- 
resolution spectra was 7 eV, which corresponds to 0.85 eV of the FWHM 
of the photoelectron band of the Ag 3d5/2 standard. Spectra were ob
tained using standard SpecsLab2 software. To analyze the spectra 
CasaXPS software package was used. 

NH3 temperature-programmed desorption (NH3–TPD) was carried 
out on a USGA-101 chemisorption analyzer manufactured by UNISIT 
(Russia). 0.15− 0.20 g of a sample was placed in a quartz tube reactor. 
Standard automatic pretreatment included sequential operations of 
calcining the sample at 500 ◦C for 1 h in a helium flow, saturation with 
NH3 at 60 ◦C for 15 min, and removal of physically adsorbed NH3 in a He 
flow at 100 ◦C. The NH3–TPD experiment was carried out in a flow of He 
(30 ml/min) with a temperature rise rate of 8◦/min. The evolved NH3 
was recorded with a thermal conductivity detector. 

3. Results and discussion 

3.1. Catalysts characterization 

3.1.1. Powder X-ray diffraction 
The formation of crystalline NiP-phase was confirmed by XRD for 

samples generated after 6 h at 250− 350 ◦C for the NiP-H3PO2 and at 
300− 350 ◦C for the NiP-TOP systems. Powder X-ray diffraction patterns 
of nickel phosphide were obtained for these catalysts (Fig. 1). For the 
NiP-TOP system samples generated at 250 ◦C could not be isolated by 
centrifugation from the reaction medium. Thus, it can be concluded that 
at this temperature, the catalysts samples was amorphous. This is 
consistent with the literature data [13,22]. At 300− 350 ◦C catalysts 
were separated from the solution well. For the catalyst obtained at 
300 ◦C patterns of Ni12P5 (PDF#22-1190) and Ni2P2O7 (PDF#74-1604) 
were defined. For the catalyst obtained at 350 ◦C Ni2P (PDF#65-9706) 
patterns were defined. With increasing temperature the degree of crys
tallinity of a catalyst is risen, Ni12P5 phase is converted into Ni2P phase, 

amount of crystalline phosphate is decreased and it is not identified by 
XRD. In contrast to the NiP-TOP, the NiP-H3PO2 catalyst obtained at 
250 ◦C was isolated from the reaction medium. For the catalysts ob
tained at 250 ◦C and 300 ◦C the patterns of Ni12P5 and Ni2P2O7 were 
defined. The catalyst, obtained at 350 ◦C, had only the patterns of 
crystalline Ni12P5. Phosphate was not identified in this sample. The 
average sizes of crystallites for the samples obtained at 350 ◦C were 
estimated by the width of the patterns, corresponding to (420), (312) 
planes in Ni12P5 and (111), (201), (210) planes in Ni2P (Table S1, Online 
Supplementary Material). The average crystallite sizes of Ni12P5 and 
Ni2P were 33− 36 nm and 39− 47 nm respectively. 

The XRD patterns of purchased nickel phosphide that was used as a 
catalyst for comparative study are shown at the Fig. S1. Ni2P (PDF#65- 
9706) and Ni5P4 (PDF#18-0883) phases were identified. The average 
crystallite sizes were identified for (111) plane of Ni2P and for (214) 
plane of Ni5P4 and were 18 nm and 33 nm respectively. 

3.1.2. Transmission electron microscopy with energy-dispersive X-ray 
spectroscopy 

The formation of nickel-phosphorus containing nanoparticles in the 
catalytic systems was confirmed by TEM technique for the NiP-H3PO2 
and the NiP-TOP samples, obtained under different conditions. The 
microphotograps of the NiP-H3PO2 obtained at 250− 300 ◦C after 6 h of 
the reaction and the microphotograps of the NiP-TOP obtained at 300 ◦C 
after 6 h of the reaction are shown in Fig. S2. For the NiP-H3PO2 sample 
obtained at 250 ◦C particles with the average size of 60− 70 nm are 
observed (Fig. S3a). There are hollow particles with the average size of 
112− 147 nm (Fig. S3b) in the NiP-H3PO2 sample obtained at 300 ◦C. For 
the NiP-TOP sample obtained at 300 ◦C a small amount of hollow par
ticles are observed. The average size of the NiP-TOP particles is 
109− 129 nm (Fig. S4c). The microphotographs of the NiP-H3PO2 ob
tained at 350 ◦C are pictured in Fig. 2. The samples are represented by 
particles agglomerates. As seen in the figure, after 0.5 h the catalyst 
particles are inside of the shells. The average size of catalyst particles are 
similar and it is approximately about 35− 40 nm (Fig. S4a). A small 
amount of large particles are presented in the sample. After 6 h shells are 
not observed. Particles have wide size distribution. In addition to 
medium-sized particles, large particles with the size of 100− 300 nm are 
obtained. Therefore, longer reaction time leads to particles enlargement. 
The lattice fringes of the NiP-H3PO2 sample obtained after 6 h and line 
profile are presented in Fig. S5. The value of 0.234 nm is corresponded 
to the d-spacing of the (112) plane of Ni12P5 [26,27]. The microphoto
graphs of the NiP-TOP are pictured in Fig. 3. The formation tendency is 

Fig. 1. The XRD patterns of nickel phosphide based catalysts generated in situ 
in the reaction medium during the hydrodeoxygenation of furfural (5 MPa H2, 
6 h, P/Ni ratio = 2): (a) NiP-TOP, 300 ◦C, (b) NiP-TOP, 350 ◦C, (c) NiP-H3PO2, 
250 ◦C, (d) NiP-H3PO2, 300 ◦C, (e) NiP-H3PO2, 350 ◦C. 
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observed as well is for the NiP-H3PO2. At first, catalyst particles have 
shells and narrow size distribution with the average particles size about 
26− 30 nm (Fig. S4b), then shells are destroyed, which leads to particles 
enlargement and wide size distribution. Electron diffraction patterns for 
the NiP-TOP sample was obtained using the inverse Fourier transform of 
TEM images (Fig. S6). The value of 0.222 nm is corresponded to the 
d-spacing of (111) plane of Ni2P [28,29]. The lattice spacing values of 
0.342 nm, 0.284 nm and 0.506 nm could be assigned to the (001) plane, 
(011) or (101) planes and (100) or (010) planes of Ni2P respectively 
[29–31]. 

According to EDX analysis, elemental maps of samples were ob
tained. Nickel, phosphorus and oxygen on the surface of the catalysts are 
observed for the NiP-H3PO2 samples obtained at 250 ◦C (Fig. S7) and 
300 ◦C (Fig. S8) and for the NiP-TOP sample obtained at 300 ◦C (Fig. S9). 
There is a small amount of hollow particles in the NiP-H3PO2 sample 
obtained at 250 ◦C, which was not observed by TEM technique. The 
Fig. S8 confirmed that hollow particles contains in the NiP-H3PO2 
sample obtained at 300 ◦C. For the NiP-TOP sample obtained at 300 ◦C. 
For the NiP-H3PO2 sample after 0.5 h of the reaction at 3 μm of scale 
nickel and phosphorus were located in the same areas for all particles of 

the sample besides large ones (Fig. S10). When zoomed up to 200 nm, it 
was seen, that nickel and phosphorus in large particles were located in 
the same areas as well as for others (Fig. S11). There are areas in which 
phosphorus is located with oxygen, and nickel is absent. It can be 
concluded that there is phosphorus- and oxygen-containing compound. 
Particles shells, which were obtained by TEM, are amorphous and 
consist of carbon-containing compounds (Fig. S12). It can be assumed 
that shells are formed by adsorption of ligands. During the reaction 
process shells are destroyed because compounds, containing in the 
systems, are underwent changes. The NiP-TOP elemental maps after 
0.5 h of the reaction are showed in Fig. S13-S14. For the NiP-H3PO2 after 
6 h of the reaction nickel and phosphorus were located in the same areas 
(Fig. S15). Oxygen containing in the sample is observed on the surface of 
the catalyst. It can be related to unreduced or oxidized P–OH groups, 
which were mentioned earlier [10,32–34]. For the NiP-TOP catalyst a 
similar situation is observed (Fig. S16). 

3.1.3. X-ray photoelectron spectroscopy 
The XPS spectra of the NiP-H3PO2 (Fig. S17) and the NiP-TOP 

(Fig. S18) samples obtained at 350 ◦C after 6 h of the reaction were 

Fig. 2. The microphotographs of the nickel phosphide catalyst NiP-H3PO2 generated in situ in the reaction medium during the hydrodeoxygenation of furfural at 
350 ◦C a) after 0.5 h, b) after 6 h. 

Fig. 3. The microphotographs of the nickel phosphide catalyst NiP-TOP generated in situ in the reaction medium during the hydrodeoxygenation of furfural at 
350 ◦C a) after 0.5 h, b) after 6 h. 
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measured to identify the surface chemical composition and valence 
states. The XPS survey spectrum of the NiP-H3PO2 (Fig. S17a) shows the 
presence of Ni, P, O, C elements. The XPS survey spectrum of the NiP- 
TOP (Fig. S18a) shows the presence of Ni, P, O, C and Fe elements. 
The impurity of Fe could be explained by leaching of reactor material 
under the reaction conditions. The XPS spectra shows Ni and P reduced 
and oxidized species related to nickel phosphide and nickel phosphate 
respectively. It is suggested that small positive charge of Ni and small 
negative charge of P occur due to electron density transfer from Ni to P 
[35]. The magnitude of Ni changes as follows: Ni2P >Ni12P5>Ni [36, 
37]. However, it cannot be reliably stated, which phase of phosphide 
was formed, with slight differences in the binding energy values. The 
values of 853.5 eV and 853.7 eV of binding energy are corresponded to 
Niδ+ chemical state in nickel phosphide in the NiP-H3PO2 (Fig. S17b) 
and NiP-TOP (Fig. S18b) respectively [30]. Binding energies of 857.1 
and 856.8 eV refer to nickel in the oxidized state which can be associated 
with nickel phosphate in the NiP-H3PO2 and the NiP-TOP respectively 
[30,36,37]. Binding energies of 862.2 and 862.1 eV refer to shake-up 
satellite of Ni2+ in Ni2p/3 region in the NiP-H3PO2 and the NiP-TOP 
respectively [30,36,37]. The peaks observed at 129.7 eV and 129.9 eV 
are attributed to Pδ− in the NiP-H3PO2 and the NiP-TOP respectively. 
Binding energies of 129.7 eV and 133.7 eV in NiP-H3PO2 are corre
sponded to Pδ- in phosphide and P5+ species related to phosphate 
(Fig. S17c). Binding energies of 129.9 eV and 133.8 eV in the NiP-TOP 
are also related to reduced Pδ− and oxidized P5+ species (Fig. S18c) [35]. 

3.1.4. NH3 temperature-programmed desorption 
The NH3-TPD desorption curves of the NiP-H3PO2 and the NiP-TOP 

samples obtained at 350 ◦C after 6 h are presented in Fig. S19. For 
both of the catalysts only the weak acid sites were detected. It was 
assigned to the P–OH groups [38]. The desorption peak for the 
NiP-H3PO2 and NiP-TOP catalysts was observed at around 168 ◦C and 
138 ◦C respectively. The amount of the desorbed ammonia was 45 and 
6 μmol/g respectively. Thus, the NiP-H3PO2 acidity was higher than the 
NiP-TOP acidity. It can be due to the fact that acidic component was 
involved to the synthesis of the NiP-H3PO2 and only neutral components 
were involved to the synthesis of the NiP-TOP. Nickel phosphate is 
formed as a by-product of the hypophosphorous acid decomposition 
[39] and contributes to the higher acidity of the NiP-H3PO2 sample 
compared to the NiP-TOP. 

3.2. Hydrogenation of furfural 

Mentioned catalytic systems were tested in the hydrodeoxygenation 
of furfural. Earlier similar systems were successfully tested in the 
hydrodeoxygenation of guaiacol [14], palmitic and stearic acids [15]. In 
present work, the first catalytic system consists of Ni (II) 2-ethylhexa
noate and TOP, furfural as a substrate and toluene as a solvent (the 
NiP-TOP series of catalysts were obtained), the second catalytic system 
consists of Ni(OAc)2, H3PO2, furfural and ethanol (the NiP-H3PO2 series 
of catalysts were obtained). Both of systems were active in the hydro
processing of furfural. Type of reaction products and their distribution 
firstly depended on used catalytic system and solvent, secondly on re
action temperature and time. The transformations occurring with 
furfural and its derivatives using the catalytic systems proceed with the 
participation of metal and acid sites. Ni in Ni2P is responsible for 
transformations over metal sites. P–OH groups on the catalyst surface 
and in H3PO2 are Brønsted acid sites [32,40]. Ni2+ and Niδ+ are Lewis 
acid sites [35,40,41]. 

Mavrikakis and Barteau were reported about two types of in
termediates, formed on the metal surface as a result of aldehyde 
adsorption. η1(O) aldehyde intermediate configuration is bonded to the 
surface via oxygen atom, η2(C,O) aldehyde intermediate configuration is 
bonded via carbon and oxygen atoms [42]. η2(C,O) intermediate is more 
stable and it is typical for the adsorption on the Ni-containing surface. 
This intermediate can be converted into furfuryl alcohol by 

hydrogenation and into furan by decarbonylation [18,43]. For the 
NiP-TOP two routes of furfural conversion are observed. The results of 
catalytic tests of the NiP-TOP are presented in Fig. 4. Proposed reaction 
pathways are presented in Fig. 5. Furan was obtained from furfural at all 
reaction temperatures over metal sites of catalyst. With increasing 
temperature, the furan selectivity decreased. The highest selectivity for 
furan was 44 % at 250 ◦C after 3 h of reaction. Furfuryl alcohol was an 
intermediate product and was converted into 2-methylfuran over metal 
sites by hydrogenolysis [44]. 2-methylfuran was a main product at all 
temperatures and reaction time. Thus, the conversion to furfuryl alcohol 
prevailed and with increasing temperature the conversion to furan was 
inhibited more. Full conversion of furfural reached after 3 h at 250 ◦C, 
after 1 h at 300 ◦C and after 0.5 h at 350 ◦C. With increasing temperature 
2-pentanone was detected among the reaction products. It was gener
ated from 2-methylfuran by ring-opening hydrogenation reaction over 
metal sites [45]. The highest selectivity of 2-methylfuran were 77 % at 
350 ◦C after 3 h of the reaction. Jimenez-Gomez et al. [18] reported 
about the obtaining of 2-methylfuran and furan among the reaction 
products with 75.4 % and 24.5 % of selectivity respectively over 
Ni2P/SiO2 at 190 ◦C at full conversion. However, with increasing tem
perature to 210 ◦C 2-methylfuran selectivity decreased to 15.8 %, furan 
selectivity increased to 44.7 % and tetrahydrofuran was obtained with 
38.4 % of selectivity. 

The results of catalytic tests of the NiP-H3PO2 are presented in Fig. 6. 
Product selectivity in ethanol as a solvent was lower than in toluene. It 
can be explained by the presence of numerous competing reactions. 
Proposed reaction pathways are presented in Fig. 7. Furfuryl alcohol was 
the one product formed from furfural in the first stage. Thus, furfural 
decarbonylation to furan in ethanol was totally inhibited. Products with 
the highest selectivity of 40 % and 38 % in ethanol were ethyl levulinate 
and 2-methylfuran respectively. Full conversion of furfural reached after 
1 h at 250 ◦C and 300 ◦C and after 0.5 h at 350 ◦C. Ethyl levulinate was 
obtained from furfuryl alcohol by Brønsted acid-catalyzed ring-opening 
hydrogenation and following esterification [46,47]. It was mentioned 
about acid-catalyzed conversion of furfural into ethyl levulinate [48, 
49]. Apparently it also happens through furfuryl alcohol formation 
catalyzed by Lewis acid sites [47].With increasing temperature 
γ-valerolactone and ethyl valerate were detected in the reaction me
dium. Ethyl valerate selectivity was higher than γ-valerolactone selec
tivity. There are two possible pathways of ethyl levulinate conversion 
into γ-valerolactone. The first is the formation of angelica lactone as an 
intermediate product by the deethoxylation over Lewis acid sites and 
following hydrogenation over metal sites. The second is the formation of 
ethyl 2-hydroxyvalerate over metal or Lewis acid sites and following 
deethoxylation over Lewis acid sites [50,51]. Hydrogenolysis of ethyl 
2-hydroxyvalerate into ethyl valerate is proceeded over metal sites [51]. 
The conversion of γ-valerolactone into ethyl valerate which is catalyzed 
by Brønsted acid sites is proceeded through the formation of ethyl 
pentenoate [52]. The highest value for ethyl valerate was 26 % and was 
obtained after 6 h of the reaction at 350 ◦C. Tetrahydro-2-methylfuran 
could be obtained from 2-methylfuran by hydrogenation, from tetra
hydrofurfuryl alcohol by hydrogenolysis and from γ-valerolactone by 
hydrodeoxygenation [53]. However, tetrahydrofurfuryl alcohol was not 
detected among the reaction products. The pattern of γ-valerolactone 
transformation into tetrahydro-2-methylfuran is not traced in present 
work. Thus, tetrahydro-2-methylfuran was obtained from 2-methylfuran 
by hydrogenation over metal sites [43]. With increasing reaction time 
selectivity of tetrahydro-2-methylfuran increased and the highest value 
of 33 % was obtained at 300 ◦C after 6 h of the reaction. Moreover, 
2-(diethoxymethyl)furan and 5,5-diethoxy-2-pentanone were detected 
in the reaction medium. They are acetals of ethanol with furfural and 
4-oxopentanal respectively [54]. 4-oxopentanal could be obtained by 
hydrogenation of carboxylic group in levulinic acid, but it was not 
detected among the products. With increasing temperature the yields of 
acetals increased first, and then decreased. These acetals were formed 
over Brønsted or Lewis acid sites of catalyst [54–56]. In addition, 
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2-pentanone was obtained among the products. With increasing reaction 
time 2-pentanone selectivity increased and the highest selectivity was 
24 % at 350 ◦C after 6 h of the reaction. 2-pentanone was produced from 
2-methylfuran by ring-opening hydrogenation over metal sites [45], 
from ethyl levulinate by desterification over Brønsted acid sites [47] and 
following hydrogenation over metal sites, from 5,5-diethoxy-2-penta
none by deacetalization over Brønsted or Lewis acid sites and 
following hydrogenation over metal sites. The highest selectivity for 
2-methylfuran were 36 % and 38 % at 250 ◦C and 350 ◦C respectively 
after 1 h of the reaction. The highest selectivity for ethyl levulinate were 
39 % and 40 % at 250 ◦C and 350 ◦C respectively after 3 h of the reac
tion. Among the products furfuryl alcohol, 2-methylfuran and 2-penta
none were detected both in polar and non-polar media. Unlike 
toluene, ethanol was involved in the products formation. Ring-opening 
products were obtained after 0.5 h of the reaction using ethanol as a 
solvent. Using toluene, it was happened later and at higher temperature. 
The one ring-opening product in toluene was 2-pentanone. Besides 
2-pentanone, ethyl levulinate and ethyl valerate were obtained in 
ethanol. Lee and Chen [20] reported about 80 % of furfuryl alcohol 

selectivity in hydroprocessing of furfural using ethanol as a solvent and 
unsupported Ni2P as a catalyst. In addition, they obtained tetrahy
drofurfuryl alcohol. Santana Krishnan et al. [19] obtained 67.6 % of 
2-propoxymethylfuran selectivity using 2-propanol as a solvent and MoS 
catalyst, modified by NiP and laponite as a support. Other products were 
tetrahydrofuran, tetrahydro-2-methylfuran and 2-methylfuran. Thus, 
reactions proceeding with the use of NiP-based catalytic systems and 
ethanol as a solvent in present work differed from the reactions 
described in the literature earlier. 

3.3. Recycling catalytic test and comparative study with commercial 
catalyst 

The influence of Ni(OAc)2 and H3PO2 separately on the reaction 
products was investigated previously in the HDO of guaiacol [14]. It was 
shown, that conversion of guaiacol and the reaction products selectivity 
differed for Ni(OAc)2, H3PO2 and nickel phosphide based catalyst, 
generated in situ. Nickel phosphide based catalyst made the greatest 
contribution to the HDO of guaiacol. The situation was similar for 
furfural. Recycling catalytic tests were carried out to prove it. At full 
conversion in the presence of the NiP-TOP system, the selectivity 
changed insignificantly (Fig. S20). The selectivity of 2-pentanone 
slightly decreased, while the selectivity of 2-methylfuran slightly 
increased. At medium values of transformation, decrease of conversion 
(Fig. S21) and selectivity (Fig. S22) was more noticeable. The conversion 
decreased slowly. After 13th test run furan was not observed among the 
reaction products. 

At full conversion in the presence of the NiP-H3PO2 system, the 
selectivity changed insignificantly (Fig. S23). The selectivity of 2-meth
ylfuran and ethyl levulinate slightly increased while the selectivity of 
other products slightly decreased. As well as in the presence of the NiP- 
TOP system at medium values of transformation decrease of conversion 
(Fig. S24) and selectivity (Fig. S25) was noticeable. First, in the presence 
of the NiP-H3PO2 products such as acetals (which synthesis was cata
lyzed only by H3PO2) were not formed. Therefore, the conversion 

Fig. 4. Catalytic activity tests of the NiP-TOP. Furfural was used as a substrate, toluene was used as a solvent. Reaction conditions: 5 MPa H2, 0.5-6 h, a) 250 ◦C, b) 
300 ◦C, c) 350 ◦C. 

Fig. 5. Proposed reaction pathways of furfural hydrodeoxygenation in toluene 
over in situ generated nickel phosphide based catalyst. 

Fig. 6. Catalytic activity tests of the NiP-H3PO2. Furfural was used as a substrate, ethanol was used as a solvent. Reaction conditions: 5 MPa H2, 0.5-6 h, a) 250 ◦C, b) 
300 ◦C, c) 350 ◦C. 
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decreased significantly after the first run. By the 15th cycle, the con
version decreased by about two times. 

The activity of in situ generated nickel phosphide catalyst was 
compared to the activity of commercial nickel phosphide. The full 
conversion of furfural using toluene as a solvent reached after 6 h 
(Fig. S26).The selectivity of 2-methylfuran was higher than that when 
using in situ generated catalyst and the selectivity of furan was lower. 
The full conversion of furfural using ethanol as a solvent reached after 
3 h (Fig. S27). There are no acetalization products. Thus, H3PO2 con
tributes to acetalization products formation. The selectivity of 
tetrahydro-2-methylfuran and γ-valerolactone was higher than using in 
situ generated catalyst. 

4. Conclusions 

Thus, in this work, the catalytic systems for in situ generation of 
nickel phosphide particles were investigated. It is shown that using oil- 
soluble precursors in toluene and water-soluble precursors in ethanol, 
Ni2P and Ni12P5 phases of nickel phosphide can be obtained. Ethanol 
promoted the formation of Ni12P5 phase of catalyst; toluene promoted 
the formation of Ni2P phase at 350 ◦C and Ni12P5 at 300 ◦C. Formation of 
these phases was confirmed by XRD technique. The mentioned catalytic 
systems showed high activity, which was no worse than one of nickel 
phosphides synthesized previously [16–20]. There are different re
actions proceeding and products obtaining as a result of furfural 
hydroprocessing in toluene and in ethanol. Hydroprocessing of furfural 
is more selective using the NiP-TOP in toluene than that when using the 
NiP-H3PO2 in ethanol. Full conversion of furfural depending on condi
tions reached after 0.5− 3 hours. The highest selectivity of 2-methyl
furan using the NiP-TOP in toluene was 77 %. It is less than the value 
noted by Wang et al. [16,17], but it is higher than the values noted by 
Jiménez-Gómez at al. [18]. All transformations proceeding over the 
NiP-TOP catalyst are catalyzed by metal sites in Ni2P. The presence of 
acid sites is not required for the proceeding of these reactions. Both of 
metal and acid sites take part in the conversion of furfural in ethanol 
over the NiP-H3PO2 catalyst. Surface nickel phosphate was found by XPS 
technique. The content of surface nickel phosphate was confirmed by 
EDX analysis and it was high for the both types of catalysts. Thus, H3PO2 

has a significant influence on the acidity of the NiP-H3PO2 catalytic 
system. It was confirmed by recycling catalytic tests. A part of the 
products of acid-catalyzed furfural conversion was formed only in the 
presence of H3PO2. However, acid sites of the NiP-H3PO2 also were 
involved to the acid-catalyzed furfural conversion. Differences in the 
reaction products using different catalytic systems also can be explained 
by hydrogen donor properties of ethanol [57]. In contrast to ethanol, 
toluene does not react with furfural or its hydroprocessing products. 
Ethyl levulinate, one of the important products of the furfural hydro
genation, ethyl valerate and γ-valerolactone were obtained using tran
sition metal phosphides for the first time. The highest ethyl levulinate 
selectivity was 40 %. Due to the formation of levulinic acid derivatives 
from furfural in ethanol medium, co-processing of furfural and levulinic 
acid can be conducted. This is important because they are often pro
duced from biomass together [6,58]. 
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