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Hydrophobic reduced graphene oxide supported Ni-B-P-O and Co-
B-P-O catalysts were synthesized by a chemical reduction method
and these dispersed relatively well in a non-polar solvent, prevent
the contact with water, and consequently protected the active
phases and exhibited high catalytic activity in the liquid-phase p-
cresol hydrodeoxygenation reraction: both the conversion and
deoxygenation degree were higher than 99% at 225 °C for 1 h.

Due to the increasing demand for energy and environmental
concerns, the development of a new renewable and sustainable fuel
to complement fossil fuels was of great importance.! Bio-oil has
received much attention as a potential candidate because of its
advantages of abundance, renewability, zero CO, net emission and
little poisonous gas emission.2 However, this bio-oil contained many
oxygenated compounds such as phenols and furans, resulting in a
high oxygen content and low heating value, which required to
selectively remove the oxygen from the bio-oil via HDO technology.3
Until now, several kinds of HDO catalysts had been reported or
reviewed in the previous literatures.* Compared with metal sulfides,
phosphides and nitrides, noble metal possessed higher
hydrogenation activity, leading to a higher deoxygenation degree
under a moderate condition.% > According to this, we had adopted
the excellent hydrogenation activity of Ni-based amorphous
materials and prepared bifunctional bulk catalysts and verified their
high HDO activities.®

As for the heterogeneous HDO catalysis process, since the
absorption of reactant on the active site directly influenced the
catalytic activity, the Ni-based amorphous bulk borides catalysts such
as Ni-Mo-B and Ni-W-B had several disadvantages: (i) low surface
areas exposed less active sites for the HDO reaction; (ii) water, a
destined product, was competitively absorbed on the catalyst
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surface and then gradually destroyed the catalyst structure,
inhibiting the absorption of reactants and lowering the reaction
rate;” (iii) the catalyst with a low lipophilicity could not uniformly
disperse in the organic solvent when reacted in the batch reactor.
Until now, many achievements had been made on the exploration of
new HDO active sites, but how to eliminate the negative effect of
water to further enhance the catalytic efficiency was still a challenge.
In the liquid-phase HDO reaction, once the water was produced,
there formed two homogeneous phases: oil/water. If the water
molecules were prevented from the contact with catalyst, it would
supply more active sites for HDO reaction and protect the active
phases of the catalyst.8 Hence, the hydrophobic properties became
very important for HDO catalysts.

Ordinarily, activated carbon was often used as the HDO catalyst
support instead of the deactivating alumina or other oxides.?
Graphene, a carbon-based material with hydrophobicity and large
theoretical specific surface area, had been widely applied into fuel
cell materials, photocatalysis and catalysis.1® Graphene oxide (GO,
had a good hydrophilicity because of numerous functional groups
such as -OH and -COOH groups, favoring for the decoration of metals
and metal oxides on GO to produce highly dispersed composite
catalysts.! In fact, this hydrophilic GO can be transformed to
hydrophobic RGO by a chemical reduction method using hydrazine
hydrate, hydroiodic acid and sodium borohydride as reductants.1?
However, amorphous metal borides and phosphides had shown
higher hydrogenation activity than the corresponding metals
because of the electron transfer between metal and B or P.13
Moreover, P oxides could act as Bronsted acid sites for HDC
reaction.! Therefore, in this communication, aiming to prepare high
HDO activity catalyst, hydrophobic RGO supported Ni-B-P-O and Co-
B-P-O were proposed and prepared by one step chemical reduction
method and their activities were tested using p-cresol as a model
compound.

Accoding to the deconvoluted peaks (Fig. S1 a and b), Ni and Co
existed in three forms: metallic state, metal oxide and metal
hydroxide.> Each spectra of B 1s and P 2p was fitted to two peaks
(Fig. S1 c and d), attributing to the elemental states (B° and P¢
bonding with the metal (Ni or Co) and the oxidized state resulted
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from the hydrolysis of H,PO,~ and BH4~ and the oxidation of their
elemental state.’®» 16 |n comparison with the standard binding
energies of Ni%, Cof B° and P, the binding energy of Ni® or Co? and
PO shifted negatively but the binding energy of B® changed positively
in Ni-B-P-O and Co-B-P, indicating that B® donated part of its
electrons to metallic Ni or Co and P° accepted electrons from these
metals.?” Table 1 showed that both B® and P? content accounted for
a considerable percentage, suggesting the high hydrogenation
activities of Ni-B-P-O and Co-B-P. After immobilization, because the
preparation time for the RGO supported catalyst was prolonged to
10 h to ensure the reduction of GO, much of B® and P® might be
oxidized, leading to no electron transfer between Ni or Co and B, P
(Fig. S1). The content of Ni% B and P? in Ni-B-P-O/RGO decreased to
22.8%, 15.2% and 11.6% while B® and P? in Co-B-P-O/RGO reduced to
15.6% and 9.6%, respectively. There still presented C-O
(epoxy/hydroxyls) and O=C-OH functional groups® but no C=0
group was observed in Ni-B-P-O/RGO and Co-B-P-O/RGO (Fig. S1 e),
indicating that GO was partially reduced by the BH4~ reduction
treatment.

Table 1. Element valence state compositions of Ni-B-P-O, Ni-B-P-O/RGO, Co-
B-P-O and Co-B-P-O/RGO catalysts

MEl (%) B (%) P (%) Clbl (%)
Catalysts

MO M2+ BO B* PO P+ CC CO
Ni-B-P 46.8 53.2 33.9 66.1 36.4 63.6 - -
Ni-B-P-

228 772 152 848 116 884 664 336
0O/RGO
Co-B-P 258 742 496 50.4 43.2 56.8 - -
Co-B-P-

221 779 156 844 96 90.4 653 347
0O/RGO

Bl M=Ni or Co; I C-C includes C-C and C=C, C-O includes C-O
(epoxy/hydroxyls) and O=C-OH

# Graphene oxide
#

5 GO
&
2

O | v -, Co-P-B-O0
[
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Fig. 1 XRD patterns of GO, Ni-B-P-O, Co-B-P, Ni-B-P-O/RGO and Co-
B-P-O/RGO

Fig. 1 displays that GO exhibits a sharp and strong diffraction
peak at 26=11°, characterizing to its typical (002) reflection.?® All Ni-
B-P-0, Co-B-P, Ni-B-P-O/RGO and Co-B-P-O/RGO catalysts showed no
sharp diffraction peak, except for a broad peak at around 26=45°,
presenting the amorphous structure.’> 20 After the formation of
supported catalysts, the peak at 206=45° became very weak,
indicating their more amorphous structure and lower order in

2 | Green Chem., 2015, 00, 1-5

crystallinity, which would exposed more surface coordinating
unsaturated sites and expect to enhance the hydrogenation
activity.1%» 20d Compared with GO and graphene, the characteristic
peak at 26=11° in the XRD patterns of Ni-B-P-O/RGO and Co-B-P-
0O/RGO was not detected, and a wide but not very obvious peak
appeared between 17° and 35°, suggesting a reduction of GO to RGC
in this reaction system and the formation of “re-graphitized”” carbon
regions and restacking due to the van der Waals attractive
interactions.1?

Co-P-B-O/RGO

Transmittance

1628 1400

3413 3188

4OI00 ' 35I00 ' 30I00 ' 25I00 ' 20I00 ' 15IOO ' 1OI00 ' 5(I)0
Wavenumber/cm™
Fig. 2 FT-IR of GO, Ni-B-P-O/RGO and Co-B-P-O/RGO

The peaks at 1074, 1400, 1628 and 1727 cm™! were assigned to
C-0O stretching vibration of the epoxy groups, C-OH deformation,
skeletal vibrations of C=C bonds and C=0 stretching vibrations of GO
(Fig. 2), respectively.?! These oxygen-containing groups on GO were
easy to form hydrogen bond with water, resulting in its good
hydrophilicity. The peaks at 3500 cm! to 3104 cm were attributed
to the stretching and bending vibrations of the OH groups of
absorbed water on GO surface.?! The spectrums of Ni-B-P-O/RGC
and Co-B-P-O/RGO displayed that the peak at 1727 cm? to C=0
disappeared, proving that this oxygen-containing group was
chemically reduced by H,PO,~ and BH4~, but there still remained
some oxygen-containing groups in RGO, which was agreement with
the XPS results and previous investigations.?2 The decrease oi
oxygen-containing groups reduced the hydrophilicity, leading to a
low adsorption ability to water, and then greatly diminished -OH
vibrational stretch peak. The hydrophobicities of Ni(Co)-P-B/RGO
were also confirmed by their dispersion in water and dodecane. At
first, the resultant catalysts were put in water, and then dodecane
was added carefully. It was found that the black precipitate
deposited in the bottom without mixing (Fig. 3). After stirring and
then standing for 5 min, all the black precipitate transferred from
water into dodecane and uniformly dispersed in it. These results
indicated that the Ni(Co)-P-B/RGO catalysts had a
hydrophobicity and lipophilicity.23

The morphologies of the prepared catalysts were investigated
by SEM (Fig. S3). Ni-B-P-O and Co-B-P-0O exhibited spherical particle
with a size of about 100 nm and 60 nm, respectively, and these
nanoparticles aggregated together to reduce the surface free energy,
leading to the small surface areas for Ni-B-P-O (10.5 m?/g ) and Co-B-
P-O (19.9 m?2/g). Ni-B-P-O/RGO and Co-B-P-O/RGO catalysts
presented distinguishable RGO sheets and Ni-B-P-O and Co-B-P-O
dispersed on the flexible RGO. Since the functional groups of G(
absorbed Ni or Co precursors on its surface, GO acted as a substrate

goo.
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to host the Ni-B-P-O or Co-B-P, making the aggregation of
nanoparticles became much lower. Because of the dispersion effect
of the support, the surface area for Ni-B-P-O/RGO and Co-B-P-O/RGO
increased to 47.2 m2/g and 60.2 m?2/g, respectively. This increment
on the surface area provided more effective active sites for the
liquid-solid interfacial area and consequently facilitated the catalytic
reaction.

Fig. 3 Images of (A) Ni-B-P-O/RGO and (B) Co-B-P-O/RGO catalysts
dispersed in dodecane and water (a) before stirring and (b) after
stirring

The catalytic performances of Ni-B-P-O, Co-B-P, Ni-B-P-O/RGO
and Co-B-P-O/RGO were investigated using the HDO of p-cresol as a
probe reaction. Table 1 presented higher Ni° content than Co°
content in the bulk catalysts and lower B and P"* contents in Ni-B-
P. Moreover, there existed electron transfer between metal, B® and
P9, making an enhanced hydrogenation activity. Hence, p-cresol
conversion on Ni-B-P-O and Co-B-P-O reached to 99.9% and 99.3% at
225 °C within 1 h, and the toluene selectivity was 1.1% and 2.2%
(Table 2), respectively. But considerable oxygen-containing
compounds such as 4-methylcyclohexanol and 4-
methylcyclohexanone were observed in the products, leading to the
low deoxygenation degree (55.5% for Ni-B-P-O and 66.4% for Co-B-
P). These suggested that the dominant HDO route on these two bulk
catalysts was hydrogenation-dehydration (HYD).

Table 2. The HDO of p-cresol on Ni-B-P-O, Ni-B-P-O/RGO, Co-B-P-O and Co-B-P-
O/RGO catalysts at 225 °C for 1 h [

Catalysts Ni-B-P-O Ni-B-P-O/RGO Co-B-P-O Co-B-P-O/RGO
Conversion 99.9 99.9 99.3 99.5
Products distribution

4-Methylcyclohexanol 40.7 0 30.4 0.2
4-Methylcyclohexanone 5.7 0 4.1 0.1
3-Methylcyclohexene 0.4 0 0.2 0.3
Methylcyclohexane 52.6 99.9 60.3 96.1
Toluene 0.7 0.1 5.8 33

D. D. [ 55.5 99.9 66.4 99.2

lal Reaction conditions: 0.1 g catalyst without any further treatment, 4.8 g p-
cresol, 28.5 g dodecane, temperature 225 °C, hydrogen pressure 4.0 MPa and

reaction time 1 h. b D. D.: Deoxygenation degree

According to the reports2 that the HDO catalyst required two
active sites, metallic Ni® or Co® acted as a hydrogenation site to
supply dissociated hydrogen while B and P™ as Bronsted acid site

This journal is © The Royal Society of Chemistry 2015
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for deoxygenation reaction in this study. For the supported catalysts,
due to the long preparation time, all the Ni® or Co®, B® and P° content
declined, especially for B® and P?, and the electron transfer vanished,
but their surface areas increased greatly and some Ni° or Co® were
detected on the catalyst surface, which exposed adequate active
sites for supplying sufficient hydrogen to guarantee the smooth HDC
reaction. On the other hand, B™ and P™ content on the catalyst
surface raise to more than 80%, suggesting a lot of Bronsted acid site
for dehydration. Therefore, the deoxygenation degree on Ni-B-P-
0O/RGO and Co-B-P-O/RGO increased to 99.9% and 99.2% under the
same conditions, respectively.

Table 3. Effect of water on the HDO of p-cresol on Ni-B-P-O, Ni-B-P-O/RGO,
Co-B-P-0 and Co-B-P-O/RGO catalysts 2]

Catalysts Ni-B-P-O Ni-B-P-O/RGO Co-B-P-O Co-B-P-O/RGO
Conversion 100 99.6 99.6 99.0
Products distribution

4-Methylcyclohexanol 64.5 0 40.4 0
4-Methylcyclohexanone 9.3 0 4.0 0
3-Methylcyclohexene 0.2 0.9 0.1 1.3
Methylcyclohexane 24.9 93.2 53.3 91.8
Toluene 11 5.9 2.2 6.9
D.D. M 29.7 99.6 56.3 98.9

[a] Reaction conditions: 0.1 g catalyst without any further treatment, 4.8 g p-
cresol, water (the molar ratio of water/p-cresol was 3:8), 28.5 g dodecane,
temperature 225 °C, hydrogen pressure 4.0 MPa and reaction time 1 h. P1 D,

D.: Deoxygenation degree

The used Ni-B-P-O and Ni-B-P-O/RGO catalysts were also
characterized by XPS (Fig. S2,Table S1 and S2). After reaction, P:N
and B:Ni ratios decreased from 0.53 and 1.05 for fresh Ni-B-P-O to
0.30 and 0.69, and the P and B" contents declined to 48.7% and
37.6%, respectively, suggesting a decrease of Bronsted acid sites for
dehydration. These changes might be resulted from the dissolution
of P™ and B " under the condition of water at high temperature;
which was the reason for the catalyst deactivation. However, the P™*
and B™ contents in Ni-B-P-O/RGO changed very little after reaction,
indicating that support RGO played a significant role for the
protection of active phases. As seen in Fig. 3, Ni-B-P-O/RGO and Co-
B-P-O/RGO departed from water and dispersed uniformly in
dedecane, exhibiting good hydrophobic properties. This
hydrophobicity inhibited the adsorption of water on its active sites
and supplied more adsorption sites for oxygen-containing
compounds in the liquid-phase HDO reaction. In addition, the
lipophilicity enhanced the dispersion of catalyst in the organi
solvent. Oxygen-containing compounds could easily diffuse and
reach the active sites where the HDO reaction occurs.23 These finally
resulted in higher HDO activity of RGO supported catalysts than that
of bulk catalysts.

To further confirm the hydrophobic effect, some of water (the
molar ratio of water/ p-cresol was 3:8) was added in the HDO of p-
cresol and the results were shown in table 3. The deoxygenation
degree on Ni-B-P-O and Co-B-P-O decreased, especially for Ni-B-P-O,
decreasing to 29.7%, but which was almost unchanged on Ni-B-F
0O/RGO and Co-B-P-O/RGO. The product distribution showed higher

Green Chem., 2015, 00, 1-5 | 3
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oxygen-containing products selectivity on bulk catalysts and higher
toluene selectivity on RGO supported catalysts comparing with
without adding water, suggesting that the presence of water mainly
hindered the dehydration reaction, which was consistent with the
conclusion that water dissolved P™ and B " and then decreased the
Bronsted acid sites. These results showed that increasing the
hydrophobicity of the catalyst could enhance the deoxygenation
degree and protect the active phase. However, GO was not
thoroughly converted into graphene by the chemical reduction and
there still existed some oxygen-containing groups in the RGO, which
could not completely hinder the adsorption of water and eliminate
the positive effect of water. Therefore, how to synthesize super-
hydrophobic catalyst would be a very interesting and significant work
for the further increase on the reaction rate and active phase stability

in liquid-phase HDO reaction, and this investigation is also in progress.

Because of the high hydrogenation activity of amorphous metal
borides, the dominant reaction route in the HDO of p-cresol was pre-
hydrogenation of benzene ring following dehydration to yield
methylcyclohexane as final product, which decreased the
deoxygenation difficulty and then lowered the HDO reaction
temperature. Compared with other catalysts such as metal oxides,
sulphides and phosphides,?> the HDO reaction temperature for
obtaining high deoxygenation degree on Ni-B-P-O/RGO or Co-B-P-
O/RGO was significantly dropped. Although the hydrogen
consumption in the HDO reaction was higher on these amorphous
catalysts, with respect to the final products, the hydrogen was
completely stored in the products after reaction, giving rise to an
increment in heating value, which did not waste any energy or
reduce the total economy.26

Conclusions

RGO was established as a good candidate for the support of the HDO
catalysts and the hydrophobic properties of the catalysts were
improved greatly after supporting on RGO. Compared with Ni-B-P-O
and Co-B-P, Ni-B-P-O/RGO and Co-B-P-O/RGO showed higher HDO
activity: the deoxygenation degree reached to 99.9% at 225 °C for 1
h, which were attributed to both the larger surface areas and better
hydrophobic properties. The hydrophobicity hindered the
absorption of water to supply more active sites for oxygen-
containing compounds in liquid-phase HDO reaction and enhanced
the affinity towards organic substrates. But GO could not be
thoroughly reduced to graphene by H,PO,™ and BH4~ and there still
existed some oxygen-containing groups in the RGO, which could not
fully eliminate the negative effect of water. Hence, the synthesis of
super hydrophobic catalyst is a good strategy to further increase the
deoxygenation degree and protect active phase.
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Preparation of hydrophobic reduced graphene oxide supported Ni-B-P-O and Co-B-P-O

catalysts and their high hydrodeoxygenation activities

Weiyan Wang, Pengli Liu, Kui Wu, Song Tan, Wensong Li and Yunquan Yang

School of Chemical Engineering, Xiangtan University, Xiangtan, Hunan, PR China

Hydrophobic reduced graphene oxide supported Ni-B-P-O and Co-B-P-O catalysts were
beneficial to disperse in the non-polar solvent, prevent the contact with water, and
consequently protected the active phases and exhibited high catalytic activity in the
liquid-phase p-cresol HDO reaction: both the conversion and deoxygenation degree were

higher than 99.9% at 225 °C for 1 h.
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