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ABSTRACT: Lignin is exceptionally abundant in nature and is
regarded as a renewable, cheap, and environmentally friendly
resource for the manufacture of aromatic chemicals. A novel
Ni12P5/P−N−C catalyst for catalytic hydrogenolysis of lignin was
synthesized. The catalysts were prepared by simple impregnation
and carbonization using the nonprecious metal Ni taken up by the
cell wall of Chlorella in Ni(NO3)2 solution. There were only two
steps in this process, making the whole process very simple,
efficient, and economical. Ni12P5 was uniformly distributed in the
catalyst. During the hydrogenolysis of lignin, after 4 h reaction at
270 °C, the yield of bio-oil reached 65.26%, the yield of monomer
reached 9.60%, and the selectivity to alkylphenol reached 76.15%.
The mixed solvent of ethanol/isopropanol (1:1, v/v) is used as the
solvent for the hydrogenolysis of lignin, which not only had excellent hydrogen transferability but also improved the yield of bio-oil,
inhibiting the generation of char. No external hydrogen was used, thus avoiding safety issues in hydrogen transport and storage.

1. INTRODUCTION
The depletion of fossil fuels and the massive demand for
energy and social production has led to a great deal of intensive
research into sustainable fuel and chemical production.1,2

Lignocellulosic biomass, as a natural renewable resource
containing benzene rings, has received increasing attention
for its potential application as an alternative to petroleum-
based fuels and chemicals.3 Lignin is a highly complex natural
lignocellulose polymer, composed of various lignin precursors,
such as coniferol, p-coumarol, and myrosinol,1 through
multiple linkages such as β-O-4, α-O-4, β-5,4 etc., which are
connected into a three-dimensional network space structure.
Lignin has the advantages of a wide range of sources and low
cost.5 The global pulp and paper industry produces about 50
million tons of lignin every year. At present, most of this lignin
is directly incinerated for heating or power generation.6

Catalytic depolymerization of lignin into phenolic monomers
is a vital way to utilize lignin efficiently. However, due to the
different complex structures brought by the extraction method
and the biomass types of lignin, effective depolymerization of
lignin to obtain abundant high-value platform compounds
remains a challenging problem.7

Diversiform chemical conversion processes, including
catalytic hydrogenolysis,7 pyrolysis,8 photocatalysis,9 and
catalytic oxidation,10 have been studied for the sake of an
efficient method to convert lignin into high value-added
chemicals. Among them, the catalytic hydrogenolysis of lignin
is a very effective method for depolymerization of lignin, which
can significantly reduce the content of char produced during

the lignin depolymerization process, and the conversion rate
and selectivity of the monomers are desirable.11 Alcohol-based
solvents, such as methanol, ethanol, and isopropanol, are often
used as solvent systems for the hydrogenolysis of lignin, due to
its in situ hydrogen supply capacity for the hydrogenolysis
reaction as well as dissolution of lignin and depolymerization
products. However, the hydrogenolysis of lignin in a single
solvent system often has limitations that the raw materials and
products cannot be well dispersed or the hydrogen supply
capacity is poor. Therefore, people turned their attention to
the research on the hydrogenolysis of lignin in mixed solvents
and found that mixed solvents can overcome many problems in
the process of lignin hydrogenolysis caused by a single
solvent.12 Oregui-Bengoechea et al. found that the hydro-
genolysis bio-oil yield of rice straw lignin reached 75.80% with
ethanol as the reagent and formic acid as the aid. This is
because ethanol could stabilize the depolymerization monomer
well, while formic acid acts as an efficient in situ hydrogen
donor reagent.13,14

As a catalyst support, carbon can be chemically function-
alized by metallic nanoparticles to obtain or improve catalytic
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activity.15 Compared with metal oxide catalyst supports (TiO2,
γ-Al2O3, mesoporous silica, etc.), the catalytic performance of
carbon-based catalysts can remain excellent after multiple uses,
and the structural integrity is more stable in the reaction
system of high temperature or pressure. Metal oxide catalysts
are more prone to structural collapse and metal precipitation
under the same severe reaction conditions, which contaminate
the products and also lead to the unrecyclable catalysts.16 The
carbon support of the catalyst can be obtained from biomass
and therefore has a wide range of sources and low cost, which
have aroused the interest of many researchers. However,
excellent specific surface area and porosity carbon materials
prepared from biomass usually require some complicated and
expensive processing procedures, including carbonization,
activation, impregnation, reduction, and other steps, and also
require a lot of expensive and dangerous reagents and
chemicals.17−20 Therefore, it is very reasonable to design an
inexpensive and simple method to prepare carbon-based metal
catalysts from biomass feedstocks.
Herein, natural single-celled Chlorella was used as a carbon

source, and through the ability of the Chlorella cell wall to
passively adsorb metal ions in solution, Ni2+ ions in solution
were taken up by simple direct impregnation and stirring, and a
novel catalyst containing Ni phosphide was obtained by direct
carbonization in N2. X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) patterns confirmed that Ni
in the catalyst exists in the form of Ni12P5. Transmission
electron microscopy (TEM) and scanning electron micro-
scope−energy-dispersive spectroscopy (SEM−EDS) analyses
showed that the Ni12P5 nanoparticles supported by this novel
catalyst had large loading and uniform distribution. The
catalyst was used for catalytic hydrogenolysis of lignin, a
byproduct produced in industrial production. An ethanol/
isopropanol (1:1, v/v) mixed solvent was selected as the
solvent system for the reaction, and the obtained bio-oil and
phenolic monomers were much higher than the single solvent
system without adding external hydrogen. 2D HSQC NMR
and gel permeation chromatography (GPC) data revealed the
breakage of major lignin linkages and formation of low
molecular weight polymers or monomers. Analysis of the
monomers in the bio-oil by the gas chromatography−mass
spectrometer (GC−MS) and gas chromatography−flame
ionization detector (GC−FID) indicated that the monomers
were mainly present as alkylated phenolic products.

2. EXPERIMENTAL SECTION
2.1. Materials and Chemicals. Chlorella was supplied by

the Institute of Hydrobiology (Wuhan, China). Lignin was
supplied by Longlive Bio-technology Co., Ltd., Shandong,
China. Ethanol (EtOH) (AR, 98%), isopropyl alcohol
(iPrOH) (AR, 98%), and Ni(NO3)2·6H2O (AR, 98%) were
purchased from Energy Chemical (Shanghai, China).
2.2. Preparation of Ni12P5/P−N−C Catalysts. Three

Ni12P5/P−N−C catalysts with different Ni loadings were
prepared by directly immersing Chlorella powder in different
concentrations of Ni(NO3)2 aqueous solution to take up Ni
ions, followed by further carbonization treatment. To a clean
conical flask, 1, 8, and 15 g of Ni(NO3)2·H2O were dissolved
in 100 mL of deionized water, then 5 g of Chlorella powder
was added, and the mixture was stirred at room temperature
for 24 h. After this, the solid part was collected by
centrifugation and freeze-dried for 72 h to obtain Ni-adsorbed
Chlorella. The Ni-adsorbed Chlorella powder was ground and

dispersed uniformly and then placed in a tube furnace for
further carbonization. The carbonization conditions were as
followed: under an N2 (20 mL/min) atmosphere, the
temperature was raised from room temperature to 800 °C at
a heating rate of 2 °C per minute, kept for 2 h, and then
dropped to 25 °C in 8 h. For comparison, the Chlorella
powder was directly carbonized in an N2 atmosphere at 800 °C
and named as DC. The obtained catalyst and DC were
collected and stored in a desiccator. Three catalysts with
different Ni12P5 loading contents were named as Ni12P5/P−
N−C−x, where x represents the different concentrations (wt
%) of Ni(NO3)2 aqueous solution during impregnation. With
the concentrations of 1, 8, and 15%, the relative “x” was 1, 2,
and 3, respectively.

2.3. Catalytic Test and Instrumental Analysis Meth-
odology. The hydrogenolysis of lignin was performed in a 50
mL autoclave with a magnetic stirring and heating system.
Lignin (0.2 g) and a certain amount of catalyst were directly
added to the autoclave. After adding magnetron and 20 mL of
solvent, the autoclave was completely closed and the reaction
was carried out at presupposed temperature. After the reaction
reaches the end, the heating button was turned off
immediately, the autoclave was taken out, and it was put
into ice water to quench the further progress of the reaction.
The obtained solid−liquid mixture was filtered using 0.22 μm
nylon membrane filter to separate the solid and liquid phases.
Then, 0.5 mL of n-tetradecane (1.905 mg/mL) was added into
the liquid-phase product as an internal standard, and 1 mL was
taken for further GC−MS and GC−FID analyses. The solid-
phase product was washed three times with 60 mL of ethanol
and dried in a vacuum drying oven for 24 h to obtain the used
catalyst and char. Bio-oil was obtained through rotary
evaporation of the washed liquid for 30 min. All experiments
were reproduced in triplicate.
GPC (Waters Co., USA) was employed to determine the

molecular weight of the bio-oil sample. The sample (10 mg)
was dissolved in 2.5 mL of HPLC-grade tetrahydrofuran
(Macklin Co., Ltd., Shanghai, China) and analyzed at 35 °C.
2D HSQC NMR spectra of feedstock lignin and bio-oil were

obtained using a Bruker AVIII 400 MHz spectrometer, and the
program was applied according to a previous report.21 In short,
80 mg of sample was dissolved in 0.6 mL of DMSO-d6, which
was also the internal reference.
GC−MS (Agilent 7890A) was employed for the detailed

identification of monomers in liquid fraction products. The
oven temperature was held at 50 °C for 3 min, then ramped to
275 at 6 °C/min, and held for 5 min after reaching 275 °C.
The delay of solvent access into the MS detector was set as 6
min.
GC (Agilent 8890) equipped with a flame ionization

detector (GC−FID) was employed for quantitative analysis
of the monomer in liquid fraction products. The working
program of GC is as follows: FID: 250 °C; carrier gas, N2; the
oven temperature program was the same as GC−MS. The
quantification of the monomer in bio-oil employed an effective
carbon number method22 to calculate the relative response
factor of the compound, and n-tetradecane was used as the
internal standard. Results are the average of three experiments.
The yields of bio-oil, monomers, and char and the selectivity of
alkylphenol calculation are as follows:

W WYield of bio oil (wt%) ( / ) 100%b 1 o L− = ×− − (1)
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W WYield of monomers (wt%) ( / ) 100%mo L= × (2)

W WYield of char (wt%) ( / ) 100%ch L= × (3)

W WSelectivity of alkylphenol (wt%) ( / ) 100%ap mo= ×
(4)

where Wb‑o, Wmo, Wch, Wap, and WL correspond to the weights
of bio-oil, monomers, char, alkylphenol, and feedstock lignin,
respectively. (The weights of the monomer and alkylphenol
were both calculated by GC−FID.)
2.4. Catalyst Characterization. The XRD patterns of

fresh Ni12P5/P−N−C catalysts and DC were recorded using a

Shimadzu XRD-6100 X-ray diffraction instrument with Cu Kα
radiation from 10° to 80° (5°/min). The XPS spectra of the
Ni12P5/P−N−C−2 catalyst were recorded on a Thermo
ESCALAB 250XI spectrometer. The morphology and
composition of Ni12P5/P−N−C catalysts and Chlorella were
recorded by SEM−EDS (Hitachi S-800). TEM analysis of
Ni12P5/P−N−C catalysts was observed using a JEOL JEM
2010 microscope. The FT-IR spectrum of Ni12P5/P−N−C and
DC was recorded on a PerkinElmer Frontier spectrometer.
The pH value of the Ni(NO3)2 aqueous solution was
determined with a Sartorius PB-10 pH meter. Inductively
coupled plasma emission spectroscopy (ICP-AES) was

Figure 1. (a) XRD patterns and (b) FT-IR spectra of Ni12P5/P−N−C−1, Ni12P5/P−N−C−2, Ni12P5/P−N−C−3, DC, and Chlorella. (c) Ni 2p,
(d) P 2p, (e) N 1s, and (f) C 1s XPS spectra of Ni12P5/P−N−C−2.
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performed using a Perkin-Elmer TJA RADIAL IRIS 1000. The
BET surface areas of the catalysts were determined using a
Tristar II 3020, USA.

3. RESULTS AND DISCUSSION
3.1. Characterization of Ni12P5/P−N−C Catalysts. A

novel Ni12P5/P−N−C catalyst supported by the Chlorella cell
wall through direct impregnation and carbonization was
synthesized. The XRD patterns of three Ni12P5/P−N−C
catalysts are shown in Figure 1a. The XRD curves of DC only
exhibited a broad peak between 16° and 32°, attributed to the
formation of amorphous carbon after carbonization. In control
of DC, there were a series of additional peaks in diffraction
patterns of Ni12P5/P−N−C catalysts. They were major lattice
planes of Ni12P5: (112), (400), (330), (240), and (312)
(JCPDS PDF#74-1381).23 It is observed that there did not
exist an obvious difference in the main kinds of Ni12P5 peaks
between three Ni12P5/P−N−C catalysts. However, in the
pattern of Ni12P5/P−N−C−1, the peaks were clearly sharp, as
well as in the pattern of Ni12P5/P−N−C−3. These results can
be interpreted as a smaller particle size of Ni12P5 dispersed in
the Ni12P5/P−N−C−2 catalyst. The XPS spectra of Ni12P5/
P−N−C−2 are shown in Figure 1. As shown in Ni 2p spectra,
three peaks located at binding energies of 852.62, 856.51, and
860.52 eV were assigned to the Niδ+ (0 < δ < 2) species in Ni
phosphide,24 Ni2+ in NiO,25 and satellite signal. The existence
of NiO may be due to the formation of superficial oxide layers
on the catalyst.26 The Niδ+ species in Ni12P5/P−N−C catalysts
possessed slightly positive charge acting as a crucial active site
during the lignin hydrogenolysis process. As shown in Figure
1d, the peaks at 129.51 eV were assigned to Pδ− (0 < δ < 1),
which was an active site for lignin hydrogenolysis. The peaks at
133.13 eV were attributed to the existence of the carbon
phosphorus bond. The Pδ− species with a small negative charge
also played the role of catalytic active sites in the lignin
depolymerization process. Similarly, as shown in Figure 1e, the
N 1s spectra of the catalyst revealed graphitic N, pyrrolic N,
and pyridinic N species at 401.91, 400.56, and 398.63 eV,
respectively. Pyridinic N and pyrrolic N can transfer one p-
electron to the aromatic π-system and can effectively change
the charge delocalization of the C atom;27 thus, it can play the
role of the active site for lignin catalytic hydrogenolysis in the
Ni12P5/P−N−C catalyst. The C 1s spectra of Ni12P5/P−N−
C−2 as shown in Figure 1f clearly exhibited four peaks related
to O−CO (288.45 eV), C−N (285.90 eV), C−P (284.87
eV), and C−C (284.15 eV), indicating the existence of the
carbon skeleton, phosphide, nitride, and oxidation species in
the catalyst. The XPS spectra of Ni12P5/P−N−C−2 proved
that the Ni element existed in the form of Ni phosphide in the
catalyst doped with nitrogen supported by carbon. The
catalytic active site Niδ+, Pδ−, pyridinic N, and pyrrolic N
synergistically catalyzed the lignin hydrogenolysis process.
The SEM and TEM images of Chlorella and three Ni12P5/

P−N−C catalysts are shown in Figure 2. It was observed that
the morphology of all catalysts was lumps of different sizes
with uneven surfaces as shown in Figure 2b−d. Chlorella cells
of different sizes had walls of different thicknesses, which might
result in the various sizes of Ni-supported broken Chlorella cell
walls. The folds on the surface of the catalyst were
corresponding to the uneven surface of the Chlorella cell
wall, which was also of benefit to increase the specific surface
area and catalytic activity of the Ni12P5/P−N−C catalyst. The
N2 adsorption isotherms of DC, Ni12P5/P−N−C−1, Ni12P5/

P−N−C−2, and Ni12P5/P−N−C−3 (Figure S2 and Table S2)
indicated the existence of mesopores in catalysts. The
distribution and particle size of supported Ni12P5 in the
catalyst can be observed by TEM analysis. As we can see in
Figure 2g, the Ni12P5 particles in the Ni12P5/P−N−C−2
catalyst were well-dispersed with different particle sizes. The
high-magnification HR-TEM images of Ni12P5/P−N−C−2 are
shown in Figure S1 and indicate that the interplanar crystal
spacing values of 0.181 nm were assigned to Ni12P5 (312). The
existence of Ni12P5 particles in the catalyst was proved. The
EDS mapping of Ni12P5/P−N−C−2, as shown in Figure 2e,
also proved the good distribution of both Ni and P elements. A
minority of Ni12P5 particles were agglomerated as shown in the
TEM image, which might have resulted from the high
carbonization temperature.3 The TEM images of Ni12P5/P−
N−C−1 (Figure 2f) and Ni12P5/P−N−C−3 (Figure 2h)
clearly indicated that a few of the Ni12P5 particles were
supported on the catalyst, and indicated the excessive size and
the agglomeration of Ni12P5 particles. These results were in
accord with the crystal particles displayed in XRD data. Table
S1 indicates the content of Ni and P elements on the catalyst
by weight (wt %). As we can see, the Ni12P5/P−N−C−2
loaded the highest content of Ni up to 12.83 wt % in
comparison with the other two catalysts. This phenomenon
indicated that the adsorption effect of the Chlorella cell wall on
Ni ions in the solution is related to the concentration of
Ni(NO3)2 solution. Under the same conditions, with an
increase in the concentration of Ni(NO3)2 solution, the
absorbed Ni in the cell wall showed an increasing trend at first
and then a decreasing trend. The ICP-AES data of the amount
of Ni ions absorbed by the chlorella cell wall were also
consistent with these results (Table S3). The pH value of
Ni(NO3)2 solution with different concentrations was recorded
as shown in Figure S3, indicating that too low pH inhibited the
absorption of Ni ions in solution by the chlorella cell wall.

Figure 2. Morphology and structure of the Chlorella and Ni12P5/P−
N−C catalysts. (a) SEM images and SEM−EDS elemental mapping
results of Chlorella. SEM images of (b) Ni12P5/P−N−C−1, (c)
Ni12P5/P−N−C−2, and (d) Ni12P5/P−N−C−3. (e) SEM−EDS
elemental mapping results of Ni12P5/P−N−C−2. TEM images of (f)
Ni12P5/P−N−C−1, (g) Ni12P5/P−N−C−2, and (h) Ni12P5/P−N−
C−3.
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Based on the above results, the Ni12P5/P−N−C−2 catalyst
supports a large amount of Ni with good distribution and
uniform size, which is considered to have good catalytic
activity.
The preparation of the catalysts that used biomass or

activated carbon-supported transition metals had been
reported previously.3,28 Transition metal cations, such as Ni
ions, were adsorbed by supports in solution and formed as Ni/
C catalysts through a process of carbonization and reduction.
However, the carbonization process of Ni-supported cell walls
of Chlorella in our work did not reduce the Ni element into Ni
metal, but the formation of Ni phosphide was undoubtedly
proved through XRD patterns and EDS mapping of catalysts.
Thus, it is necessary to investigate the mechanism of the
formation of Ni12P5/P−N−C catalysts.
The solid cell wall of Chlorella is mainly composed of

proteins, lipids, cellulose, hemicellulose, amino-polysacchar-
ides, etc.29 The surface of the thin-walled spherical structure of
this complex composition is scattered with active groups
everywhere30 that can bind metal ions, such as hydroxyl,
carboxyl, amino, and various oxygen-containing functional
groups. The mechanism of the Ni ion uptake process was
mainly attributed to the passive uptake by charged
polysaccharides on the cytoderm of Chlorella.31,32 Figure 1b
exhibits the FTIR spectrum of Chlorella powder. The peak at
around 3340 cm−1 was assigned to the OH group. The strong
absorption band in the range of 3000 to 2800 cm−1 was
assigned to stretching of >CH2, CH, and −CH3 groups. The
peaks in the regions of 1700−1600 and 1600−1500 cm−1 were
ascribed to amide-I and amide-II, respectively, attributed to the
existence of the N−H bond.33 The stretching of the PO
double bond in the phospholipids of the Chlorella cell wall and
the vibration of the P−O bond in the polysaccharides appeared
in the region between 1250 and 900 cm−1, as shown in the
FTIR spectra,34 which possibly related to the formation of Ni
phosphide in catalysts. Besides, the superposed bands between
1200 and 900 cm−1 are also ascribed to C−O−P stretching of
polysaccharides.34 Because the absorption of various poly-
saccharides in the cell wall was complex, definite assignments
were unreasonable. EDS mapping of the Chlorella powder
sample as shown in Figure 2a clearly exhibited the abundant
and uniformly distributed C, O, P, and N elements, which
belonged to the metal-absorption functional groups on the
Chlorella cell wall. After carbonization, most stretching of

functional groups in the FTIR spectra was obviously decreased
in intensity or disappeared. Additional CC stretching to
alkenes was assigned at 1620 cm−1. These results possibly
explained the reason why Ni phosphide formed during the
carbonization process, that is to say, oxygen-containing groups,
amides, or phospholipids combined with Ni2+ through
coordinate or electrostatic approaches proceeded a series of
complex redox reactions at high temperatures, and Ni12P5
crystals were mainly formed.

3.2. Effect of Hydrogen Supply Reagents on Ni12P5/
P−N−C Catalyst Activity. For lignin hydrodepolymerization
processes, the hydrogen source is generally divided into two
types: hydrogen and hydrogen supply reagents, with organic
solvent hydrogen supply reagents being relatively safe
compared to hydrogen. Cheng et al.35 hold the view that
mixed solvents exhibited synergistic capability and acted as a
catalyst for hydrogenolysis depolymerization of lignin with a
good monomer yield. Herein, an EtOH/iPrOH (1:1, v/v)
mixed solvent was employed as the solvent reaction system for
Ni12P5/P−N−C-catalyzed depolymerization of lignin. As
shown in Figure 3a, in comparison with the lignin hydro-
genolysis process in the EtOH system, the reaction conducted
in iPrOH achieved a higher monomer yield (3.82 wt %) and
more bio-oil (60.34 wt %). These results were in line with the
views of Kim et al.36 that two alkyl groups led to a higher
electron-releasing inductive effect meant to better the H-donor
ability of iPrOH compared with EtOH, which made iPrOH
provide more hydrogen source, resulting in the increase of the
yield of low molecular weight lignin and lignin monomers.
However, more char was formed during lignin conversion in
the iPrOH system (19.32 wt %) compared with the EtOH
system (13.89 wt %). It is now understood that EtOH can
efficiently prevent the formation of a new C−C bond between
lignin fragments and reactive phenolic intermediates through
O-alkylation of the phenolic hydroxyl group and C-alkylation
of the aromatic ring,37 which might be the reason for lower
amounts of char formed in the EtOH solvent system. In
contrast, using pure EtOH and iPrOH systems, reactions
conducted in the EtOH/iPrOH system achieved the highest
monomer yield (9.60%) and the lowest char (7.63%) amount
as shown in Figure 3a. The most likely causes of the results
were the good solubility of ethanol for lignin, which reduced
the formation of char during lignin conversion, and the good
H-donor ability of isopropanol to nucleophilically attacked β-

Figure 3. (a) Comparison of product yield and (b) molecular weight distribution of lignin and bio-oil products of different solvents. Reaction
conditions: 0.2 g of lignin; 0.2 g of Ni12P5/P−N−C−2 catalyst (0.2 g), 20 mL of EtOH, iPrOH, or EtOH/iPrOH (1:1, v/v), respectively; 270 °C,
and 4 h. The control group has as the same conditions of other groups except without addition of the catalyst.
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O-4 ether bond-catalyzed depolymerization of lignin.38 In
comparison, the hydrogenolysis of lignin without addition of
the Ni12P5/P−N−C−2 catalyst was also conducted in the
EtOH/iPrOH system. As shown in Figure 3a, in noncatalytic
runs, the yield of bio-oil was relatively lower and the amount of
char was comparatively higher than catalytic runs. Recent
research39 had revealed that the hydrogen transfer capacity of
EtOH/iPrOH significantly increased by Ni-based catalysts,
which was consistent with the promotion of bio-oil and
monomer yield as well as the decreased char amount after the
addition of the Ni12P5/P−N−C−2 catalyst in the EtOH/
iPrOH system. The Guerbet-type reaction was known to
inhibit lignin repolymerization through coupling the alcohol
products generated during the conversion of lignin to form a
new alcohol.40 The decreased char formation might be because
the contribution of Guerbet-type reactions was enhanced in
reaction with the addition of the Ni12P5/P−N−C−2 catalyst.
The GPC analysis of large molecular weight phenolics in

bio-oil was performed to investigate the difference of the
hydrogenolysis effect between EtOH, iPrOH, and EtOH/
iPrOH systems. The Mw of feedstock lignin (5178 g/mol),
which set as control, was significantly decreased after the lignin
conversion process in all three solvents, which was exhibited by

the shift of curves toward left, indicating the occurrence of the
lignin fragmentation process as shown in Figure 3b. Especially
the decrease of bio-oil’s Mw (606 g/mol) in the EtOH/iPrOH
system was lower than that in both EtOH (1138 g/mol) and
iPrOH (868 g/mol) systems, which indicates the increase of
the depolymerization degree of bio-oil obtained from EtOH/
iPrOH. Thus, the self-supplying hydrogen mixed solvent
system of EtOH/iPrOH exhibited excellent intermolecular
hydrogen transferability, enhanced bio-oil and monomer
yields, and inhibited char formation, which was used for the
following series of catalyst activity tests.

3.3. Monophenol Distribution during Ni12P5/P−N−C-
Catalyzed Depolymerization of Lignin. To further under-
stood the influence of the Ni12P5/P−N−C catalyst in lignin
monomer yield improvement, the identification and quantifi-
cation of bio-oil were performed by GC−MS and GC−FID,
respectively, and the detailed structure of the obtained
monomers is shown in Figure 4. The effect of the reaction
temperature on the hydrogenolysis of lignin catalyzed by the
Ni12P5/P−N−C catalyst was investigated, and the results are
shown in Figure 4a. The yield of bio-oil was 48.21 wt % at 200
°C, reached 65.26 wt % at 270 °C, and decreased to 60.47 wt
% at 300 °C. The monomer yield exhibited the same tendency

Figure 4. Parameter effects. (a) Reaction temperature effect, conditions: lignin (0.2 g), Ni12P5/P−N−C−2 (0.2 g), EtOH/iPrOH (1:1, v/v) (20
mL), 4 h; (b) reaction time effect, at 270 °C, lignin (0.2 g), Ni12P5/P−N−C−2 (0.2 g), EtOH/iPrOH (1:1, v/v) (20 mL); (c) catalyst dosage
effect, at 270 °C, EtOH/iPrOH (1:1, v/v) (20 mL), 4 h; and (d) corresponding structural distributions of main products.
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as bio-oil of first increasing and then decreasing. The maximum
value of monomer yield was also at 270 °C. This phenomenon
demonstrated that the increase in temperature is accompanied
by the improvement in the degree of lignin hydrogenolysis.
However, the inhibition of lignin hydrogenolysis had occurred,
as the reaction temperature was further increased. The
decrease in the yield of lignin hydrogenolysis products might
be ascribed to the occurrence of repolymerization and
condensation reaction between low molecular weight mono-
mers at high temperatures.41 The results determined by GC-
MS and the corresponding distribution of main monomer
products are listed in Figure 4 in detail. Most of the monomer
products were H, G, and S-type alkylphenol products because
the Niδ+ active site of Ni12P5/P−N−C−2 can directly
hydrogenate the lignin benzene ring or side chain to generate
alkyl products in the hydrogen-donating system.25 Through
careful calculation, the selectivity of alkylphenol gradually
decreased from 200 to 300 °C (from almost 100% at 200 °C to
75.47% at 300 °C), and the esterified phenolic monomer
increased, which might be because the condensation reaction
became more intense with the increase of temperature. High-
temperature-induced char formation also adhered to the
catalyst surface, deactivated the Ni sites, and reduced the
selectivity of the alkylation reaction. In addition, G3 products
were identified as two different phenyl esters. The possible
potential path for the formation of G3 is as follows: O2
contained in the unexhausted air in the reactor oxidized the
β or γ position of lignin to carboxyl groups, and then, the side
chain undergoes an esterification reaction with ethanol in the
solvent. The content of G3 products increased with the rise of
temperature, which actually resulted in the decreased yield of

alkylated phenolic products. Thus, the temperature had a
significant impact on product distribution and selectivity, as
well as monomer and bio-oil yields; the optimal temperature of
our work was suggested to be 270 °C.
In addition, Figure 4b exhibits the effect of reaction time in

lignin hydrogenolysis catalyzed by the Ni12P5/P−N−C−2
catalyst. The minimum value of phenolic monomer yield was
5.80% at 2 h, reached the maximum value of 9.60% at 4 h, and
then decreased over time. The selectivity of alkylphenol was
found to decrease with time. The content of alkylphenol
reached the maximum at 2 h, accounted for 77.41% of the total
monomer yield, and decreased to 73.61% at 8 h. This result
indicated that the degree of esterification between oxidized
lignin depolymerization products and ethanol in solvent
increases with time. The yield of bio-oil reached the maximum
(68.37%) at 2 h, and the yield of bio-oil decreased with the
increase of reaction time. However, over 60% of the content of
obtained bio-oil was retained. This indicates that the degree of
repolymerization of dimers or oligomers increased with time,
leading to a decrease in bio-oil and monomer yields.42 Thus,
the optimal reaction time was considered as 4 h.
In addition, the effect of catalyst dosage in lignin

hydrogenolysis catalyzed by Ni12P5/P−N−C−2 was also
investigated in detail. As shown in Figure 4c, the yield of
bio-oil and the phenolic monomer was increased with raised
catalyst dosage. The yield of bio-oil (38.16%) and the phenolic
monomer (7.02%) was both the lowest at a lignin-to-catalyst
mass ratio (L/C) of 0.2 g/0 g, and with the increase of catalyst
input, both the yields reached the maximum value when L/C =
0.2 g/0.2 g. These results showed that the more the catalyst
input, the more the Niδ+ active sites for reaction, and the

Figure 5. 2D HSQC NMR spectra of feedstock lignin and bio-oil and the main structures: (A) β-O-4′ linkages; (B) resinols; (C)
phenylcoumarans; (D) spirodienones; (E) α, β-diaryl ethers; (p-CE) p-coumarates; (p-FA) ferulates; (H) p-hydroxyphenyl units; (G) guaiacyl
units; (G′) oxidized syringyl units bearing a carbonyl group at Cα; and (S) syringyl units
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balance of the lignin catalytic hydrogenolysis reaction in the
EtOH/iPrOH solvent was more toward the direction of
generating oligomers and monomers and inhibiting the
generation of char. The selectivity of alkylphenol was slightly
decreased after the addition of the Ni12P5/P−N−C−2 catalyst,
which dropped from 79.06% (noncatalytic run) to 76.15% (L/
C = 0.2 g/0.2 g). This possibly indicated that the Ni12P5/P−
N−C−2 catalyst has a certain degree of catalytic effect on the
condensation reaction of the oxidized lignin depolymerization
monomer with ethanol in the hydrogen-donating solvent.
3.4. Structural Changes in Aliphatic and Aromatic

Regions of Lignin and Lignin-Based Bio-Oil. The 2D
HSQC NMR spectra of noncatalyzed (Figure 5a,b) and
catalyzed lignin (Figure 5c,d) exhibited the structure variation
before and after catalysis. The proportion of syringl (S),
guaiacyl (G), and p-hydroxyphenyl (H) subunits as well as the
β-O-4 alkyl-aryl ethers (A, β-O-4) (47.98%), resinols (B, β-β)
(2.24%), phenylcoumarans (C, β-5) (11.02%), spirodienones
(D) (26.75%), and α, β-diaryl ethers (E) (12.01%)
substructures was semiquantified by integrating the contour
signals in Figure 6a based on the previous literature.43 Previous
research of del Rió et al. had claimed that herbaceous plant
lignin appeared to contain abundant p-coumarate.44 Therefore,
the plenty of p-coumarates (p-CE) and ferulates (p-FA) signals
in aromatic regions of the HSQC spectra revealed that the feed
lignin fractionated from herbaceous plants.45 After hydro-
genolysis reaction catalyzed by the Ni12P5/P−N−C−2 catalyst,
the signals assigned to β-O-4 (Aα and Aβ) totally disappeared,
due to its low bond dissociation energy, which made β-O-4
linkage sensitive to the attack of the catalyst. Meanwhile, the
intensity of p-coumarate and resinol (Bα and Bβ) substructure
signals was sharply decreased. The contours in the aromatic
regions of bio-oil HSQC spectra were likely ascribed to the
phenolic products obtained by lignin hydrogenolysis, and the
methoxy group signals (δC/δH = 56.02/3.75) in aliphatic
regions were ascribed to the existence of alkylphenol as shown
in GC−MS data. The proportion of S/G/H in feed lignin was
39:34:27 (%) calculated using the HSQC spectrum, which
turned to be 27:42:31 (%) after being catalyzed at 270 °C by
the Ni12P5/P−N−C−2 catalyst. In addition, at 270 °C, the S/
G/H ratio of lignin monomers was 19:50:31 (%) after catalysis
and 20:51:29 (%) in the noncatalytic run. The content of G
units in bio-oil as well as the proportion of G-type lignin
monomer products catalyzed by the Ni12P5/P−N−C−2
catalyst was observed to increase in comparison with the
noncatalytic run. Thus, the generation of G-type products

should be one of the main reactions during the lignin
conversion process. This result was also consistent with the
distribution of monomer products determined by GC−MS and
GC.

3.5. Changes of the Ni12P5/P−N−C Catalyst after Use.
The structural change of the catalyst after use affected the
reusability of the catalyst. Thus, the XPS survey analyses of
fresh and 3 times used Ni12P5/P−N−C−2 catalysts were
conducted as well as the XRD analysis. As shown in Figure
6a,b, the obvious signals of P 2p, C 1s, N 1s, O 1s, and Ni 2p
existed in both fresh and used Ni12P5/P−N−C−2 catalysts.
The distribution and binding energies of each element signal
were similar. This proved that the valence state of the surface
elements of the catalyst was the same before and after use, and
the active sites of Ni, P, and N elements on the surface of the
catalyst still possessed a high activity for the catalytic
hydrogenolysis of lignin. The XRD curves of fresh and used
Ni12P5/P−N−C−2 catalysts were also recorded as shown in
Figure 6c. The existence of the intense Ni12P5 (312) peak at
around 2θ = 48.92° was exhibited in the XRD patterns of both
fresh and used Ni12P5/P−N−C−2 catalysts. The positions and
intensities of diffraction peaks of other crystal planes also
showed no significant difference in the two curves. These
results indicated that the used Ni12P5/P−N−C−2 catalyst
retained the catalytic reactivity well.

4. CONCLUSIONS

An Ni12P5/P−N−C catalyst was synthesized by a simple two-
step method. Chlorella was used as a carbon source to support
Ni2+ ions. Through one-step carbonization, Ni12P5 metal
nanoparticles were uniformly dispersed on the catalyst surface.
The catalyst obtained 65.26% bio-oil yield, 9.60% monomer
yield, and 76.15% selectivity to alkylphenol in the product after
reaction at 270 °C for 4 h in EtOH/iPrOH (1:1, v/v). In the
mixed solvent, Niδ+ active sites on the Ni12P5/P−N−C catalyst
improved the hydrogen transfer capacity of the solvent and the
yield of bio-oil and phenolic monomers compared with the
reaction without the catalyst. Compared to the same types of
catalysts that are already available, the use of high-risk and
explosive H2 was avoided in the lignin hydrogenolysis process,
still resulting in relatively high product yields. The results
recorded by 2D HSQC NMR and GC also confirmed that the
Ni12P5/P−N−C catalyst possessed the ability to generate more
G-type products. Due to the straightforward, cheap, safe
process of the catalyst preparation and the lignin hydro-
genolysis, this catalyst preparation method and lignin hydro-

Figure 6. XPS survey curves of (a) fresh and (b) used Ni12P5/P−N−C−2 catalysts, and the (c) XRD pattern.
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genolysis pathway hold promising application prospects for the
industrialization of lignin hydrogenolysis to prepare high-value
phenolic compounds.
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