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A B S T R A C T

The mild depolymerization of lignin into aromatic monomer is a grand challenge owing to the various aryl ether
C–O bonds, particularly for the most abundant β-O-4, α-O-4 and 4-O-5 linkages. Rod-shaped CeO2 supported
AuPd bimetallic catalysts fabricated by sol-immobilization method presented robust alloy structure, as evi-
denced by TEM, XPS, UV–vis, and CO-DRIFTS. For the hydrogenolysis of CeO bond model compound with
formic acid, Au1Pd1/CeO2 showed about 23.5 and 6 folds increase in activity compared with its monometallic
counterparts Au/CeO2 and Pd/CeO2, respectively. The outstanding performance was mainly ascribed to the
increased adsorption ability of electron-deficient Pd for aromatic C–O bond. Additionally, formic acid-mediated
Au1Pd1/CeO2 has efficiently performed hydrogenolysis of real lignin into a variety of valuable monophenols,
achieving 44.1% yield at low temperature.

1. Introduction

The transformation of renewable lignocellulosic biomass into high-
value chemicals and liquid fuels has stimulated intensive interests with
the increasing energy demand and decreasing fossil resources. Lignin is
the second most abundant carbon-containing resource on earth after
cellulose, and the only sustainable source for aromatic chemicals [1,2].
Owing to the recalcitrant and complex molecular structure, lignin is
generally regarded as a waste product, or directly burned to supply
energy. These behaviours seriously cause environmental pollution and
lose a potentially versatile raw material [3,4]. Therefore, it is urgent to
develop new processes to transform low-cost lignin into value-added
chemicals. In this context, hydrogenolysis of lignin to aromatic mono-
phenols is one of the most promising methods owing to their wide
applications as intermediates in the synthesis of fine chemicals or bio-
oils [1].

The lignin polymer is composed of methoxy-substituted phenolic
subunits that are connected through many different types of linkages
(Scheme 1) [1,2]. The three of most abundant structural motifs is β-O-4,
α-O-4 and 4-O-5 linkages, which accounts for 45–62%, 3–12% and
4–9% of the aryl ether C–O bonds in hardwoods lignin, respectively. It
is a grand challenge to activate and break these aryl ether C–O bonds
under mild conditions owing to its high cleavage energy (218-314 kJ
mol−1). Recently, some simple dimer model chemicals have been

utilized to explore the cleavage mechanism for the aryl ether C–O bonds
in lignin depolymerization [5–10], because more complex substitutions
hardly affect the principal chemistry. Homogenous catalysts Ni [11], Ru
[12] and Fe [13] complexes have demonstrated to be active and effi-
cient to exclusively cleave aryl ether C–O bonds under low temperature
and H2 pressure. However, the inherent deficiency of homogenous
system limits their large-scale applications. Therefore, a variety of
heterogeneous catalysts such as supported Ni [5,6,14–16], Ru [17], Pd
[18], Pt [9] and Fe [19] have been attempted to perform hydro-
genolysis of aryl ether C–O bonds to produce aromatics in the presence
of high pressure H2. Lercher. et al. [5] employed benzyl phenyl ether
(α-O-4 linkage), 2-phenylethyl phenyl ether (β-O-4 linkage), and di-
phenyl ether (4-O-5 linkage) to mimic various C–O bonds of lignin. The
selective hydrogenolysis of these model compounds produces aromatic
phenols, cycloalkanes and cyclohexanol over Ni/SiO2 in aqueous solu-
tion, and the cleavage rate for C–O bond declines in the sequence of α-
O-4, 4-O-5 and β-O-4. Abu-Omar et al. [18] describes a PdZn/C catalyst
for selective cleavage β-O-4 linkages of lignin model substrate with
85% yield in 2MPa H2 using methanol as solvent. Moreover, this cat-
alyst efficiently converts lignin into monophenols at 250 °C in yields of
19–54% depending on the source of lignin.

Very recently, many bimetallic catalysts, such as NiAu [10], NiRu
[8], NiRh [8], NiPd [8], PdFe [20,21], PdNi [22] and CoMo [23] have
been effectively applied for hydrogenolysis of C–O bond of lignin and
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its model chemicals, because they are remarkably active and stable than
their equivalent monometallic catalysts. Yan et al. [10] developed a
highly active NiAu for the hydrogenolysis of β-O-4 bond at low tem-
perature and gave 14% yield of aromatic monomers in the decom-
position of organosolv lignin at 170 °C for 12 h. Subsequently, the same
group [24] declared that the addition of NaOH to NiAu system can
result in an enchanted selectivity towards aromatic compounds and
inhibition for arene hydrogenation, and thus improve the reactivity for
C–O bond hydrogenolysis both in model chemicals and real lignin.
Specifically, the total monomer yield in the conversion of lignin in-
creased from 7.6% to 10.9% at 160 °C for 4 h. Additionally, ZrO2 sup-
ported PdNi bimetallic catalyst have been developed to selectively
cleave β-O-4 linkage under ambient H2 pressure, and exhibited en-
hanced activity compared with single Ni and Pd catalysts [22].

Despite the great advances, it is still urgent to develop more active
and selective catalysts for aryl ether C–O bond cleavages of model
chemicals and even in real lignin. AuPd bimetallic catalysts have been
extensively studied and presented strong synergistic effect for many
liquid-phase reactions, such as benzyl alcohol oxidation [25], levulinic
acid hydrogenation [26], and dehydrogenation of HCOOH [27–30].
However, no literature have been reported regarding aryl ether C–O
bond cleavage of lignin.

Besides H2 as hydrogen source, formic acid is a cheap and alter-
native one because it abundantly comes from biomass with low toxicity
and stability, offers H2 very rapidly, and is safely handled in usage and
storage [31–33]. Therefore, in this work the AuPd bimetallic catalysts
fabricated by sol-immobilization method are employed to perform hy-
drogenolysis of lignin and derived model chemicals with formic acid.
Their alloy structure was well characterized by TEM, XPS, UV–vis, and
CO-DRIFTS. Remarkable enhancement in activity was observed for
AuPd alloy in comparison to individual counterparts. More importantly,
Au1Pd1/CeO2 presented outstanding selectivities for hydrogenolysis of
aryl ether C–O bond in both lignin and model compounds under mild
conditions.

2. Materials and methods

2.1. Catalyst preparation

CeO2 was prepared by a hydrothermal method described previously
[34]. 4.5 mmol Ce(NO3)3·6H2O (Sinopharm Chemical Reagent Co., Ltd.
(SCRC)) was added into 90mL NaOH solution (6mol/L) under vigorous
stirring at room temperature for 10min. Subsequently, the mixture was
transferred into an autoclave and hydrothermally treated at 100 °C for
24 h. After that, the precipitates were separated by centrifugation, dried

at 80 °C overnight, and calcined at 400 °C for 4 h in static air.
The bimetallic AuxPdy/CeO2 (x, y= 1, 3, where x and y stand for

the molar ratio of Au with Pd in theory) was synthesized by sol-im-
mobilization method [35,36]. Typically, 1 wt.% poly(vinyl alcohol)
(PVA, Aladdin) solution was dissolved into the mixed aqueous solution
of PdCl2 (SCRC) and HAuCl4·3H2O (SCRC) with desired concentrations.
Subsequently, 0.1 mol/L freshly prepared NaBH4 solution (SCRC,
NaBH4/metal (molar ratio)= 5) was dripped to obtain a dark-brown
sol under vigorous stirring for 30min. The required amount of CeO2

was added and continued to stir 5 h. After that, the precipitates were
collected by centrifugation and dried at 80 °C overnight. The mono-
metallic Au/CeO2 and Pd/CeO2 were prepared with similar method as
above. The total noble metal content was controlled at ca. 2 wt.% in all
the catalysts, and their actual compositions are listed in Fig. S1 in
Supporting Information.

2.2. Catalyst characterization

N2 adsorption− desorption isotherms were performed at −196 °C
on a Micromeritics TriStar 3000 instrument. The samples were first
evacuated under vacuum at 250 °C for 8 h prior to the measurements. X-
ray diffraction (XRD) was performed on a Rigaku MiniFlex II desktop X-
ray diffractometer operating with Cu Kα radiation at 40 kV and 40mA
at a scanning speed (2θ) of 4°/min. Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) were measured on a JEM-
2011 F system electron micro-scope at 200 kV with a field emission gun.
The sample was first suspended in ethanol under severe ultrasonication
conditions for 20min, and then deposited on copper grids coated with
carbon foil. Metal dispersion has been estimated according to reported
equation D=6 × v a( /m m)/d [26], where vm is the atomic density of Au
(16.94 × 10−3 nm3) or Pd (14.7 × 10−3 nm3), am is the surface area for
an atom of Au (8.75 × 10−2 nm2) or Pd (7.93 × 10−2 nm2), and d
refers to the particle size based on TEM statistic. X-ray photoelectron
spectroscopy (XPS) was obtained under an ultrahigh vacuum on a VG
MiltiLab 2000 spectrometer equipped with Mg Kα radiation and a
multichannel detector. The binding energies were calibrated by setting
C1s peak to 284.6 eV. UV–vis spectra were collected on a Cary 5000
UV–vis-NIR spectrophotometer with BaSO4 as a reference. H2 tem-
perature-programed desorption (H2-TPD) was conducted in Auto
Chem.Ⅱ2920 apparatus (Mircromeritics, USA). Typically, 0.1 g fresh
sample was pretreated in flowing 10 vol% H2/Ar mixed gas at 250 °C
for 60min. When the system temperature was reduced to 50 °C, the
sample was saturated with flowing H2. Subsequently, the sample was
heated to 500 °C at a ramp of 5 °C/min and the desorbed H2 was
monitored by a TCD detector. Diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) of CO adsorption was performed in a
Nicolet iS10 spectrometer equipped with a MCT detector cooled with
liquid N2. The sample was first pretreated at 200 °C for 120min in
flowing Ar (20mL/min). When the system was cooled to 25 °C, the
sample was exposed to 10% v/v CO/Ar (20mL/min) mixed gas until its
saturation. Subsequently, the desorbed CO was recorded in flowing Ar
again. Inductively coupled plasma optical emission spectroscopy (ICP)
(Optima2100DV, PerkinElmer) was employed to determine the metal
contents of as-prepared catalysts.

2.3. Catalytic test

The organosolv lignin was extracted from typical hardwood locust
according to the reported method [37]. The locust sawdust was sup-
plied by a local manufactory (ca. 40 mesh), and dried at 100 °C for 1
day before its use. 1.0 g locust sawdust, 30mL ethanol and 30mL water
were charged into an autoclave. The reactor was heated to 180 °C and
kept for 5 h. Subsequently, the reaction system was cooled down in an
ice-water bath. A reddish-brown solution was separated by cen-
trifugation, and the solvent was removed by a rotary evaporator. Fi-
nally, the collected lignin was dried at 100 °C overnight.

Scheme 1. Fragment structure of lignin and corresponding model compounds.
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All the reactions were carried out in a 50mL Teflon-lined stainless
steel autoclave. Typically, 0.2 mmol feed or 0.03 g organosolv lignin,
15 mL H2O, 2mmol or 10mmol formic acid and 0.1 g catalyst were
loaded into the reactor. The reaction was performed at preset tem-
perature for desired time under vigorous stirring. After the completion
of reaction, the reactor was quickly cooled to room temperature in an
ice-water bath. The products were collected by centrifugation, ex-
tracted by ethyl acetate, and analyzed by gas chromatography
(Shimadzu GC-2010) with a flame ionization detector using a DB-1
capillary column. Ethyl benzoate was used as an internal standard. The
assignments of products were determined by GC–MS. The quantitative
analysis was estimated by the following equations:

=
−

×

Conversion(%) moles of initial reactant moles of remained reactant
moles of initial reactant

100

= ×Selectivity(%)
moles of one product
moles of all products

100

The concentrations of formic acid were analyzed by HPLC (Agilent
1100 Series) using UV–vis detector and an Eclipse XDB-C18 column.
The mobile phase was 0.005mol/L H2SO4 flowing at a rate of 1.0 mL/
min. The column oven was set at 30 °C. For lignin depolymerization, the
product yield was defined as the mass of monophenol divided by the
mass of lignin.

3. Results and discussion

3.1. Catalyst characterization

The PVA capped AuPd bimetallic nanoparticles were prepared by
the co-reduction of PdCl2 and HAuCl4 by NaBH4, and subsequently
deposited on rod-shaped CeO2 support. The composition of AuPd na-
noparticles can be regulated by the initial molar ratio of their pre-
cursors and analyzed by ICP. The metal contents and textural properties
are listed in Table S1. All the samples displayed similar BET surface
area and pore distributions. As illustrated in Fig. S1, the typical diffuse
diffraction peaks around 28.8°, 33.3°, 47.8° and 56.5° were ascribed to
face-centered-cubic (fcc) structure of CeO2 [38]. Only weak Au dif-
fraction peak at 38.4° were detected over Au/CeO2 while no Pd-con-
taining peaks were observed, probably due to the high Pd dispersion or
low metal content. The representative TEM micrographs and particle
size distribution histograms for the AuPd/CeO2 catalysts are illustrated
in Fig. 1. In all the samples, the CeO2 primarily presented as disordered
rod shape, consistent with previous result [34]. Au nanoparticles pro-
ceeded to agglomeration and some of them were larger than 10 nm in
size over Au/CeO2. Pd nanoparticles were distributed uniformly on the
CeO2 surface with a 6.4 nm average particle size over Pd/CeO2. The
corresponding lattice fringes in HRTEM confirmed the presence of
crystalline Pd nanoparticles. All the bimetallic AuPd samples showed
highly dispersed nanoparticles and lower particle size compared to the
monometallic samples. In addition, the AuPd species form an extended
flat interface structure with rod-shaped crystalline ceria surface, sug-
gesting that AuPd nanoparticles are tightly attached on CeO2 surface.
The HRTEM image of bimetallic AuPd nanoparticles are indicative of
polycrystalline face-centered cubic (fcc) structure with exposed {1 1 1}
lattice fringes measured to be 0.227 nm, which is lower than that of fcc
Au (0.235 nm) and larger than the {1 1 1} spacing of fcc Pd (0.221)
[39]. This is probably related to the formation of alloy structure.

The formation of AuPd alloy structure for the bimetallic samples can
also be verified by XPS, UV–vis spectra and CO-DRIFTS. As displayed in
Fig. 2a of XPS spectra, Au/CeO2 exhibited spin-orbit split peaks cen-
tered at 83.7 and 87.3 eV, which were assigned to Au 4f7/2 and Au 4f5/2
of metallic Au, respectively [34]. Compared to Au/CeO2, the addition of
Pd induced the movement of Au 4f peaks towards low binding energy,
suggesting that Au species were in the electron-rich states. Two peaks at

around 334.7 and 339.9 eV were detected over Pd/CeO2, corresponding
to metallic Pd [26]. The Pd 3d peaks shifted to high binding energy
because of Au incorporation over AuPd bimetallic catalysts. There is
strong electronic interaction between Au and Pd owing to alloy effect,
wherein the electrons transfer from Pd to Au. The surface ratio of Au
and Pd was estimated to be 1.2 by XPS peak area, similar to that of bulk
phase in Au1Pd1/CeO2, indicating that Au and Pd atoms were homo-
genously distributed in AuPd alloy structure. As illustrated in Fig. 2c for
UV–vis spectra, Au/CeO2 exhibited characteristic surface plasmon re-
sonance (SPR) adsorption at 520 nm while Pd/CeO2 did not have any
SPR adsorption [39]. After the addition of Pd into Au/CeO2, the SPR
adsorption of Au declined sharply and even completely disappeared
owing to the alloy effect.

CO-DRIFTS were performed to probe electronic effect and the re-
sults are illustrated in Fig. 2d. Au/CeO2 exhibited only one carbonyl
stretching peak at 2114 cm−1, corresponding to linear adsorption of CO
on Au [40]. The intense two peaks were observed at around 2083 and
1923 cm−1, which were assigned to linear and bridged adsorption of
CO on Pd [40], respectively. Notably, the linear adsorption of CO lo-
cated at the corner of edges sites of undercoordinated Pd, while bridged
CO adsorption located on surface Pd. These two peaks presented a si-
milar change in intensity on AuPd/CeO2, strongly indicating that Au
and Pd species were homogenously dispersed and didn’t form core-shell
structure, consistent well with HRTEM results. Moreover, the adsorp-
tion peaks of CO displayed an obvious blue-shift with increasing Au
content, suggesting strong electronic interaction between Au and Pd
species. According to d-π model [40], Au electron density increases
from Pd donation during the formation of AuPd alloy.

H2-TPD was conducted to reflect the adsorption of H2 on active
metallic surface (Fig. 3). Au/CeO2 displayed two weak H2 desorption
peaks at around 80 and 425 °C, reflecting that H2 is not easily adsorbed
and activated on Au surface. Compared to Au/CeO2, AuPd alloy cata-
lysts obviously improve adsorption capacity of H2. Similar H2 deso-
rption peaks were observed over Pd/CeO2, suggesting that the ad-
sorption strength of H2 is similar with AuPd bimetallic catalysts.
Moreover, Pd/CeO2 showed two strong peaks at around 80 and 365 °C,
and possessed the highest adsorption capacity of H2.

3.2. Hydrogenolysis of benzyl phenyl ether (α-O-4) with formic acid

The catalytic performance was initially evaluated with model
compounds benzyl phenyl ether, 2-phenylethyl phenyl ether and di-
phenyl ether to mimic α-O-4, β-O-4 and 4-O-5 of lignin, respectively. As
listed in Table 1, only 3.5% conversion of benzyl phenyl ether and
40.1% conversion of formic acid were obtained over Au/CeO2 at 150 °C
for 1 h. Because the amount of formic acid far exceeds that of benzyl
phenyl ether, the low conversion of Au/CeO2 is not predominantly
ascribed to the lack of hydrogen donor. Pd/CeO2 gave 49.6% conver-
sion of benzyl phenyl ether and 76.3% conversion of formic acid.
Compared to Au/CeO2 and Pd/CeO2, all the bimetallic AuPd catalysts
displayed excellent activity of benzyl phenyl ether and complete con-
version of formic acid. Of them, Au1Pd1/CeO2 exhibited the highest
reactivity and reached 100% conversions of benzyl phenyl ether and
formic acid. Moreover, the conversion of benzyl phenyl ether over
Au1Pd1/CeO2 was much higher than that of mixed catalyst Au/CeO2+
Pd/CeO2, suggesting that there was remarkable synergistic effect be-
tween bimetallic species. Regarding the selectivity, all the samples gave
similar product distributions with good C–O bond cleavage ability.
41.8% phenol and 52.4% toluene were achieved over Au1Pd1/CeO2.
Kinetic analysis in Fig. S2 displays the correlation between reaction rate
with benzyl phenyl ether and formic acid concentration, respectively.
The reaction orders with respect to benzyl phenyl ether and formic acid
concentration were calculated to be 0.69 and 0.14, respectively. Thus,
the higher reaction order of benzyl phenyl ether indicates that C–O
bond cleavage is the rate-determining step.

Turnover frequency (TOF) can be employed to reflect the intrinsic
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Fig. 1. TEM images and corresponding metal particle size distribution histograms as well as the inserted HRTEM images at the upper right corner.
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Fig. 2. (a) Au 4f and (b) Pd 3d XPS spectra, (c) UV–vis spectra and (d) CO-DRIFTS over various catalysts.

Fig. 3. H2-TPD profiles of different catalysts.

Table 1
Hydrogenolysis of benzyl phenyl ether (α-O-4) over different catalystsa.

Catalyst Conversion (%) Selectivity (%) TOFb

(h−1)
benzyl phenyl ether HCOOH phenol toluene

Au/CeO2 3.5 40.1 47.8 51.3 7.5
Pd/CeO2 49.6 76.3 45.3 52.6 29.5
Au1Pd3/CeO2 90.4 100 44.9 50.8 121.0
Au1Pd1/CeO2 100 100 41.8 52.4 176.3
Au3Pd1/CeO2 89.6 100 43.5 53.9 83.0
Au/CeO2+ Pd/CeO2

c 51.2 95.2 46.1 50.7 23.9

a Reaction conditions: 0.2 mmol benzyl phenyl ether, 2 mmol formic acid,
150 °C, 1 h, 0.1 g catalyst.

b TOF is moles of converted feed per mole of surface metal sites and per hour.
Reaction conditions were chosen to determine the rate below 20% conversion.

c 0.1 g Au/CeO2+ 0.1 g Pd/CeO2.
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reactive ability and the results are listed in Table 1. The TOF based on
accessible surface metallic atoms of Au1Pd1/CeO2 was estimated to be
176.3 h−1, and this value is 23.5-fold and 6-fold increase in activity
compared with Au/CeO2 and Pd/CeO2, respectively. The significant
improvement of intrinsic activity of Au1Pd1/CeO2 can not be randomly
ascribed to nano size effect, because no discernable decrease in size was
observed in comparison with Pd/CeO2. As can be seen from H2-TPD
result, Pd/CeO2 possesses much more H2 adsorption capacity and si-
milar adsorption strength in comparison to AuPd bimetallic catalysts,
indicating that the adsorption and activation of H2 from HCOOH

release is not the rate-determining step. Moreover, the higher reaction
order of benzyl phenyl ether confirms that the activation ability of α-O-
4 bond is the key factor in determining the catalytic performance.
Electronic and geometric effects of AuPd bimetallic species are thought
to be responsible for the superior catalytic performance owing to the
formation of alloy structure. Based on XPS, UV–vis, CO-FTIR and earlier
report [8], the electron-deficient Pd facilitates the strong adsorption of
electron-rich α-O-4 bond of benzyl phenyl ether, thus weakening its α-
O-4 bond. Meanwhile, the activated H* over AuPd surface can further
attack α-O-4 bond and promote the cleavage of α-O-4 bond. Regarding
geometric effect, previous DFT calculations indicate that the in-
corporation of larger Au atoms into Pd lattice leads to lattice mismatch
and tensile strain [41]. The narrowing and upward shift in d-band of Pd
because of tensile strain can form more coordinatively unsaturated sites
for surface atoms, and enhances the cleavage for α-O-4 bond.

3.3. Hydrogenolysis of 2-phenylethyl phenyl ether (β-O-4) and diphenyl
ether (4-O-5) with formic acid over Au1Pd1/CeO2

Since Au1Pd1/CeO2 catalyst exhibits the best catalytic performance,
it is chosen as the system catalyst to perform hydrogenolysis of β-O-4
and 4-O-5 bonds. As described in Fig. 4, the initial conversion of 2-
phenylethyl phenyl ether was 40.7% for 1 h, and then increased to
98.2% for 4 h. Additionally, the β-O-4 bond of 2-phenylethyl phenyl
ether was selectively cleaved into phenol and ethylbenzene. Regarding
4-O-5 bond (Fig. 5), the conversion of diphenyl ether was only 24.1% at
150 °C for 24 h, suggesting that the aromatic ether C–O bond is hardly
to cleave. The conversion of diphenyl ether increased to 40.4% at
160 °C, and reached 100% with increasing temperature at 180 °C. The
predominant products were phenol and benzene, originating from the
selective cleavage of 4-O-5 bond. Their total selectivities declined from
96.9% to 92.1% in the temperature range from 160 to 180 °C due to the
formation of alkanes byproducts.

We have systematically compared the C–O bond cleavage activity
for α-O-4, β-O-4 and 4-O-5 bonds. As shown in Table 2, the TOF of α-O-
4 bond is much higher than 36.8 h−1 obtained for β-O-4 bond. Ad-
ditionally, the TOF value of 4-O-5 bond is only 0.74 h−1, confirming
that 4-O-5 bond is the most recalcitrant one to cleave in lignin. Bond-
dissociation energy (BDE) is an important parameter to determine the
strength of the C–O ether bond [5]. As displayed in Table 2, the BDE of
aryl ether bond 4-O-5 (314 kJ mol−1) is much higher than that of ali-
phatic ether bonds of α-O-4 (218 kJ mol−1) and β-O-4 (289 kJ mol−1).
It can be seen that the higher the BDE is, the lower the TOF will be.
Thus, based on our reaction results and BDE, the strength of C–O ether
bond is decreased in the following order: 4-O-5> β-O-4 ≥ α-O-4,
consistent well with previous results [5].

3.4. Reusability test

To explore the reusability behavior, the spent Au1Pd1/CeO2 catalyst
was separated from the reaction mixture by centrifugation. As dis-
played in Fig. 6a, both benzyl phenyl ether conversion and product
distributions did not present obvious decline during five reaction cy-
cles. Because the deactivation of catalyst may be masked at complete
conversion of benzyl phenyl ether, the recycling tests were further
performed for robust 4-O-5 bond at low conversion. Similar case
(Fig. 6b) was observed that the conversion of diphenyl ether and the
product distribution was maintained within five runs. The TEM image
(Fig. 1) of spent Au1Pd1/CeO2 confirmed that the agglomeration of
AuPd nanoparticles did not occur owing to the strong electronic in-
teraction of AuPd alloy.

3.5. Hydrogenolysis of lignin with formic acid over Au1Pd1/CeO2

As evidenced above, the Au1Pd1/CeO2 catalyst with formic acid
system has been proved very efficient for the cleavage of dimeric model

Fig. 4. The effect of reaction time on the hydrogenolysis of 2-phenylethyl
phenyl ether (β-O-4) over Au1Pd1/CeO2. Reaction conditions: 0.2mmol 2-
phenylethyl phenyl ether, 2 mmol formic acid, 150 °C, 1 h, 0.1 g Au1Pd1/CeO2.

Fig. 5. Effect of reaction temperature on the hydrogenolysis of diphenyl ether
(4-O-5) over Au1Pd1/CeO2. Reaction conditions: 0.2 mmol diphenyl ether,
2 mmol formic acid, 24 h, 0.1 g Au1Pd1/CeO2.

Table 2
Comparison of the model compounds.

Linkage Model compound BDEa (kJ/mol) TOF (h−1)

α-O-4 218 176.3

β-O-4 289 36.8

4-O-5 314 0.74

a Data was obtained from the reported reference [5].
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compounds, which mimic the various C–O bonds in lignin. Inspired by
the good results of model compound hydrogenolysis, we applied this
elegant strategy to disassemble actual hardwood locust lignin. The
depolymerization of lignin resulted in a variety of valuable mono-
phenols, mainly including 4-n-propylguaiacol (1), 4-n-propylsyringol
(2), 4-n-propanolguaiacol (3), and 4-n-propanolsyringol (4). The de-
tailed product distributions for the identified monophenols are de-
scribed in Table S2. As listed in Table 3, the total yield of monophenols
mounted to 27.0% at 160 °C, and reached 44.1% at 180 °C. However,
the yield gradually declined to 31.5% with increasing temperature to
220 °C owing to the formation of some repolymerization products.
Despite the recalcitrant structure, our formic acid-mediated Au1Pd1/
CeO2 alloy catalyst has effectively converted lignin into aromatic
monomer with good yield at low temperature. In the presence of pro-
motional NaOH, the previous NiAu bimetallic catalyst obtained only
10.9% yield of total monomer in the hydrogenolysis of organosolv
lignin at 160 °C and 10 bar H2 [24]. Notably, the structure of lignin
varies with different sources, which may affect the final product dis-
tribution [2]. Even so, our monomer yield of 44.1% is higher than most
of the previous results under low reaction temperature [8,42–46]. Thus,
our AuPd alloy provides an excellent example in the design of advanced
nanocatalyst for biomass utilization [47].

4. Conclusions

We have successfully fabricated Au1Pd1/CeO2 alloy catalyst with an
exceptionally high activity for aryl ether C–O bond cleavage, almost
one order of magnitude higher than its single metal counterparts. AuPd
alloy resulted in strong electronic interactions between Au and Pd
atoms. The decrease in the electron density of Pd sites remarkably in-
creased the adsorption capacity for aromatic C–O bond, and greatly
improve reaction rate. More importantly, a variety of valuable mono-
phenols can be directly produced from lignin over Au1Pd1/CeO2 with
formic acid, reaching 44.1% yield under relatively mild conditions. This

provides a powerful approach for the production of aromatic chemicals
from lignin hydrogenolysis without high-pressure hydrogen. It’s an-
ticipated that these monophenols can be facilely upgraded into bio-oils
via hydrodeoxygenation, which is currently investigated in our lab.
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