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The unique properties of metal oxide surfaces, crystal surfaces and defects play vital roles in biomass
upgrading reactions. In this work, hierarchical porous bowl-shaped ZrO, (HB-ZrO,) with mixed crystal
phase was designed and employed as the support for loading AuPd bimetal with different proportions to
synthesize AuPd/HB-ZrO, catalysts. The effects of surface chemistry, oxygen defects, bimetal interaction
and metal-support interaction of AuPd/HB-ZrO, on catalytic performance for the selective oxidation of 5-
hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid (FDCA) were systematically investigated. The
Au,Pd;/HB-ZrO, catalyst afforded a satisfactory FDCA yield of 99.9% from HMF oxidation using O, as the
oxidant in water, accompanied with an excellent FDCA productivity at 97.6 mmol g~' h~'. This work
offers fresh insights into rationally designing efficient catalysts with oxygen-rich defects for the catalytic
upgrading of biomass platform chemicals.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Biomass resources have been listed as the fourth largest re-
source because of their abundant reserves, green and renewable
characteristics [1]. As the only platform compound with aromatic
ring among the 12 bio-based platform compounds promoted by
the US Department of Energy, 5-hydroxymethylfurfural (HMF) de-
rived from biomass is known as the "sleeping giant" [2,3]. HMF
is centered on a unique furan ring and contains a hydroxymethyl
group and an aldehyde group, which makes HMF rich in the de-
velopment of thousands of downstream derivatives, including al-
cohols, acids, ethers, aldehydes, etc. [4,5]. The oxidation product of
HMF, 2,5-furanediformic acid (FDCA) [6], has a structure similar to
that of petrochemical derivative terephthalic acid (TPA), and can be
polymerized with ethylene glycol to synthesize polyethylene 2,5-
furanediformate (PEF) as an alternative to polyethylene terephtha-
late (PET). Compared with traditional PET, PEF has excellent gas
barrier property, up to 6-10 times than that of PET, biodegradabil-
ity can effectively alleviate the existing "white pollution” problem
[7]. Therefore, it is urgent to develop an efficient catalytic system
for the selective oxidation of HMF to produce FDCA.

Thermal catalysis [8], electrocatalysis [9,10], photocatalysis
[11] and enzymatic catalysis [12] have been reported and exploited
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for the selective oxidation of HMF to FDCA. Heterogeneous cata-
lysts are widely used in various reaction systems because of their
easy separation, excellent stability and recyclability. The activation
of oxygen plays a pivotal role in the process of oxidation reac-
tions. The unique properties of the surface of metal oxides, crys-
tal surfaces and defects can be regulated to enable the surface
to have specific electronic or geometric properties as active cen-
ters to promote molecular activation. In addition, metal oxides are
used as support for loading metal nanoparticles, and the interac-
tion between the support and metals impacts the distribution and
size of metal particles, thus producing different catalytic proper-
ties [13,14]. Metal oxide surfaces exhibit optimal activity and sta-
bility due to their high metal ion concentrations, oxygen vacan-
cies (Oy) and exposure of multiple types of metal crystal faces
[15]. Oxygen vacancies located near the metal perimeter and acted
as preferential nucleation sites for metal nanoparticles loading.
Moreover, the strong interaction between the nanoparticles and
metal oxide support facilitates the acceleration of electron transfer
from metal to the O, adsorbed at Oy of the support, thus improv-
ing catalytic activity that includes productivity and the turnover
frequency (TOF) value. In previous studies, ZrO, with different
crystalline phases (monoclinic, tetragonal and mixed phases) has
been used as support to study a variety of reactions using its high
thermal stability, tunable Brgnsted-Lewis acidity and abundant sur-
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Fig. 1. The preparation process of AuPd/HB-ZrO, catalyst (a), SEM, TEM, EDS map-
ping and HRTEM images of Au,Pd;/HB-ZrO, (b-e), XRD patterns of AuPd/HB-ZrO,
(.

face defects [15-18]. ZrO, with different crystalline phases sup-
ported metals were synthesized and employed for catalytic oxida-
tion of toluene. The results revealed that Pt/ZrO, with mixed phase
possessing better catalytic activity than that of Pt/ZrO, with mon-
oclinic phase, and the strong interaction between metal and sup-
port played an important role in the oxidation process of toluene
[19]. The Oy induced strong metal-support interaction on Au/ZrO,
catalysts was rationally designed, and the generated interface ac-
tive sites between metal and support can be tuned and employed
for the high-efficient aerobic oxidation of HMF to FDCA [20]. This
strategy sheds light on the design of oxygen-rich defect metal ox-
ide supported-metal catalysts for the related biomass oxidation re-
actions.

Herein, SiO, nanospheres were used as template to prepare hi-
erarchical porous bowl-shaped ZrO, (HB-ZrO,) with mixed crys-
tal phase and employed as the support for loading AuPd bimetal
with different proportions to synthesize AuPd/HB-ZrO, catalysts
(Fig. 1a). The optimal Au,Pd;/HB-ZrO, catalyst exhibited the high-
est FDCA yield (99.9%) with complete HMF conversion. The SEM
and TEM images (Figs. 1b and c) of Au,Pd;/HB-ZrO, showed that
the bowl-shaped ZrO, support was composed of uniform ZrO, pel-
lets, and the subsequent loading of AuPd metal particles did not
affect the morphology of the support (Figs. S1 and S2 in Sup-
porting information). The EDS mapping of Au,Pd;/HB-ZrO, exhib-
ited the uniform loading of Au and Pd particles on the surface of
HB-ZrO, support. As shown in Figs. 1d and e, HRTEM images of
Au,Pd; /HB-ZrO, presented characteristic crystal plane spacing of
Au (111) and Pd (111). The lattice spacing was 0.287 and 0.292 nm,
which falls into the range of the d-spacings of tetragonal ZrO,
(200) and tetragonal ZrO, (201) (JCPDS No. 79-1764). The X-ray
diffraction (XRD) patterns of the catalysts with different Au-Pd ra-
tios were exhibited in Fig. 1f. The HB-ZrO, support presented a
mixture of monoclinic and tetragonal zirconia crystalline phases,
in which the peaks at 26 positions 24.2°, 28.2°, 31.4°, 34.1°, 38.5°,
40.8°, 45.1°, 54.1°, 55.4° and 65.6° were ascribe to the monoclinic
phase (JCPDS No. 37-1484), while 30.1°, 35.0°, 50.2°, 60.1°, 62.8°
and 74.5° were assigned to the tetragonal phase (JCPDS No. 79-
1764). After loading AuPd nanoparticles, the characteristic diffrac-
tions of HB-ZrO, support were observed as the main diffraction
for all samples due to the relatively low contents and small size
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of metal nanoparticles, and their characteristic diffractions were
masked by the characteristic diffractions of zirconia. Different pro-
portions of Au and Pd interact with the support differently. When
the ratio of Au to Pd was 1:0, the weak interaction force between
the HB-ZrO, support and Au nanoparticles resulted in the aggre-
gation of Au nanoparticles (Fig. S2b). With the change of Au and
Pd ratio, the interaction force between metal particles and the
HB-ZrO, support became stronger, resulting in the uniform distri-
bution of metal particles on the surface of the HB-ZrO, support.
When the ratio of Au to Pd increased to 2.5:1, the crystalline phase
of the catalyst was mainly tetragonal ZrO,. The nitrogen adsorption
and desorption tests revealed that the specific surface area of the
catalyst decreased, while the average pore diameter increased with
the change of AuPd ratio (Table S1 and Fig. S3 in Supporting infor-
mation). In particular, due to the small size of palladium particles,
the specific surface area did not change significantly, and the aver-
age pore diameter represented a decrease trend.

The surface chemical properties of the catalysts were analyzed
by XPS surface characterization of Au/HB-ZrO,, Pd/HB-ZrO,, and
Au,Pd; [HB-ZrO,. Compared with the standard binding energies of
Au 4fy;, (BE = 84.0 eV) and Au 4fs;; (BE = 87.7 eV) [21], the
binding energies of Au 4f;;, and Au 4fs;, that ascribed to Au® for
Au/HB-ZrO, and Au,Pd;/HB-ZrO, were negatively shifted (0.2 eV).
Binding energies at 86.8 and 90.0 eV indicated the presence of
Au3* (Fig. 2a). In the XPS spectra of Pd 3d (Fig. 2b), the bind-
ing energies of Pd/HB-ZrO, and Au,Pd;/HB-ZrO, in Pd 3d region
also shifted significantly in relation to Pd9 and Pd%* [22], indi-
cating the formation of alloyed AuPd nanoparticles. The Zr 3d re-
gion of HB-ZrO, and AuPd/HB-ZrO, (Fig. S4 in Supporting infor-
mation) demonstrated that Zr species were mainly Zr3+ and Zr*t
[23]. In particular, compared with HB-ZrO,, the binding energies
of Zr 3ds), of Au/HB-ZrO, and Pd/HB-ZrO, were negatively shifted,
but the binding energies of O 1s of Pd/HB-ZrO, were positively
shifted (Fig. 2c and Fig. S4). According to the XPS results, the in-
teraction between the Oy and the metallic center involves electron
transfer from the structural defects from HB-ZrO, support toward
AuPd nanoparticles, suggesting Oy acted as preferential nucleation
sites for AuPd nanoparticles loading. At the same time, in the XPS
spectra of O 1s, AuPd/HB-ZrO, revealed that oxygen species was
the oxygen species bonded weakly to the catalyst surface (Ogpers:
OH-, CO3%~ or adsorbed molecular H,0), adsorbed oxygen (O,q4s)
and surface lattice oxygen (Oy,) [15]. The concentration and peak
position of oxygen species on the surface of ZrO, were shifted
obviously with different metal loads. In the O 1s map of Au/HB-
ZrO,, the characteristic peak of oxygen species Ogpers, 0,45, and
Ojate shifted to the lower energy level. The oxygen species Oghers,
O,4s, and Oy, characteristic peak of Pd/HB-ZrO, shifted to higher
energy level. The oxygen species characteristic peak of Au,Pd;/HB-
ZrO, was only slightly different from that of HB-ZrO,. XPS data
exhibited in Fig. 2 and Fig. S4 suggested that substantial increases
in the concentration of the Oy and Zr3* state caused by the load-
ing of AuPd bimetal on HB-ZrO, support, resulting in strong metal-
support interaction.

The surface defects of catalysts were studied by EPR technique
(Fig. 2d). Compared with the peak intensity of different catalysts,
the relative intensity of Au,Pd;/HB-ZrO, was the strongest, and
the result matched well with the XPS characterization that load-
ing the bimetal increases the Oy concentration of the HB-ZrO, sup-
port. NH; temperature-programmed desorption (TPD) was carried
out to investigate the concentration and distribution of acid sites
over HB-ZrO, supported mono-metal and bimetallic catalysts (Fig.
S5a in Supporting information). The acid sites were detected for all
three catalysts in the range of weak acid (100-200 °C) and strong
acid (350-600 °C) [15]. The Au,Pd;/HB-ZrO, catalyst revealed the
highest acid strength. By pyridine infrared spectroscopy (Fig. 2e),
the characteristic peak at 1446 cm~! was corresponded to the co-
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Fig. 2. The XPS spectra of Au 4f (a), Pd 3d (b), and O 1s (c) of AuPd/HB-ZrO,, EPR spectra of AuPd/HB-ZrO, (d), FTIR-pyridine adsorption of AuPd/HB-ZrO, (e), ESR spectra

of AuPd/HB-ZrO, (f).

ordination between pyridine and Lewis acid sites. The characteris-
tic peak at 1541 cm~! was attributed to the adsorption of pyridine
on the Bransted acid site, and the characteristic band at 1489 cm™!
was ascribed to the adsorption overlap of pyridine on the Lewis
and Brensted acid sites [24]. Compared with HB-ZrO, support, the
intensity of Lewis acid exhibited substantial increases after load-
ing metal nanoparticles. And the Au,Pd;/HB-ZrO, catalyst showed
stronger Lewis acid than the other three samples, suggesting more
Oy concentration was induced by AuPd bimetal. The results were
consistent with those obtained by EPR and NH3-TPD. O,-TPD was
used to further explore the oxygen species adsorbed on the cata-
lyst surface (Fig. S5b in Supporting information). The low temper-
ature region (100-250 °C) was known to be the physical adsorbed
oxygen region, the middle temperature region (250-600 °C) was
the adsorbed oxygen region associated with oxygen vacancy, and
the high temperature region (600-800 °C) was the bulk lattice oxy-
gen release region [25]. It can be seen from Fig. S5b, Au,Pd;/HB-
ZrO, has various oxygen absorption peaks, and the Oy-related ad-
sorption oxygen peak was stronger, so it was speculated that there
are more Oy sites for the adsorption and activation of O,. The ESR
test observed that Au,Pd;/HB-ZrO, catalyst presented a stronger
ESR signals of DMPO-"0,~ than that of the other synthesized cat-
alysts (Fig. 2f). Overall, the characterizations results revealed the
strong metal-support interaction between AuPd nanoparticles and
HB-ZrO, support that benefited adsorption and activation of O,.
The catalytic performance of the prepared catalysts for the ox-
idation of HMF to FDCA was investigated at 100 °C, 2.0 MPa O,
for 660 min. 5-Hydroxymethyl-2-furancarboxylic acid (HMFCA), 5-
formyl-2-furancarboxylic acid (FFCA) and FDCA intermediates were
detected during the reaction, but no 2,5-diformylfuran (DFF) was
found, suggesting that the reaction process followed path: HMEF-
HMFCA-FFCA-FDCA. In addition, the oxidation of HMF to FDCA em-
ploying HB-ZrO, that free of metals as catalyst revealed that only
small amounts of HMFCA and FFCA were observed, and the fi-
nal FDCA product was not detected in 300 min (Fig. S6 in Sup-
porting information), indicating AuPd bimetal was the active site
for FDCA production. After 5 min of reaction time, HMF conver-
sion reached 100% and the yield of FDCA was 50.2% (Fig. 3a). The
yield of FDCA was 99.9% with 97.6 mmol g~! h~! productivity af-
ter 300 min reaction. The effect of the mole ratios of Au and Pd
in the bimetallic catalyst was tested. The monometallic catalysts
Au/HB-ZrO, and Pd/HB-ZrO, showed 55.2% (52.5 mmol g-! h™1)
and 20.2% (18.7 mmol g~! h~1) FDCA yields at 300 min with com-
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Fig. 3. The time course of HMF conversion, intermediate and final product yields
over Au,Pd;/HB-ZrO, (a), the influences of the mole ratios of Au and Pd on the
catalytic performance over AuPd/HB-ZrO, (b), the relationship between O, con-
tent and FDCA productivity (c) (Reaction conditions: 100 °C, 2.0 MPa oxygen,
n(NaOH)/n(HMF) = 4:1, 50 mg of catalyst loading), the arrhenius plots of In k based
on different temperatures (d).

plete conversion of HMF, respectively (Fig. 3b, Fig. S7a in Support-
ing information). When the molar ratio of Au and Pd was adjusted
to be 1:1, the yield of FDCA was significantly improved at the ini-
tial stage of reaction, but only 55.1% of FDCA yield can be achieved
(48.3 mmol g~! h~—1) at 300 min. Further increasing the molar ratio
of Au to Pd to be 2:1, the Au,Pd;/HB-ZrO, catalyst exhibited the
best catalytic performance, and the yield of FDCA reached 99.9%.
The yield of FDCA decreased with the increasing molar ratio of
metal. It was concluded that the optimal molar ratio of Au and Pd
was 2:1. At the same time, the yield of FDCA was positively corre-
lated with the oxygen defect content of catalyst (Fig. 3c). In order
to further verify the effect of reaction temperature, catalytic tests
were carried out under different temperature conditions (Fig. S7b
in Supporting information). The results showed that the yield of
FDCA can reach 99.9% at 100 °C, and the increase of reaction tem-
perature has no obvious effect on the system. Studies have shown
that O, played a role in removing electrons from metal surface
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during HMF oxidation, speeding up the electron transport rate in
the reaction process, and promoting the adsorption and dehydro-
genation of hydroxide ions [26,27]. Under the condition of 0.5 MPa
oxygen pressure, the yield of FDCA was 78.5% (74.0 mmol g-! h—1).
With the increase of oxygen pressure, FDCA yield of 99.9% was
obtained at 2.0 MPa (Fig. S7c in Supporting information). When
the amount of catalyst was 30 mg, the yield of FDCA was 50.1%
(78.8 mmol g-! h~1), and further increasing the catalyst amount
to 50 mg achieved the highest yield of 99.9% (Fig. S7d in Support-
ing information). Recyclability test of Au,Pd;/HB-ZrO, showed that
the catalyst maintained good stability and the yield of FDCA only
decreased by 5% after 5 cycles, which was mainly caused by the
agglomeration of supported AuPd bimetal nanoparticles. (Fig. S8 in
Supporting information).

According to the generated intermediates during the reaction
process, the reaction process followed the sequence of HMEF-
HMFCA-FFCA-FDCA over Au,Pd;/HB-ZrO,. Kinetics studies were
carried out to calculate the apparent activation energies (E;), and
the results indicated the HMFCA oxidation demanded higher E,
than that of HMF substrate and FFCA (Fig. 3d and Tables S2-S4 in
Supporting information). In the time course of HMF conversion, in-
termediate and FDCA yields in Fig. 3a also indicated that the HMF
substrate swiftly converted and the HMFCA yield kept at a higher
level than FFCA, suggesting that the oxidation of HMFCA should
be the rate-determining step during HMF oxidation. The adsorp-
tion capacities of HMFCA over three catalysts were studied. Af-
ter Langmuir and Freundlich isothermal adsorption model fitting,
the HMFCA adsorption processes of the three catalysts were well
fitted to the Langmuir model, indicating that the adsorption pro-
cess of HMFCA was monolayer adsorption (Fig. S9 in Supporting
information). According to Langmuir isothermal adsorption linear
equation, the maximum adsorption capacity of Au,Pd;/HB-ZrO,
for HMFCA was 1.1832 mg/g. The n value obtained by Freundlich
isothermal adsorption linear equation was associated with the ad-
sorption strength. Three catalysts were all favorable for the adsorp-
tion of HMFCA, and Au,Pd;/HB-ZrO, had the best adsorption effect
(Table S5 in Supporting information). The catalytic performance
of this developed catalyst was superior to supported catalysts for
HMF oxidation in the reported literatures (Table S6 in Supporting
information).

Control experiment indicated alkaline condition was essential
for the catalytic oxidation of HMF to FDCA over the developed
Au,Pd; /HB-ZrO, catalyst (Fig. S10 in Supporting information). In
addition, the in situ infrared adsorption experiments revealed that
HMF was vertically adsorbed on Au,Pd;/HB-ZrO, catalyst surface
(Fig. S11 in Supporting information). Based on catalysts characteri-
zations and catalytic activities, the possible reaction mechanism of
HMF conversion to FDCA under the action of Au,Pd;/HB-ZrO, cat-
alyst was speculated as illustrated in Fig. 4. The hydroxyl group of
HMF was adsorbed on the catalyst, and activated by the active pre-
cious metal on the surface. The oxygen vacancy adsorbed and ac-
tivated O, to form "O,~. Meanwhile, the aldehyde group on HMF
was formed into geminal diols [28,29]. The geminal diols were fur-
ther combined with OH~ to form HMFCA. HMFCA was activated
by metal and continued to react with OH~ to form FFCA. FFCA hy-
drolyzed to form intermediates, which further form FDCA under
the action of metals and OH~. The synergistic action between the
metal oxide support as the oxidation terminal and the metal parti-
cle as the reduction terminal accelerated the electron transfer rate
in the reaction process, and finally realized the catalytic oxidation
of HMF to FDCA.

In summary, hierarchical porous bowl-shaped ZrO, with
oxygen-rich defect was designed and employed as AuPd bimetal
nanoparticles support for high-efficient oxidation of HMF to FDCA.
Compared with Au/HB-ZrO, and Pd/HB-ZrO, catalysts, AuPd/HB-
ZrO, catalysts with bimetallic nanoparticles loading induced more
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Fig. 4. Proposed mechanism of HMF tandem oxidation to FDCA over the
Au,Pd; [HB-ZrO, catalyst.

Oy content, thus resulting in enhanced strong metal-support inter-
action. The Oy on the surface of HB-ZrO, was conducive to the dis-
sociation of oxygen, and further removed the electrons transmitted
to the surface of metal particles, accelerated the electron transfer
rate in the reaction process. The Au,Pd;/HB-ZrO, catalyst afforded
a satisfactory FDCA yield of 99.9%, accompanying with an excellent
FDCA productivity at 97.6 mmol g~! h~1. Moreover, kinetic studies
confirmed the rate-determining step was the oxidation of HMFCA
to FFCA during HMF oxidation over the Au,Pd;/HB-ZrO, catalyst.
This work sheds new lights on the design of well-controlled metal
oxide supported noble metal catalysts for the catalytic upgrading
of biomass platform chemicals.
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