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Introduction

The catalytic conversion of biomass provides a sustainable
alternative opportunity for producing non-fossil-based
chemicals and biofuel, etc., and thus could reduce the heavy
dependence on unsustainable petroleum-based resource.[1–4]

Among the various conversion routes, the catalytic oxida-
tion of 5-hydroxymethylfurfural (HMF) to 2,5-furandicar-
boxylic acid (FDCA) is an essential process. Because the
starting material HMF and the target product FDCA are
both identified as important biomass-based building blocks,
and FDCA is also a widely used chemical and medical inter-
mediate.[5] Moreover, due to its similar structure to tereph-
thalic acid (PTA)—a monomer for the production of polye-
thyleneterephthalate (PET plastic)—renewable FDCA ob-
tained from biomass has a great potential to replace

PTA.[6–10] Therefore, the exploration of the efficient oxida-
tion of HMF and production of FDCA is a significant and
commercially viable alternative process to the petroleum ap-
proach.

Currently, there is considerable interest in the catalytic
oxidation of HMF to FDCA. Catalysts such as Pt,[11] Pd,[12]

and Co/Zn/Br�[13] have been studied to realize this process.
But these catalytic systems exhibit relative low selectivity to-
wards FDCA and commonly give mixed products compris-
ing hydroxymethyl-2-furancarboxylic acid (HMFCA) and
FDCA. To promote HMF conversion and increase the selec-
tivity for FDCA, various materials have been employed as
carriers or supports to increase the reaction activity by regu-
lating the metal–support interaction. For example, activated
carbon is a good carrier for noble metals, but here it is not
as efficient as expected. Studies have shown that Pt/C and
Pd/C only achieved 79 and 71 % yields towards FDCA, re-
spectively.[12] Gold catalysts as promising oxidation candi-
dates have received more attention.[14–23] Recently, Corma
et al. realized the efficient oxidation of HMF to FDCA with
high yield by using CeO2-supported Au nanoparticles (NPs)
(3.5 nm) at 130 8C under 1 MPa air pressure.[14] But in the
second run the activity of the catalytic system decreased
rapidly under identical conditions. Ebitani et al.[16] have
shown that basic hydrotalcite (HT)-supported Au NP
(3.2 nm) catalysts gave an excellent yield to FDCA without
the addition of ahomogeneous base, and the Au/HT catalyst
can be recycled three times. Subsequent study conducted by
Zope et al.[24] found that Mg2+ ions leached from hydrotal-
cite during the oxidation reaction. On the other hand, in-
creasing the HMF/base ratio can also improve the FDCA
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yield. Davis et al. improved the selectivity for
FDCA up to 65 % by increasing the NaOH/HMF
ratio from 2 to 20 over Au/TiO2.

[11] The reason may
be that the base can facilitate dehydrogenation of
hydroxyl, and reduce the amount of carboxylic acid
adsorbed on the Au surface, thus more active sites
are unoccupied. These recent researches reveal that
the oxidation of HMF to FDCA still exhibit prob-
lems such as instability, ion leaching, and the need
of a high ratio of base, which need to be overcome.
Thus, it is still urgent to develop highly active, more
selective, and stable heterogeneous catalysts for
highly efficient realizing the efficient oxidation of
HMF to FDCA.

According to the current research status, con-
struction of new catalyst comprising extremely
small nanoclusters (<2 nm)[25,26] may be a promis-
ing method to break through the bottleneck in the
HMF oxidation reaction and achieve high yields of FDCA.
The small size endows nanoclusters an extremely high activi-
ty, but accompanies with the problem of easy aggregation
and instability which become more serious under severe
conditions. Recently, various protectors were widely em-
ployed to prevent aggregation, including dendrimers,[27, 28]

functional polymers,[29,30] or classic s-type ligands,[31–33] such
as carboxylic acids, thiols, and amines. Unfortunately, these
protectors, typically containing heteroatoms such as S and
N, which remarkably influence or even hamper the catalytic
performance. As widely industrialized catalyst, zeolites are
crystalline aluminosilicates with a diverse morphology and a
rigid microporous structure. We notice that the cage-type Y
zeolites own a typical supercage with 1.2 nm in diameter
and an open aperture of 0.74 nm, which can serve as a natu-
ral nanocage to encapsulate the extremely small nanoclus-
ters and prevent the inside nanoclusters from aggregation
and deactivation. However, this topic has not yet been ex-
tensively addressed.

In the present study, we prepared Au/HY catalysts, in
which Au nanoclusters with 1 nm average size were encap-
sulated within a HY supercage, and applied this catalytic
system on HMF oxidation. The Au/HY catalyst exhibited
highly efficiency in the oxidation of HMF to FDCA. Special
attention has been paid to uncover the function of the su-
percage and the internal hydroxyl groups in the formation
of Au/HY, as well as in the promotion of the activity and
the stability of the catalyst. In our previous study on HMF
oxidation, several vanadium-based catalytic systems were
disclosed, achieving 2,5-diformylfuran (DFF) or maleic an-
hydride as main products rather than FDCA.[34,35] Here, the
high efficiency in the oxidation of HMF to FDCA is realized
by Au nanoclusters encapsulated in a HY supercage.

Results and Discussion

Comparison of different supports : For comparison, Table 1
lists the common texture of various catalysts and their cata-

lytic performance in HMF oxidation to FDCA at 60 8C
under 0.3 MPa O2 in water, Typical experiments were con-
ducted over a certain amount of catalyst at 60 8C under
0.3 MPa O2 with the addition of NaOH in water. HMF did
not convert into FDCA without catalyst or only with the
HY support alone. When gold was supported on typical
metal oxide/hydroxide materials such as TiO2, CeO2, and
Mg(OH)2, the size of Au NPs is non-uniform, as shown by
TEM (see the Supporting Information, Figure S8). The di-
ameter of the Au particles in these catalysts was larger than
5 nm, some were even greater than 10 nm. All of them were
attached to the oxide surface, consisting with the fact that
there is no pore structure in these oxides. These catalysts
gave moderate reaction activity, achieving 76, 85, and 73 %
FDCA yields, respectively. Until now, it is still difficult to
synthesize tiny gold nanoclusters, which are uniform and
highly dispersed on oxides surface in less than 1.5 nm, be-
cause these oxides lack a confined structure and thus cannot
restrict the growth of nanoclusters. In our case, even though
the oxide supports enable gold to disperse on the metal
oxide/hydroxide surface (TiO2, CeO2 and Mg(OH)2) through
charge effect, the obtained Au NPs easily aggregate, result-
ing in large particles.

However, it is remarkable that Au supported on HY zeo-
lite exhibited the top activity in HMF oxidation reaction,
achieving >99 % conversion and >99 % FDCA yield.[36]

Contrasted with Au/HY, other zeolite-supported Au cata-
lysts such as Au/H-MOR and Au/Na-ZSM-5, exhibit lower
catalytic performance. For example, when Au was dispersed
in H-MOR zeolite featured with a one-dimensional struc-
ture or Na-ZSM-5 zeolite characterized by a three-dimen-
sional channel structure, HMF was oxidized into HMFCA
rather than the required target FDCA (<3 %). The different
reaction activity is related to Au particles size effect; the
smaller size gives much higher reaction activity.[37–39]

We carefully checked the Au clusters in the zeolite by
TEM. The diameter of gold nanoclusters is calculated by ac-
counting more than 200 clusters. For H-MOR and Na-ZSM-
5 carrier, gold particles have a large size of more than 5 nm

Table 1. Oxidative conversion of HMF with Au supported on various zeolites and
metal oxides.[a]

Catalysts dAu Structure Conversion Yield [%]
[nm] (pore size

[nm])
[%] HMFCA FDCA others

Au/Mg(OH)2 �5–7 disorder >99 10 76 14
Au/TiO2 10 disorder >99 6 85 9
Au/CeO2 10 disorder >99 25 73 2
Au/H-MOR[b] �3–5 channel (0.8) 96 64 15 21
Au/Na-ZSM-5-38[b,c] 20 channel (0.5) 87 85 0 15
Au/Na-ZSM-5-25[c] 15 channel (0.5) 92 90 1 9
Au/HY 1 cage (1.2) >99 0 >99 0
HY 1 cage (1.2) 30 27 0 3
no catalyst – – 25 24 0 1

[a] Reaction conditions: catalyst (0.30 g, Au 1.5 wt %), HMF (0.317 g), H2O (4.6 g),
NaOH (0.4 g), 0.3 MPa O2, 60 8C, 6 h, molar ratio of Au/HMF =1:110. [b] H-MOR
and ZSM-5 = channel-type zeolites. [c] The silica alumina ratio of Na-ZSM-5 was 38
and 25, respectively.
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in average, and these particles were attached on the external
surface of the zeolite (see the Supporting Information, Fig-
ure S8). However, when Au is supported on HY, the formed
Au nanoclusters are observed around 1.0 nm in diameter
and highly dispersed (Figures 1 a and b). The remarkable
difference of the Au size in HY and in other zeolites is most
probably caused by the structure of the zeolite. In compari-
son with H-MOR and Na-ZSM-5, Y zeolite has a unique su-
percage, which is a spherical cage with a 0.74 nm open aper-
ture and a 1.2 nm inner space. As shown in Figure 1 a, the
Au nanoclusters have a uniform and narrow distribution
centered at 1.0 nm. Such Au size is smaller than the super-
cage size but larger than the open aperture of the cage,
which suggests that the gold nanoclusters may be confined
in the supercage of HY zeolite. SEM images of Au/HY
show that neither Au particles nor clusters exist on the ex-
ternal surface of HY, indicating that the Au clusters are
inside of HY (see the Supporting Information, Figure S7).
Both TEM and SEM results suggest that Au clusters are
present inside the supercage.

The nitrogen physisorption and pore width distribution of
the Au/HY catalyst further confirms that the Au nanoclus-
ters are settled in the supercage. Figure 2 a shows that when
Au was introduced in fresh HY, the total adsorbed nitrogen
amount by Au/HY (black quadrangle line) decreased com-
paring with that of fresh HY (black triangle line). The mi-
cropore volume of Au/HY is calculated to be 429 m3 g�1,
which is lower than that of fresh HY (497 m3 g�1) based on
the V–t plot method. Especially, those micropore volumes
ranged between 1.0 and 1.2 nm pore width, which represent

the supercage volume of HY and Au/HY (Figure 2 b). It is
obvious that the supercage volume of Au/HY decreased in
comparison to that of HY, suggesting that Au clusters occu-
pied some supercages after loading of Au. In addition, the
H2-temperature-programmed reduction (TPR) result of Au/
HY shows one reduction peak at around 106 8C (Figure 3).
This peak has been proven to be the typical reduction peak

Figure 1. a) TEM image of Au/HY (1.5 %), the histogram shows the dis-
tribution of the diameter of the Au nanoclusters (scale bar=10 nm).
b) HR-TEM image indicating that the Au clusters are confined in the
HY supercage (scale bar= 2 nm). c) TEM image of Au/NaY (scale bar=

20 nm). d) TEM image of Au/HY-200 (scale bar =10 nm). e) TEM image
of Au/HY-400 (scale bar= 10 nm). The circles indicate the Au particles.

Figure 2. a) Nitrogen adsorption isotherms obtained at RT. b) Horvath–
Kawazoe (HK) method calculation of the pore width for HY (&) and Au/
HY (!).

Figure 3. H2-TPR profiles of catalysts Au/HY, Au/HY-200, and Au/HY-
400. (TCD = thermal conductivity detector)
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of gold ions to Au0 restricted in the supercage of Y zeo-
lite.[40, 41] Taking all the facts above into account, we con-
clude that Au clusters are located inside the supercage of
HY. All these results indicate that gold clusters are present-
ed inside the Y zeolite supercage, which is consistent with
the TEM image (Figure 1 a).

Role of acidic �OH groups in the supercage : To understand
the role of the supercage in the restriction and stabilization
of Au nanoclusters, we compared the catalytic performance
of Au/HY and Au/NaY by using the same preparation pro-
cedure. Although owning a similar supercage structure, to
our surprise, these two catalysts exhibited remarkably differ-
ent performance in FDCA production. Au/HY afforded
>99 % yield of FDCA, whereas Au/NaY only provided
15 % FDCA accompanied with 65 % HMFCA (Table 2).

The TEM images (Figure 1 c)
revealed that Au NPs with a
large size around 10 nm exist
on the external surface of NaY.
These results suggest that the
supercage is not the only factor,
which is responsible for the for-
mation of the gold nanoclusters.

The difference between HY
and NaY lies in the different
amount of �OH groups in the
structure of the Y-type zeolite,
which can be characterized by
in situ FTIR spectroscopy. In
situ FTIR spectroscopy also
conforms this. The in situ
FTIR spectra in the ñ= 3900–
3400 cm�1 region are presented
in Figure 4 a for HY, Au/HY,
and NaY. A strong peak at ñ=

3630 cm�1 and a weak broad
peak around ñ=3550 cm�1 are
observed; they are assigned to
high-frequency (HF) acidic �
OH groups located in the su-
percage and acidic �OH groups

in the sodalite cage respectively.[42–45] It is obvious that the
peak at ñ= 3630 cm�1 is strong for the HY sample but weak
for NaY, indicating that the �OH groups inside the super-
cage are abundant in HY but are nearly zero in NaY. In the
case of Au/HY, the intensity of the band at ñ= 3630 cm�1

decreased, suggesting that the �OH groups are consumed
when Au clusters were introduced into the supercage.

Taking the above results together, the �H groups within
the supercage may play a crucial role in forming gold nano-
clusters. It has been evidenced that pyridine can easily pene-
trate through the aperture of the supercage and completely
poison the �OH groups of the supercage, whereas 2, 6-di-
tert-butylpyridne can only block the external surface �OH
groups because it is too large to penetrate through the mi-
cropore of Y zeolite.[46–54] Poisoning experiments with pyri-
dine and DTBPy were carried out to further confirm the in-
fluence of the �OH groups of the supercage. By this
method, the location of effective �OH groups can be distin-
guished. Before the preparation of the catalysts fresh HY
was treated with pyridine and DTBPy, respectively. The
amount of poison reagents (pyridine or DTBPy) used here
is two times to that of the hydroxyl groups. The poisoned
HY–pyridine and HY–DTBPy were subsequently used to
synthesize Au/HY–pyridine and Au/HY–DTBPy catalysts.
When HMF was oxidized over Au/HY–pyridine (Table 2),
the yield of FDCA only reached 14 %. Whereas over Au/
HY–DTBPy, the FDCA yield achieved 54 %,[55] which is
nearly three times to that of Au/HY–pyridine. In the case of
Au/HY–pyridine, due to the deficiency of �OH groups, we

Table 2. Oxidative conversion of HMF with Au supported on various Y
zeolites.[a]

Catalysts dAu Conversion Yield [%]
[nm] [%] HMFCA FDCA others

Au/NaY 10 >99 65 15 20
Au/HY[b] 7 >99 54 21 25
Au/HY[c] 1–5 >99 14 63 23
Au/HY-200 1–5 >99 5 81 14
Au/HY-400 5 >99 52 37 11

[a] Reaction conditions: catalyst (0.30 g, Au 1.5 wt %), HMF (0.317 g),
H2O (4.6 g), NaOH (0.4 g), 0.3 MPa O2, 60 8C, 6 h, molar ratio of Au/
HMF =1:110; [b] The HY support was poisoned by pyridine. [c] The HY
support was poisoned by 2, 6-di-tert-butylpyridine (DTBPy).

Figure 4. a) FTIR spectra of HY, Au/HY, and NaY. b) TEM image of Au–pyridine. c) TEM image of Au–
DTBPy. (scale bars =10 nm)
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envision that Au0 cannot chemically anchor with acid �OH
groups of the supercage and thus form large Au particles, re-
sulting in a low FDCA yield. In contrast, the hydroxyl
groups inside the supercage of Au/HY–DTBPy are mostly
kept and can be used to stabilize Au nanoclusters, which is
responsible for the high FDCA yield. These results are con-
sistent with the TEM images (Figure 4 b, obvious aggrega-
tion on the external surface for the Au/HY-pyridine). All
these results further confirm that the �OH groups in the su-
percage indeed influence the gold size and distribution, thus
generate an improvement in the catalytic activity compared
to other oxides or zeolites.

Next, we prepared a series of HY supports containing dif-
ferent OH amounts to provide direct insight into the mutual
interactions among the �OH groups and the Au clusters.
For HY zeolites, control of the amount of �OH groups can
be realized by changing the treatment temperature for the
zeolite; thus, the effect of the amount of�OH groups on the
gold size can be studied. HY supports were pretreated at
200 and 400 8C for 3 h prior to catalyst synthesis. The ob-
tained catalysts were denoted as Au/HY-200 and Au/HY-
400, respectively. The XRD patterns and 29Si NMR spectra
show that the zeolite framework structures are well main-
tained. No characteristic XRD peak belongs to Au due to
its tiny size (see the Supporting Information, Figures S10
and S11). XPS reveals that the Au clusters exist in zero va-
lences and that the Au particles in Au/HY have the best dis-
persion compared to the other two catalysts (see the Sup-
porting Information, Part 13).

We employed in situ FTIR spectroscopy to study the
acidic �OH groups in HY, HY-200, and HY-400 (Figure 5 a).

It was observed that elevating the calcination temperature
(200 and 400 8C) results in decreasing intensity of the peak
at ñ=3630 cm�1, suggesting a decreasing amount of �OH
groups in the supercage. Because the internal hydroxyl
groups within the supercage are Brønsted acids, the concen-
tration of acidic �OH groups inside the supercage can be
measured by pyridine. Figure 5 b shows the FTIR spectra
after pyridine adsorption and subsequent evacuation. In all
the Au/HY-n samples, pyridine interacts with the acidic OH
groups inside the supercage and forms pyridine ions (PyH+

), showing an intensely characteristic band at ñ= 1545 cm�1

(see Figure 5 b).[44] It can clearly be seen that this band de-
creases with an increase of the HY pre-treatment tempera-
ture, indicating that the amount of �OH groups in the su-
percage decreased after heat treatment. For more precise
comparison, the �OH group amount is calculated based on
the PyH+ peak by using Equation (1):

Cðpyridine on Br�nsted acidic sitesÞ ¼ 1:88IAðBÞR2W�1

ð1Þ

where C represents the PyH+ concentration in [mmol g�1] ,
IA(B) is the peak area of the Brønsted acidic site band in
[cm�1], R is the radius of the catalyst disk (0.65 cm), and W
is the weight of the disk (18 mg).

The amount of �OH group calculated by PyH+ in Au/
HY, Au/HY-200, and Au/HY-400 was 0.27, 0.23, and
0.19 mmol g�1, respectively, decreasing with the elevated cal-
cinations temperature. This result indicates that the �OH
amount in the supercage decreased after heat treatment,

which is consistent with the
trend of the peak at ñ=

3630 cm�1.
The TEM image (Figure 1 d)

for Au/HY-200 shows that the
smaller Au clusters around
1 nm exist in the supercage and
the larger ones arranged in 3–
5 nm are located on the exter-
nal surface. However, no Au
nanoclusters can be observed
on Au/HY-400 (Figure 1 e), only
larger Au NPs (�5 nm) are
present on the external surface.
The gold size becomes larger in
the order of Au/HY, Au/HY-
200, and Au/HY-400, as ob-
served by TEM. This finding is
also confirmed by H2-TPR ex-
periments (Figure 3). As men-
tioned above, H2-TPR can be
used to determine the Au loca-
tion by measuring its reduction
temperature. As shown in
Figure 3, the TPR profile of
Au/HY displays a reduction

Figure 5. a) FTIR spectra of HY, HY-200, and HY-400. b) FTIR spectra of Au/HY, Au/HY-200, and Au/HY-
400 after pyridine adsorption and subsequent evacuation, all the samples were treated in vacuum to remove
adsorbed water.
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peak at 106 8C, corresponding to the reduction of Au species
inside the supercage to Au0.[40,41] Au/HY-200 displays a re-
duction peak around 120 8C, which may be a combination of
the peaks at 106 and 150 8C. Those peaks can be ascribed to
the reduction of gold ions located in the supercages and on
the exterior surface of HY zeolite, respectively. For the Au/
HY-400 catalyst, there is only one reduction peak at 150 8C
observed, which is attributed to the reduction of Au3+ spe-
cies to Au0 on the external surface of the catalyst.

The relationship between PyH+ and the Au particle size
is presented in Figure 6. The concentration of PyH+ repre-
sents the total amount of acidic �OH groups in the super-
cage. It is clearly shown that the decrease of the acidic�OH
groups inside the supercage leads to an increase of the Au

particle size. Meanwhile, these
particles gradually transfer
from the supercage to the exter-
nal surface of the Y zeolite.
The above results strongly sug-
gest that the �OH groups can
interact with and stabilize Au,
thus confining the Au nanoclus-
ters in the supercage (Sche-
me 1 A). Similar interactions
also have been observed. For
example, hydroxyl groups on
MgO ACHTUNGTRENNUNG(001) or on TiO2 surfaces
favor formation of small and
stable Au particles by chemical
interaction between Au and �
OH groups.[56–58] In our case, we
believe that a similar interac-
tion indeed exists.

To further elucidate this in-
teraction, we performed X-ray

photoelectron spectroscopy measurements. Figure 7 shows
the XPS spectra of Au/HY, Au/HY-200, and Au/HY-400.
The Au4f7/2 apparent binding energies of these samples are
83.8, 83.9, and 84.2 eV, respectively. For the Au/HY-400
sample without available �OH groups in the supercage, the
Au4f7/2 binding energy is slightly higher than the value of
the bulk (84.0 eV) by 0.2 eV, which is consistent with the
fact that the SiO2 surfaces shift the Au peaks by 0.2 eV to
higher energy.[59] Such shift of binding energy is common for
very small metal particles (including Au) on various materi-
als. Numerous studies have found that the binding energy of
metal clusters decreases with an increase of the cluster size,
and it finally converges to the bulk value at large particle
sizes.[60–63] For example, gold clusters with a particle size of
approximately 0.6 nm show a binding energy that is + 0.8 eV
higher than the one of bulk gold,[61] whereas clusters greater
than 10 nm exhibit a binding energy that is <0.1 eV com-
pared to bulk gold. Following this trend, the binding energy

Figure 6. Comparison of the catalytic performance (bars) and the PyH+

concentration (*) for Au/HY, Au/HY-200, and Au/HY-400. Reaction con-
ditions: catalyst (0.30 g, Au 1.5 wt %), HMF (0.317 g), H2O (4.6 g),
NaOH (0.4 g), 0.3 MPa O2, 60 8C, 6 h, molar ratio of Au/HMF =1:110.
Yield of HMFCA=dark gray bars, yield of FDCA=black bars.

Scheme 1. A) A schematic representation of Au nanoclusters synthesized in the supercages of HY zeolite in-
duced by�OH groups. B) Catalytic oxidation process.

Figure 7. XPS spectrum of the Au4f7/2 electron region of Au/HY, Au/HY-
200, and Au/HY-400 samples.
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of Au nanoclusters in Au/HY and Au/HY-200 should present
at the position larger than 84.2 eV. However, they exhibit
negative shifts (�0.6 and �0.4 eV, respectively) compared to
Au/HY-400, and also negative compared to bulk Au. This
results clearly show that negative charges are deposited on
Au, which is ascribed to the closely interaction between Au
and the hydroxyl groups of the supercage.

The catalytic performances of Au/HY, Au/HY-200, Au/
HY-400, and Au/NaY were carried out in the oxidation of
HMF (Table 2). As expected, the catalytic efficiency
changed remarkably, and the FDCA yields reduced from 99
to 81, 37, and 15 %, respectively. This trend is consistent
with the order of the Au particle size in these catalysts
(Figure 6). Further studies on the relationship of the PyH+

concentration, the Au size, and the reaction yield demon-
strated that the improvement of the catalytic activity is re-
lated to an increase of the amount of acidic �OH groups
inside the supercage (Figure 6). As XPS revealed, the �OH
groups of the supercage strongly interact with gold by close-
ly contact, leading to the occurrence of charge transfer be-
tween them. This charge transfer makes the gold cluster
more electronegative, which facilitate the HMF oxidation. It
is reported that the presence of negative charge on the Au
core would enhance the catalytic activity of Au for aerobic
oxidations.[64–66] Recent theoretical calculations also confirm
that this interaction can increase the reaction activity.[67]

Therefore, we conclude that these strong interactions trans-
fer the charge to the Au cluster and lead to the high per-
formance of the reaction (Scheme 1 B), besides protecting
the gold nanoclusters against sintering.

HMF oxidation to FDCA : The catalytic oxidation of HMF
was carried out over the Au/HY catalyst in water with addi-
tion of NaOH at 60 8C under 0.3 MPa oxygen pressure. In
order to gain information of the reaction course, we detect-
ed the products variation with the reaction time. Figure 8
shows the formation of products as a function of the reac-
tion time. HMF is nearly quantitative converted into
HMFCA with a conversion higher than 90 % in less than

one hour, indicating that HMF is firstly transformed into
HMFCA at the beginning of the reaction. After that, FDCA
gradually generates in the next 5 h, whereas the amount of
HMFCA gradually decreased accordingly. The total yield to
HMFCA and FDCA is 95 %, it is nearly constant during
this course. This suggests that the FDCA is transferred from
further oxidation of HMFCA, which consists with the fact
that the activation of HMFCA is the rate-determining step
for the production of FDCA. After 6 h of reaction, the yield
of FDCA achieved 98 %, and decreased when the reaction
time was prolonged to 9 h. The decrease of the yield of
FDCA may be caused by the over oxidation or coke forma-
tion of FDCA under such oxidative conditions.

The stability of the Au/HY catalyst was tested by evaluat-
ing the catalytic activity during the recycling runs on the oxi-
dation reaction of HMF at 60 8C under 0.3 MPa O2 pressure.
After each reaction, the catalyst was washed with distilled
water and then dried in air at 60 8C for the next catalytic
run. The results show (see Figure 9) that the yield of FDCA
of the second, third, and fourth cycle reached 92, 89, and

88 %, respectively, which suggested that the Au/HY catalyst
can be re-used at least four cycles without obvious activity
loss. After that the re-used Au/HY catalyst was character-
ized by XRD (see the Supporting Information, Figure S13)
and TEM (see the Supporting Information, Figure S15). The
mean diameter of the Au nanoclusters was essentially unal-
tered after the re-used test and the amount of acidic �OH
groups in the supercage of the re-used Au/HY catalyst is
lower than that of the fresh Au/HY catalyst (see the Sup-
porting Information, Figure S14). Because the Au/HY cata-
lyst still performed high activity in the recycling test, this
means that the �OH group has no impact on the reaction
process, whereas is plays an important role in stabilizing the
Au nanoclusters during the catalyst preparation.

Figure 8. Time course of the oxidative conversion of HMF. Reaction con-
ditions: catalyst (0.30 g, Au 1.5 wt %), HMF (0.317 g), H2O (4.6 g),
NaOH (0.4 g), 0.3 MPa O2, 60 8C, 6 h, molar ratio of Au/HMF =1:110
(&= yield of FDCA, *=yield of HMFCA, ~=conversion).

Figure 9. Stability tests for the Au/HY catalyst. Reaction conditions: cata-
lyst (0.30 g, Au 1.5 wt %), HMF (0.317 g), H2O (12.0 g), NaOH (0.4 g),
0.3 MPa O2, 60 8C, 6 h, molar ratio of Au/HMF =1:110.
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Conclusion

In summary, gold nanoclusters of 1 nm in average are encap-
sulated within the HY zeolite supercage. These confined Au
nanoclusters show remarkably high efficiency for the oxida-
tion of HMF by molecular oxygen under mild conditions,
achieving >99 % conversion and >99 % yield of FDCA.
The HY supercage plays an important role in restricting the
gold nanoclusters to grow in physical dimensions and thus
retain them in uniform and small size. Moreover, the acidic
�OH groups inside the supercage can stabilize the Au nano-
clusters and promote the reaction activity by strong interac-
tion between gold and the hydroxyl groups. This study
opens new opportunities in the development of high-per-
formance heterogeneous catalysts by using cage-typed zeo-
lite as hosts for metal nanoclusters, thereby providing an ef-
ficient catalyst for the oxidation of various biomass-derived
hydroxyl compounds.

Experimental Section

Material : All reagents and chemicals were analytical reagents, obtained
from commercial sources, and used as received unless otherwise stated.
Tetrachloroauric acid tetrahydrate (HAuCl4·4 H2O) was purchased from
Shenyang Research Institute of Nonferrous Metals, China. Zeolite HY
(Si/Al= 4) and NaY (Si/Al= 4) were purchased from Nankai University
Catalyst Co., Ltd., China. Pyridine was purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. Malonic acid (>99 %) and 2,6-di-tert-butyl-
pyridine (>96%) were obtained from Sigma–Aldrich. 5-Hydroxymethyl-
furfural (98 %), 5-hydroxymethyl-2-furancarboxylic acid (98 %), and 2,5-
furandicarboxylic acid (98 %) were purchased from a local manufactory
and further purified before use. The purified water was obtained by pass-
ing commercial deionized water through a Millipore water purification
system.

Characterization : X-ray diffraction (XRD) patterns of the Au-based cata-
lysts were collected by using a D-2500 power diffractometer equipped
with a CuKa radiation source (l =0.15418 nm) operating at 45 mA and
40 kV. Surface areas and the micropore-size distribution of the catalysts
were determined by nitrogen adsorption and desorption measurements at
liquid nitrogen temperature (�196 8C) on Autosorb-1 (Quantachrome).
All Au catalyst samples were out-gassed in vacuum at 150 8C for 6–8 h
prior to measurement. The total surface areas were calculated according
to the HK method. X-ray photoelectron spectroscopy (XPS) was con-
ducted on a VG ESCALAB MkII Spectrometer by using AlKa radiation.
The binding energies were calibrated with the C 1s level (284.6 eV) as
the internal standard reference. High-resolution TEM studies were per-
formed in a FEI Tecnai G2 F30 S-Twin electron microscope. Samples
were ultrasonically dispersed in alcohol before deposition on carbon-
coated copper grids. Particle size distributions were taken from a count
of 200 particles. The FTIR spectra for pyridine adsorption of the catalysts
were conducted on a Bruker Tensor27 FTIR spectrometer in the absorb-
ance mode with a resolution of 2 cm�1. Prior to pyridine adsorption, all
catalyst samples (18 mg) were evacuated at 150 8C for 1 h, then the sam-
ples were cooled down to room temperature. After that, an IR spectrum
of the sample was collected and used as background reference. Subse-
quently, pulses of pyridine were introduced in an in situ cell for 3 min for
adsorption. Then the catalysts were heated to 200 8C and evacuated for
30 min. After the reaction cell was cooled to room temperature, the spec-
tra of the catalysts were collected and subtracted with the background
reference. H2-TPR was performed in an AutoChem II 2920 (Micromerit-
ics), and a sample of 50 mg was used in each measurement. The samples
were first pretreated under an Ar flow at 150 8C for 1 h, followed by cool-
ing down to room temperature. The flow of 10 vol % H2–Ar mixture gas

(30 mL min�1) was then switched into the system, and the sample was
heated to 700 8C from room temperature at a rate of 10 8C min�1. The
amount of H2 consumption during the reduction was measured by a ther-
mal conductivity detector, which was calibrated by the quantitative re-
duction of AgO to metallic Ag.

Catalyst preparation : HY or NaY zeolite support was added into an
aqueous solution of HAuCl4 (50 mL, 0.1 mm). After stirring at 60 8C for
2 h, an aqueous solution of sodium citrate (2 mL) was added to this solu-
tion. The obtained mixture was stirred at 60 8C for another 2 h. Then the
as-prepared samples were centrifuged and washed with distilled water for
seven times until the supernatant was neutral. The catalyst was treated at
100 8C under an H2 atmosphere (1 atm) for 6 h. The Au loading for these
catalysts was 1.5 wt %. Other materials-supported catalysts were synthe-
sized following the same procedure.

Typical experiments for the aerobic oxidation of HMF : All oxidation re-
actions were carried out in a 20 mL stainless steel autoclaves equipped
with an internal thermocontrollor (Teflon beaker insert). A typical reac-
tion procedure was as follows: the autoclave was charged with HMF
(2.5 mmol), water (3.0 g), and aqueous NaOH solution (20 wt %, 2.0 g).
The initial HMF concentration (0.48 mol g�1) was chosen based on exper-
imental data of FDCA solubility in water and extrapolation of this data
to 60 8C. Subsequently, the supported gold catalyst (0.3 g, 0.023 mmol
Au) was added into the solution. The autoclave was charged with dioxy-
gen (0.3 MPa), and the pressure was kept constant throughout the reac-
tion. The reaction was conducted at 60 8C for a given reaction time.
When the reaction was finished, the autoclave was rapidly cooled down
to room temperature with water.
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