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Y2O3 nanocrystals of tunable morphology and size have
been successfully synthesized; the mobility of surface oxygen
species on Y2O3 nanocrystals is found, for the first time, to in-
crease with the decrease of the crystal size and to significantly
affect the catalytic performances of Ni/Y2O3 catalysts for
oxidative steam reforming of ethanol.

The shortage of energy sources and environmental problems
have prompted intense research interest in hydrogen production,
purification, storage, and utilization.1–4 Alcohol reforming is
considered to be a competitive route for hydrogen production be-
cause of its mild requirements for reforming conditions.5,6 Since
nickel is found to be an active metal for oxidative steam reform-
ing of ethanol,6 many oxides have been investigated as the
support of nickel metal catalyst in order to obtain a catalyst of
high performance for efficiently producing hydrogen from this
reaction system. It has been reported that nickel supported on
some oxides, such as Y2O3, exhibits much better catalytic per-
formance than that supported on other oxides such as Al2O3.
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However, up to now, it is still not clear yet how Y2O3 support
promotes the nickel-catalyzed oxidative reforming reaction of
alcohol.

In the present study, four Y2O3 supports with different
morphologies and crystal sizes have been successfully synthe-
sized and investigated as the supports of Ni-based catalysts for
oxidative steam reforming of ethanol. The influence of Y2O3

crystal size on the catalytic performance of Ni/Y2O3 has
also been investigated in order to obtain a fundamental under-
standing on the role of nanocrystalline support in oxidative
reforming reaction.

Y2O3 samples with systematically varied crystal sizes
were synthesized under different pH-controlled hydrothermal
conditions. A typical synthesis of Y2O3 is as follows: 7.66 g
of Y(NO3)3.6H2O was dissolved in 100mL of deionized (DI)
water. NH3

.H2O was added to the yttrium nitrate solution to
control the solution pH at 7, 9, 11, or 12. The resultant slurry
was transferred to an autoclave and hydrothermally treated at
170 �C for 20 h. The solid material was recovered, washed,
and fully dried. Finally, crystalline Y2O3 was obtained after
calcination in air at 800 �C for 5 h. These four Y2O3 samples
synthesized at pH 7, 9, 11, and 12 are designated as Y7, Y9,
Y11, and Y12, respectively.

Ni/Y2O3 catalysts were prepared by wet impregnation.
Typically, 1.4 g of Y2O3 (either Y7, Y9, Y11, or Y12) and
0.3 g of Ni(NO3)2.6H2O were added to 40mL of DI water under
vigorous stirring followed by drying and calcination in air at
600 �C for 5 h. The Ni contents of the resultant four catalysts
(Ni/Y7, Ni/Y9, Ni/Y11, and Ni/Y12), as analyzed by ICP,
were all around 3.7wt%. For each test, 100mg of catalyst was

used, which was reduced under hydrogen at 450 �C for 30min
prior to the catalytic test.

Figure 1 clearly indicates that the synthesis pH affects the
morphology of Y2O3. Y7 has a sheet-like shape with thickness
of�200 nm. Y9 has hexagonal prism morphology with diameter
of �2mm and length of several micrometers. Y11 has nanorod-
like structure with diameter of�100 nm. Y12 has nanosheet-like
shape with much thinner thickness of only �10 nm. Although
the synthesis of Y2O3 prism, nanorods, nanotubes or mesostruc-
tured Y2O3 has been reported elsewhere,

8 to our knowledge, this
is the first report of the synthesis of uniform and stable Y2O3

nanosheet.
The crystal sizes of these Y2O3 samples (calculated by using

Debye–Scherrer equation) are found to decrease with increasing
synthesis pH. They are �38, 25, 19, and 9 nm for Y7, Y9, Y11,
and Y12, respectively. Interestingly, the crystalline size of the
Y2O3 support is found to affect the catalytic performances of
Ni/Y2O3 catalysts. As shown in Table 1, Ni/Y12 catalyst
gives the highest H2 production rate at the temperature range
of 500–750 �C while Ni/Y11, Ni/Y9, and Ni/Y7 catalysts give
sequentially descending H2 production rate, showing that the
catalytic performances of Ni/Y2O3 catalysts increase with the
decrease of crystalline size of Y2O3.

In order to reveal how these nanocrystalline Y2O3 supports
affect the catalytic performance, a series of characterizations
have been conducted. Data listed in Table 1 show that the specif-
ic surface areas of the catalysts, particle size, and dispersion of
nickel on Y2O3 do not differ greatly, suggesting that they may
not be the key factors in causing the difference of the catalytic
performance. In addition, H2-TPR analysis of Ni/Y2O3 catalysts
(see Supporting Information)12 shows that the reducibility of Ni
on all these catalysts is not affected by the crystal size of the sup-
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Figure 1. FESEM images of Y2O3 synthesized at pH a) 7; b) 9; c) 11;
d) 12.
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port. Furthermore, XPS analysis of Ni/Y2O3 catalysts (see Sup-
porting Information)12 shows that there is no reaction between
Ni and Y2O3, suggesting that the difference in catalytic perform-
ance of these catalysts neither results from the association be-
tween Ni and Y2O3 support.

The H2-TPR profiles of the synthesized Y2O3 (Figure 2)
show that Y2O3 can be reduced. However, the low intensity of
the reduction peak indicates that Y2O3 can only be partially
reduced at the temperature range of 500–800 �C. It is believed
that the hydrogen molecules can only consume the oxygen locat-
ed on the surface of Y2O3, hence the position and intensity of the
H2 consumption peaks could be used to indicate the surface oxy-
gen mobility of these oxide samples.9,10 It can be seen from
Figure 2 that the maximum height of Y7 appears at �700 �C
while that of Y12 at �600 �C, indicating that the surface oxygen
mobility increases from Y7 to Y12 since the lower temperature
at which the reduction peak appears, the higher oxidizing abili-
ty/oxygen mobility an oxide exhibits.9 This increase probably
results from the decrease of crystal size because the smaller
the crystal, the higher the surface energy and hence the more ac-
tive the surface oxygen species. It is also noted from Figure 2
that the intensities of these peaks sequentially increase in the
order of Y7, Y9, Y11, and Y12, suggesting that the available
amount of mobile surface oxygen species increases in the same
order. The amount of mobile surface oxygen species could be
significantly affected by the amount of interstitial oxygen ions
because it has been reported10 that the mobile oxygen in an oxide
crystal is provided by the interstitial oxygen ions. It is also be-
lieved that the more crystal defects an oxide possesses, the larger
amount of interstitial oxygen ions it contains.10 Therefore, it is
very likely that Y12, which has the smallest crystal size, possess-
es the largest amount of crystal defects and hence the largest
amount of mobile oxygen species, while Y7, Y9, or Y11, which
has larger crystal size, possesses more perfect crystalline struc-
ture with fewer defects and hence smaller amount of mobile sur-
face oxygen species. This observation explains why the amount
of mobile surface oxygen species increases with the decrease of
crystal size.

It is interesting to note that the order of mobility of surface
oxygen species on Y2O3 supports is similar with that of the

catalytic performance of the corresponding Ni/Y2O3 catalyst,
suggesting that the surface oxygen mobility of Y2O3 support is
the key factor in causing the difference in catalytic performance.
Although mobile surface oxygen species on a support has been
found to play an important role in other catalytic system, such
as CO oxidation reaction,11 this is the first time that the surface
oxygen species provided by the support is found experimentally
to play a crucial role in the ethanol oxidative steam reforming
reaction. Therefore, the difference in catalytic performance of
these Ni/Y2O3 catalysts associated with the variation of the
crystal size of Y2O3 supports can be attributed to the difference
in the mobility of the surface oxygen on the supports.

In summary, the morphology and crystal size of Y2O3

supports can be controlled using pH-controlled hydrothermal
synthesis conditions. The dispersion and particle size of the
impregnated nickel species are not affected by the variation of
the crystal size of Y2O3. However, the change of crystal size
of Y2O3 supports results in the difference in the mobility of
surface oxygen species on Y2O3. The surface oxygen mobility
has been identified to play a crucial role in influencing the
catalytic performance of Ni/Y2O3 catalyst on oxidative steam
reforming of ethanol.
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Table 1. Property and performance of Ni/Y2O3 catalysts

SBET Ni particle sizea Ni dispersiona H2 Production rate � 10�2 (moleH2/KgNi/h)
b

/m2 g�1 /nm /% 500 �C 600 �C 700 �C 750 �C

Ni/Y7 30 �15 12 310.9 441.0 580.8 633.3
Ni/Y9 22 �13 11 329.5 450.3 620.6 663.9
Ni/Y11 29 �14 13 362.0 479.0 656.2 678.3
Ni/Y12 46 �16 13 381.1 499.1 680.1 700.1
aMeasured from H2-TPD.

bMolar ratio of C2H5OH:H2O:O2 = 1:3:0.5; GHSV = 44170 h�1; Carrier gas (N2): 30mL/min.
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Figure 2. H2-TPR profiles of crystalline Y2O3 supports.
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