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a b s t r a c t

Iron oxides in different crystal forms with identical particle size and morphology are employed as sup-
ports for gold catalysts. By using the oxidative dehydrogenation of 1,4-butanediol to c-butyrolactone
as the probe reaction, combined with some characterizations such as XRD, TEM, XPS, and H2–TPR, sup-
port effect of Au/FeOx catalysts is established in this study. Turnover frequency value follows the order
Au/Fe3O4 > Au/a-Fe2O3 > Au/c-Fe2O3. Size effect of Au/Fe3O4 catalysts with different gold particle size dis-
tributions obtained by treating under different atmospheres is also studied for comparison, and the
results imply the slight effect of gold particle size. Variation in catalytic behavior of gold catalysts on dif-
ferent iron-oxide supports originates from the discrepancy in gold geometry, gold oxidation state, and
gold-support contact interface structures which are caused by difference in support intrinsic properties
such as microcrystalline structure and oxidation state.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Gold catalysts have been proven to be highly active in many
reactions including CO oxidation [1], water gas shift (WGS) reac-
tion [2,3], selective oxidation of alcohols [4,5], sugars [6] and al-
kenes [7,8], total oxidation of hydrocarbons [9], and volatile
organic compounds [10], and selective hydrogenation of a,b-unsat-
urated ketones, aldehydes, or acetylene [11,12]. Many factors are
supposed to have influence on the activity of gold catalysts, such
as gold particle size [13], gold oxidation state [14], geometry of
gold particles [15], moisture effect [16], and support effect
[17–19]. In gold catalysts, support plays an important role by act-
ing as the electron modifier, providing new reaction sites, or work-
ing as active species during the catalytic procedures. Support can
also stabilize the active gold species by preventing them from
agglomeration. In addition, it is reported that oxygen adsorption
takes place on the gold-supported interface [20].

Variations in support properties bring about differences in gold
particle size, geometry, and oxidation state. Therefore, it is of great
importance to study the support effect. Different kinds of supports
work in varied modes in gold catalysis [9,19]. According to
Schubert et al., there are two types of supports in gold catalysis
[17]. The first one is the inert support materials that are intrinsi-
cally less active, and small sized gold particles are essential to give
high activity; the other is the reducible transition metal oxides that
are able to provide reactive oxygen, and the gold particle size is not
ll rights reserved.
crucial in these catalysts. However, there are reports on other types
of support materials such as the alkaline earth hydroxides, which
require gold clusters with specific size and structure to give high
activity [15]. Some non-oxide-supported gold catalysts such as
Au/LaPO4 [21] and Au/hydroxyapatite [22] are also active for CO
oxidation. Modification or doping with a second metal oxide may
decrease the gold particle size, increase the oxygen vacancies
[23], and consequently promote catalytic activity [24,25] or stabi-
lize gold particles from sintering [26]. Even for the same metal oxi-
des, support effect is prominent. ZrO2 in smaller particle size leads
to the higher activity in CO oxidation [27], while mesoporous ZrO2

was an active support in WGS reaction [28]. For Au/c-Al2O3 cata-
lysts, difference in surface structure causes variation in gold step/
edge sites [29]. Shape and crystal plane of CeO2 are crucial to the
activity of Au/CeO2 in CO oxidation reaction [30]. The crystalline
type of the support is another important factor, i.e., for Au/TiO2 cat-
alysts the gold crystal structure depends on the TiO2 polymorphs
[31]. The Au/anatase catalyst was considered to exhibit the highest
activity [32,33], while Au/brookite catalyst was the most stable
[34]. Li et al. also reported that the monoclinic ZrO2-supported gold
catalyst is more active than gold on tetragonal ZrO2 [35].

In our previous work, it was found that the structural characters
of iron oxides have great influence on the activity of gold catalysts
in the oxidative dehydrogenation of a,x-diols to the corresponding
lactones [36]. However, the supports used were different not only
in crystal phase, but also in particle size and morphology, all of
which may lead to deviation in catalytic behavior. It is essential
to figure out whether it is the intrinsic nature of the iron oxide
or the oxide morphology or particle size that contributes to the
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high activity in the reaction. In the present study, iron oxides in dif-
ferent crystal phases (a-Fe2O3, c-Fe2O3, and Fe3O4) are used as sup-
port materials. The iron oxides are obtained from commercial
source which are prepared from the same method of identical mor-
phology and particle size, so that the effect of iron-oxide poly-
morphs can be divided from the others such as the influence of
iron-oxide particle size, morphology, or porosity. Among the three
iron oxides, hematite (a-Fe2O3) holds a corundum structure with
iron atoms occupying 2/3 of the octahedral cavities of the
hexagonal close packed oxygen, whereas maghemite (c-Fe2O3)
and magnetite (Fe3O4) show the inverse spinel structure. In mag-
netite, Fe2+ ions occupy octahedral sites and Fe3+ ions are distrib-
uted evenly over octahedral and tetrahedral sites of the cubic
close packed oxygen sub-lattice. In maghemite (c-Fe2O3), the Fe2+

ions in the octahedral sites are replaced with vacancies and Fe3+

ions. Au/Fe3O4 catalysts with different gold particle size obtained
by treating under different atmospheres are also investigated for
comparison to make clear whether the size effect or the support ef-
fect is more important.

Behavior of gold catalysts in liquid phase reactions differs from
that in gas phase reactions. Thus it is of vital importance to study
the support effect in liquid phase oxidations considering that there
are few reports on the support effect of gold catalysts in alcohol
oxidation. The oxidative dehydrogenation of 1,4-butanediol to
c-butyrolactone is employed as a probe reaction in this study. Lac-
tones and their derivatives are widely distributed in nature, and
can be used as solvent [37], extraction agent, and intermediate of
many biomedical products, fibers and pesticides [38]. Hence they
get wide applications in agriculture, petroleum industry, pharma-
ceutics, and in synthesis of resins and fibers. Herein we provided
a green and mild synthetic route of c-butyrolactone from the oxi-
dative dehydrogenation of 1,4-butanediol with air as oxidant and
Au/FeOx as an efficient catalyst. This novel process can avoid the
utilization of fierce reaction conditions and oxidants, and meet
the demands of green chemistry.
Table 1
The physico-chemical properties and catalytic activities of Au/FeOx catalysts.

Sample SBET (m2/g) Au (wt%) DFeOx

a (nm) DAu
b (nm) TOFc (h�1)

a-Fe2O3 40.1 0 21 –
Au/a-Fe2O3 33.2 6.1 23 5.5 207
c-Fe2O3 78.7 0 12 –
Au/c-Fe2O3 67.5 6.1 13 6.7 74
Fe3O4 77.9 0 10 –
Au/Fe3O4–Ar 73.1 7.7 12 4.7 230
Au/Fe3O4–air 72.0 7.5 12 12a 122
Au/Fe3O4–H2 41.4 7.3 12 2.7 153

a Particle size is calculated by Scherrer equation from the XRD result.
b Au particle size is determined by TEM. More than 300 particles are counted to

give the average particle size.
c TOF value was calculated as mol alcohol reacted in the initial 1 h on per mol

surface gold calculated from the gold dispersion.
2. Experimental

2.1. Catalyst preparation

The commercial FeOx (a-Fe2O3, c-Fe2O3, and Fe3O4) are pur-
chased from Fangyuan Nano Material Institute of Anhui University
of Technology in China. All the samples are used as gold catalyst
supports without any further pretreatment. Deposition of gold
onto the FeOx substrate is carried out using the homogeneous
deposition–precipitation method by using urea as precipitation
agent. 10 ml of HAuCl4 aqueous solution (2.43 � 10�3 mol L�1) is
added into 50 ml of deionized water, followed by the addition of
2.92 g of urea. 0.6 g of FeOx is then added into the above solution.
The mixture is kept stirring for 2 h at 353 K. The as-prepared pre-
cipitates are collected by filtration, washed three times with deion-
ized water, and dried in air overnight at 373 K, and then calcined in
air for 4 h at 573 K.

Reduction of the catalysts with hydrogen flow and thermal
treatment in argon flow are carried out in a tube furnace with
the flow rate of 60 ml min�1 under ambient pressure in 5% H2-Ar
mixture or pure argon at 473 and 573 K for 4 h. Because reduction
at 573 K with 5% H2-Ar leads to much larger gold particle size and
poor activity, we chose 473 K as the reduction temperature accord-
ing to the TPR and activity results.

2.2. Characterization

Specific surface areas of the samples are measured by nitrogen
adsorption at 77 K (Micromeritics Tristar ASAP 3000) using
Brunauer–Emmett–Teller (BET) method. The gold loadings are
determined by the inductively coupled plasma method (ICP, ther-
mo E.IRIS). X-ray diffraction (XRD) patterns are recorded on a Bru-
ker D8 advance spectrometer with Cu-Ka radiation (k = 0.154 nm),
operated at 40 mA and 40 kV. Transmission electronic microscopy
(TEM) is performed on a JEOL JEM 2010 transmission electron
microscope. The average size of Au particles and their distributions
are estimated by counting more than 300 Au particles. X-ray pho-
toelectron spectra (XPS) are recorded under ultra high vacuum
(<10�6 Pa) at a pass energy of 93.90 eV on a Perkin Elmer PHI
5000C ESCA system by using Mg-Ka (1253.6 eV) anode. All binding
energies are calibrated by using contaminant carbon
(C1s = 284.6 eV). Temperature programmed reduction with hydro-
gen (H2–TPR) of the samples is carried out in a full automatic XQ
TP-5080 instrument (Tianjin Xianquan Co. Ltd.). About 50 mg of
catalyst is packed into a reactor with quartz tubing, and pretreated
with high purity argon flow at 313 K for 2 h. Reduction is carried
out under a mixture of hydrogen and argon (5% H2) at a flow rate
of 20 ml min�1. The temperature was linearly raised at a ramping
rate of 10 K min�1 up to 973 K.

2.3. Activity measurements

The activity tests are carried out at 413 K in a stainless steel
autoclave equipped with magnetic stirrer. In a typical run of reac-
tion, 1.4 g of 1,4-butanediol is dissolved in 20 ml of tributyl phos-
phate (TBP), followed by adding 0.190 g of Au/FeOx catalyst. Then
the autoclave is sealed and 1.25 MPa air is filled. Reaction is initi-
ated by vigorous stirring. Rate of magnetic stirring is set at
800 rpm. The reaction mixture is sampled at regular time intervals
and analyzed by gas chromatography to determine the conversion
and selectivity. Gas chromatography-mass spectrometer is utilized
to determine the product.

3. Results

3.1. Properties of iron-oxide supports

As shown in Table 1 and Fig. 1, although they are different in
crystal phases, all the supports are similar in physico-chemical
properties. Iron-oxide supports, including a-Fe2O3, c-Fe2O3, and
Fe3O4, are in pure crystal phases as evidenced by the XRD patterns.
The average particle size calculated from XRD patterns by Scherrer
equation is 21, 12, and 10 nm for a-Fe2O3, c-Fe2O3, and Fe3O4,
respectively. Although the specific surface area of a-Fe2O3 is a little
smaller, it is generally considered that the surface area is not a crit-
ical factor in gold catalysts in the range from 30 to 100 m2/g
[39,40]. Support effect is significant in gold catalysts, and in our
previous study, it was found that gold catalysts on iron oxides with
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Fig. 1. XRD patterns of (a) Fe3O4; (b) Au/Fe3O4; (c) c-Fe2O3; (d) Au/c-Fe2O3; (e) a-
Fe2O3; and (f) Au/a-Fe2O3.
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Fig. 2. XRD patterns of (a) Fe3O4; (b) Au/Fe3O4–Ar; (c) Au/Fe3O4–H2; (d) Au/Fe3O4–
air.
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different morphologies and crystal phases varied greatly in cata-
lytic behavior in the oxidation of a,x-diols [36]. However, we are
not sure whether it was caused by the morphology change or crys-
tal evolution. Thus, to rule out other effects and to focus on the
support crystal phase effect, the supports used are obtained from
commercial source with similar particle size and morphology as
evidenced by the above characterizations.

3.2. Morphology and crystalline structure of iron oxide-supported gold
catalysts

Gold catalysts on different supports are of equal gold loading
and prepared under the same conditions except for Au/Fe3O4

which is pretreated in argon, since calcination in air may lead to
the oxidation of Fe3O4. Au/Fe3O4 catalysts treated under different
conditions are also prepared for comparison. Physico-chemical
properties of the as-prepared catalysts are listed in Table 1. There
is a slight drop in surface area after deposition of gold in all cata-
lysts except for Au/Fe3O4–H2, of which the surface area drops from
77.9 to 41.4 m2/g. Gold loadings determined by ICP are almost the
same, and near the nominal amount (8%). It should be noted that a
gold loading of 6–8% is necessary for the conversion of diols to
lactones due to the difficult mass-transfer and poor selectivity if
lower loading was afforded (<5%) [36]. It is found that a-Fe2O3

and c-Fe2O3 keep their crystalline phases and particle size after
deposition of gold as indicated by the XRD results (Fig. 1). As for
Au/Fe3O4, it is not sure whether Fe3O4 is oxidized to c-Fe2O3 or
not, because both c-Fe2O3 and Fe3O4 show inverse spinel structure
and the 2h values are quite close to each other. Appearance of the
broad diffraction line at 2h = 38.2� (Au(111)) indicates the forma-
tion of small metallic gold particles in Au/ Fe3O4. Among catalysts
on different iron oxides, Au(111) line at 2h = 38.2� in Au/c-Fe2O3 is
the sharpest and strongest, implying the formation of the largest
gold particles. Intensity of gold diffraction line follows the trend
of Au/Fe3O4–Ar < Au/a-Fe2O3 < Au/c-Fe2O3, suggesting the gold
particle size in the same order, which is also confirmed by the
TEM results. For Au/Fe3O4 catalysts treated under different atmo-
spheres, Au/Fe3O4–air shows the strongest gold diffraction lines
(Fig. 2), with the largest average gold particle size of 12 nm, while
weaker and broader lines are observed on Au/Fe3O4–Ar and Au/
Fe3O4–H2. The reasons will be discussed intensively at a later
point.
Moreover, the TEM results indicated different gold particle size
and size distributions of catalysts on different iron-oxide supports
(Fig. 3). All the iron oxides are composed of particles with diameter
ranging from 10 to 40 nm. In Au/a-Fe2O3, gold particles are evenly
distributed on the surface of a-Fe2O3, with diameter ranging from
2–12 nm, and the average gold particle size is 5.5 nm. While on
c-Fe2O3, gold particles are relatively larger, and there are aggre-
gated gold particles with diameter up to 14 nm. The average gold
particle size increases to 6.7 nm with a larger deviation. However,
there are still some gold particles smaller than 2 nm. In addition,
gold density is much lower when compared to other samples, as
shown in Fig. 3c, which presents only a few gold particles in the
image. Small gold particles and narrow gold particle size distribu-
tion are observed on Au/Fe3O4–Ar, of which the average gold par-
ticle size is 4.7 nm. Pretreatment condition has strong influence
on the gold particle size distribution, and as shown in Fig. 3e–h,
the hydrogen pretreated Au/Fe3O4 catalyst (Au/Fe3O4–H2) gives
the smallest gold particles and the most uniform size distribution.
Gold particle size ranges from 0.8 to 8 nm with average diameter of
2.7 nm, which is quite small compared to that of Au/Fe3O4–Ar
(4.7 nm) and Au/Fe3O4–air (12 nm). Because of its small gold parti-
cle size, the surface density of gold particles is much higher, as
shown in Fig. 3g that there are much more particles in this image
compared with those of the other catalysts.

3.3. Surface content and chemical state of the Au/iron-oxide catalysts

Surface gold content and electronic state of the catalysts were
characterized by XPS and the results are given in Table 2 and Figs.
4–6. It is found that gold is in the metallic form in Au/Fe3O4–H2,
and there is quite little oxidized gold (Aud+) in Au/c-Fe2O3,
Au/Fe3O4–Ar, and Au/Fe3O4–air with almost same amount (about
15%), according to the deconvolution of Au 4f species. In Au/a-
Fe2O3, more than half of the surface gold is in the oxidized state
due to the stabilization of Aud+ by a-Fe2O3. There is no charge
transfer from support to gold detected in Au/Fe3O4-H2, of which
the Au 4f XPS peak is quite symmetric and narrow, indicating that
most of the gold is metallic, or the amount of Aud+ is so small that it
cannot be distinguished from the background. Binding energies of
Au(0) 4f7/2 were 83.0, 83.4, and 83.5 eV for Au/a-Fe2O3, Au/c-Fe2O3,
and Au/Fe3O4-Ar, respectively. The value is a little lower than that
of bulk gold at 84.0 eV, indicating the formation of gold-support
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Fig. 3. TEM images and particle size distributions of Au/a-Fe2O3 (a,b), Au/c-Fe2O3 (c,d), Au/Fe3O4 (e, f), and Au/Fe3O4–H2 (g,h).
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Table 2
Surface content and relative surface distribution of gold species of Au/FeOx catalysts.

Sample Ausurf
a (%) Binding energy (eV) FWHM (eV) Au species (%)

Au/a-Fe2O3 12.6 83.0 2.1 Au0 (46)
84.5 2.1 Aud+ (54)

Au/c-Fe2O3 7.6 83.4 2.1 Au0 (84)
84.4 2.0 Aud+ (16)

Au/Fe3O4–Ar 6.3 83.5 2.1 Au0 (85)
84.3 2.0 Aud+ (15)

Au/Fe3O4–air 6.2 83.6 2.0 Au0 (84)
84.7 2.0 Aud+ (16)

Au/Fe3O4–H2 11.3 83.5 2.2 Au0 (100)

a The surface gold weight content is calculated from the ratio of Au:Fe2O3 obtained from the surface composition by XPS.
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Fig. 4. Au 4f XPS spectra of (a) Au/Fe3O4; (b) Au/c-Fe2O3; and (c) Au/a-Fe2O3.
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Fig. 5. Au 4f XPS spectra of (a) Au/Fe3O4–air; (b) Au/Fe3O4–Ar; and (c) Au/Fe3O4–H2.
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interaction. It is also found that Au/a-Fe2O3 has the highest gold
surface content while surface gold content of Au/c-Fe2O3 and Au/
Fe3O4–Ar is near the nominal gold loading (8%). Au/Fe3O4–H2

shows higher surface gold content (11.3%) than Au/Fe3O4–air
(6.2%) and Au/Fe3O4–Ar (6.3%).

Fe 2p XPS peaks of the Au/Fe3O4 catalysts are shown in Fig. 6.
There is a satellite peak at 718.9 eV beside the main peak of Fe
2p3/2 at 710.9 eV in Au/Fe3O4–air, which is absent in Au/Fe3O4–Ar
and Au/Fe3O4–H2. According to the literature [41], appearance of
such peak is due to the oxidation of Fe3O4 to c-Fe2O3, and thus it
can be concluded that Fe3O4 is oxidized when calcined in air. The
XPS results provided evidence of the transformation of Fe3O4 to
c-Fe2O3 which was not observed in the XRD results because of
the similarity of the diffraction lines of Fe3O4 and c-Fe2O3.

3.4. TPR behavior of the Au/iron-oxide catalysts

Addition of gold lowers the reduction temperature of Fe2O3 to
Fe3O4 and leads to the difference in the shape of the reduction peak
as presented in the H2—TPR curves shown in Figs. 7 and 8. Reduc-
tion peaks at 659 and 655 K for a-Fe2O3 and c-Fe2O3 are due to the
reduction of Fe(III) to Fe3O4. There is a peak at 635 K for Fe3O4, area
of which is much smaller than that of a-Fe2O3 and c-Fe2O3. The
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Table 3
Catalytic activity of Au/FeOx catalysts in the oxidative dehydrogenation of 1,4-
butanediol to c-butyrolactone.a

Catalyst Conversion (%) Selectivity (%)

Au/a-Fe2O3 100 86
Au/c-Fe2O3 78 69
Au/Fe3O4–Ar 84 65
Au/Fe3O4–air 69 59
Au/Fe3O4–H2 84 71

a Reaction conditions: 0.190 g catalyst, 1.4 g 1,4-butanediol, 20 ml TBP, 1.25 Mpa
air, 413 K, 8 h.

J. Huang et al. / Journal of Catalysis 266 (2009) 228–235 233
peak is attributed to the reduction of the partially oxidized surface
ferric hydroxide species that are formed by interaction between
Fe3O4 and some adsorbed oxygen species and hydroxyl groups.
This assumption is manifested by the lower reduction temperature
(635 K) and weaker peak intensity of Fe3O4 than those of a-Fe2O3

and c-Fe2O3, indicating that oxidation is not complete and these
species are much easier to be reduced. Fe3O4 used here is small
in particle size (10–20 nm in diameter), and thus when exposed
to air, the adsorbed O2 and water may cause partial oxidation of
Fe3O4 to c-Fe2O3 or some kind of ferric hydroxides. The broad
reduction peak in all these samples at temperature higher than
850 K is attributed to the reduction of Fe3O4 to FeO and the subse-
quent reduction to Fe. Since all the samples are calcined before use,
no reduction of gold species is observed.

Reduction peak of Fe2O3 to Fe3O4 in Au/a-Fe2O3 shifts to 561 K,
about 100 K lower than that of pure a-Fe2O3. No reduction of gold
is observed, in contrast to the XPS result of Au/a-Fe2O3. Since XPS is
a surface sensitive technique that only presents surface properties,
the oxidized gold species may exist only on the surface of hematite
holding a small amount of the total loading so that the reduction of
these species could not be detected by the H2–TPR technique for
bulk species. Reduction of Au/c-Fe2O3 and Au/Fe3O4 occurs at even
lower temperature, only 409 and 402 K for Au/c-Fe2O3 and Au/
Fe3O4–Ar. According to the above discussion and the fact that there
is no other peaks at temperature range from 300 to 800 K, reduc-
tion peak around 400 K is ascribed to the reduction of Fe(III) to
Fe3O4. Unlike the symmetric and narrow peak in Au/a-Fe2O3, the
reduction peak widens in Au/Fe3O4–Ar and Au/c-Fe2O3. Reduction
ranges from 310 K to 520 K in Au/c-Fe2O3 and from 310 to 450 K in
Au/Fe3O4–Ar. From the above results it can be concluded that the
catalysts vary in reduction behavior, and that Fe3O4 and c-Fe2O3

exhibit higher oxygen mobility than a-Fe2O3 due to the more sig-
nificant decrease in reduction temperature.

For Au/Fe3O4 calcined in argon and air flow, the negative shift of
the TPR reduction peak is also observed as shown in Fig. 8. Reduc-
tion temperature of Au/Fe3O4–Ar is a little lower than that of Au/
Fe3O4–air, which may be assigned to the stronger interaction be-
tween the smaller gold particles and Fe3O4 in Au/Fe3O4–Ar.
H2–TPR experiment of the as-prepared Au/Fe3O4 without any
treatments (Au/Fe3O4-as) is also carried out for comparison.
Reduction of Au/Fe3O4-as is complete below 470 K, which is lower
than the pretreatment temperature of Au/Fe3O4–H2 at 473 K, indi-
cating that gold species are all reduced by treating in H2 at 473 K.
There is only one strong peak with a shoulder at the high temper-
ature region (about 470 K) in Au/Fe3O4-as, and no other peaks are
observed below 700 K. Strong intensity of the peak and the appear-
ance of a shoulder peak may be formed by the overlapping of the
reduction of gold and iron oxide. Therefore, it is concluded that
iron oxide is also in the reduced form in Au/Fe3O4–H2. Since gold
is still in the oxidized form in Au/Fe3O4-as, the gold-support inter-
action is not as strong as that in Au/Fe3O4–Ar and Au/Fe3O4–air,
and thus reduction temperature of Au/Fe3O4-as is a little higher
than that of the other two catalysts. Deposition of gold or variation
in support does not cause any change to high temperature TPR
reduction peaks of Fe3O4 to FeO and Fe in all the Au/iron-oxide
catalysts.

3.5. Catalytic activity of Au/FeOx catalysts

Catalytic activity results of the Au/FeOx catalysts in the oxida-
tive dehydrogenation of 1,4-butanediol to c-butyrolactone are
given in Table 3, Figs. 9 and 10. After 8 h reaction at 413 K, Au/
a-Fe2O3 shows the highest conversion and yield. 1,4-butanediol
is fully consumed, and selectivity reaches 86%. Au/c-Fe2O3 and
Au/Fe3O4–Ar give the conversion of 78% and 84%, respectively.
For catalysts supported on different iron oxides, both conversion
and yield follow the order Au/a-Fe2O3 > Au/Fe3O4–Ar > Au/c-
Fe2O3. Pretreatment condition is also critical, and the catalytic
activity follows the order Au/Fe3O4–H2 > Au/Fe3O4–Ar > Au/
Fe3O4–air. Catalytic activity of Au/Fe3O4–H2 is the highest and
the conversion and selectivity reaches 84% and 71%, respectively.
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Au/Fe3O4–air shows the lowest activity and only 41% yield of c-
butyrolactone is obtained. However, the turnover frequency
(TOF) values of the catalysts calculated from the conversion in
the initial 1 h based on per mole of surface gold do not follow
the same trend. From Figs. 9 and 10, it can be seen that although
the yield increases as the time prolongs, the increasing rate de-
creases with time. It is also found that 1,4-butanediol reacts fast
at the beginning when catalyzed by Au/Fe3O4–Ar and Au/Fe3O4–
H2, whereas the reaction rate drops as time goes on, and thus the
conversion and yield are lower than those over Au/a-Fe2O3.

4. Discussion

The present work reveals that both the support crystal phase
and pretreatment atmosphere have significant influence on the
size and size distributions of gold particles, gold structures, gold
electronic nature, and gold-support interaction, and thus the cata-
lytic activity. Pretreatment atmosphere mainly affects the gold
particle size. Of the Au/Fe3O4 catalysts treated under different
atmospheres, the highest c-butyrolactone yield is obtained on
Au/Fe3O4–H2 that owns the smallest gold particles with the aver-
age size of 2.7 nm, and then Au/Fe3O4–Ar with the medium gold
particle size, and finally Au/Fe3O4–air, with average gold particle
size as large as 12 nm. However, the TOF value of Au/Fe3O4–H2 is
lower than that of Au/Fe3O4–Ar, indicating that the higher reaction
rate of Au/Fe3O4–H2 is due to the higher gold dispersion caused by
the reduction in gold particle size. This finding coincides well with
our previous results [42]. In addition, large gold particles in Au/
Fe3O4–air are formed during the oxidation of Fe3O4 to c-Fe2O3 un-
der oxidative atmosphere. The low activity of Au/Fe3O4–air is
partly due to the large gold particle size, and on the other hand
is caused by the crystal phase transformation of the support from
Fe3O4 to the less active c-Fe2O3. According to the activity results
in the above section, Au/c-Fe2O3 presents the lowest activity
among the gold catalysts supported on different iron oxides.
Although the gold particle size is a little larger in c-Fe2O3, incre-
ment in particle size from 4.7 to 6.3 nm could not cause such sig-
nificant decrease in TOF value and c-butyrolactone yield. As stated
above, particle size is not the decisive factor because decrease in
gold particle size only increases the amount of surface gold, and
therefore, we infer that the support effect is the major factor.

Unlike Au/Fe3O4 catalysts treated under different atmospheres
which show the same trend in the evolution of yield with reaction
time, Au/a-Fe2O3, Au/c-Fe2O3, and Au/Fe3O4–Ar own quite differ-
ent time course of the reaction. Au/Fe3O4–Ar shows the highest ini-
tial reaction rate, with 33.1% conversion and 11.0% yield after
reaction for the first hour. While Au/a-Fe2O3 gives the highest final
conversion and yield as 100% and 85.5%, respectively, after reaction
for 8 h. The lower final conversion and yield of Au/Fe3O4 is due to
the drop in reaction rate which is caused by deactivation of the cat-
alyst. In the oxidative reaction conditions, Fe3O4 support can be
oxidized to the more inert c-Fe2O3. For Au/c-Fe2O3, reaction fol-
lows a more linear trend with lower reaction rate. It is also worth
noting that the reaction course curve of Au/Fe3O4–air is very sim-
ilar to that of Au/c-Fe2O3, and according to the above results, Fe3O4

is partially oxidized when calcined in air. Therefore, it is the conse-
quent formation of c-Fe2O3 after calcination that causes the lower
activity and the similar catalytic behavior of Au/Fe3O4–air to Au/c-
Fe2O3. From the above results, it is concluded that the changes in
activity are due to the variation in intrinsic properties of the
iron-oxide support, or the consequent differences in gold structure.

For supports with various crystal phases, their oxide structures,
acidic/basic properties, and the surface hydroxyl group concentra-
tion [33] are different, and as a result the adsorption ability and
oxygen mobility are different. There are reports of iron oxides-sup-
ported gold catalysts with different iron-oxide structures showing
different catalytic behavior in the hydrogenation of a,b-unsatu-
rated ketones [11,43]. According to these results, the activity was
in the order Au/FeO(OH) > Au/iron oxy-hydroxide > Au/c-
Fe2O3 > Au/a-Fe2O3. However, reaction mechanism and support ef-
fect in gold catalysis vary with reactions. It is generally considered
that lattice oxygen plays an important role in the alcohol oxidation,
and the reaction undergoes the Mars-van Krevelen process. Gold
increases the oxygen mobility and lattice oxygen accessibility of
iron oxides, and as a result decreases the reduction temperature
of Fe(III). According to the literature results, the decrease in reduc-
tion temperature of the support is due to the weakening of Fe–O
bond by gold [44], reduction of Fe(III) species catalyzed by gold
or hydrogen spillover from gold to support [45]. Although it is still
unclear what kind of effect is dominant, there must be some kind
of interactions between gold and the support. It is generally ac-
cepted that the lower reduction temperature was an indication
for the stronger gold-support interaction over the same support.
However, supports used in our work are different in crystal type,
and the interaction would not be all the same in the three kinds
of the support (as confirmed by the XPS results that the charge
transfer properties differed). It is observed from the H2–TPR results
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that the shape and symmetry of the reduction peaks are quite
different. This observation may be caused by the difference in
geometry of gold particles or the gold-support contact interface
structures that originate from difference in iron-oxide crystal
phases, and are very important in the activity of gold catalysts. Dif-
ferences in the nature of the support also influence kind and
amount of gold species. Subnanometer gold particles in large num-
ber but low content due to their very small size (<1 nm) may play a
vital role in the catalytic activity of the gold catalysts according to
Herzing et al. [46].

The proposed alcohol oxidation mechanism is regarded to in-
clude the formation of alcoholate in the first step, followed by
the hydride shift, and the final reoxidation process to continue
the catalytic cycle. However, the adsorption process and activation
of gold are unclear yet. Factors mentioned above originated from
the diversity in iron-oxide crystal phases may have influence on
the catalytic procedure and lead to the difference in activity of gold
catalysts. Although it is not stated here, support morphology also
contributes to the activity of gold catalysts, as indicated by com-
parison with our previous work, in which high TOF value above
600 h�1 was achieved in Au/FeOx-573 catalyst [36].

5. Conclusions

The iron oxides with different crystal phases obtained from
commercial source are used as support for gold catalysts. Factors
influencing the activity including support morphology and poros-
ity can be ruled out because the physico-chemical properties of
the oxides are very similar. The catalytic activity results show that
the selective oxidation of 1,4-butanediol to c-butyrolactone is
highly sensitive toward both the microcrystalline structure and
the oxidation state of the iron oxide. The TOF value in the initial
period follows the order Au/Fe3O4 > Au/a-Fe2O3 > Au/c-Fe2O3, but
the highest conversion and yield is obtained on Au/a-Fe2O3. Gold
particle size in Au/Fe3O4 catalysts can be adjusted by using differ-
ent pretreatment atmospheres. Activity tests indicate that the
higher reaction rate of the catalyst with smaller gold particles is
due to the increase in gold dispersion and the consequent high sur-
face gold concentration. Variation of activity in Au/Fe3O4–Ar, Au/a-
Fe2O3, and Au/c-Fe2O3 is ascribed to the deviation in the intrinsic
properties of the iron oxide that would cause changes in gold
geometry, gold oxidation state, and gold-support contact struc-
tures. The support effect is more important in the present reaction
system than the gold size effect.
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