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A novel Au&Pd/Fe(OH)x catalyst with separate Au and Pd active sites was designed and synthesized. It
was found for the first time that total conversion of CO + H2 could be achieved at room temperature over
this catalyst. The separate Au and Pd sites in Au&Pd/Fe(OH)x catalyst were confirmed by the XPS, XRD,
197Au Mössbauer characterizations and the activity measurements, although a small amount of Au–Pd
alloy formed after the catalyst was calcined at 500 �C.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Catalytic oxidations of CO, H2 and CO + H2 over supported noble
metals such as Au, Pd and Pt catalysts at lower temperature have
attracted considerable attention and have been studied extensively
because of their great importance for both practical applications
and fundamental research of catalysis sciences [1–7]. For example,
one of the important applications of CO + H2 co-oxidation is CO-
tolerant hydrogen oxidation in fuel cell [8]. It is well known that,
at ambient temperature, supported Pt and Pd are the most effective
catalysts for H2 oxidation [9,10], while supported Au catalysts are
intrinsically more active for CO oxidation [11–13]. For co-oxidation
of CO + H2, it has been generally observed that the oxidation of H2

was strongly inhibited by the presence of CO, which resulted in the
retarded activity for co-oxidations of CO + H2 over the traditional
Pd, Au, Pt, Pd–Au and Pt–Au catalysts [1,8,14,15]. Recently,
Eichhorn’s group developed several bimetal nanoparticles with
various structures which were highly effective for the co-oxidation
of CO + H2 [16,17]. They found Ru@Pt particles with core-shell
structure were particularly active for co-oxidation of CO + H2 with
lower CO concentration (1000 ppm). However, the activity de-
creased with the increase in CO concentration [17]. Therefore,
simultaneous oxidation of H2 + CO at low temperatures, especially
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with relatively high CO concentration (for example 1 vol%), still
remains to be a challenging subject.

It has now been recognized that the preparation methods
played a key role in determining the chemical and physical proper-
ties of supported metal catalysts and, ultimately, their perfor-
mance in catalytic reactions. In our previous study, we found
that ferric hydroxide-supported Au catalysts prepared by a copre-
cipitation method without calcination possessed high activity for
the selective oxidation of CO in the presence of H2 and was less af-
fected by the presence of H2 [18,19]. This offered the hint to design
a Au–Pd (Au–Pt) bimetallic catalyst with separate active sites to re-
solve the challenging subject mentioned above, viz., CO was oxi-
dized over Au active sites, while H2 was oxidized over Pd (Pt)
active sites.

The possible bimetallic architectures known currently are
shown in Scheme S1. The former four architectures are often devel-
oped to alter the electronic or geometric structure and thus to
change their catalytic performance (activity and/or selectivity)
[20–24]. However, along with these changes, the intrinsic proper-
ties of the individual metals usually changed. Therefore, to achieve
the purpose of CO and H2 oxidation over Au and Pd (Pt) sites
respectively, the bimetallic catalysts need to be designed in the
form of mixture of monoparticles, which, to the best of our knowl-
edge, have not been reported previously. In this work, an attempt
was made to prepare ferric hydroxide-supported Au and Pd cata-
lyst with coprecipitation without any further calcination. Since cal-
cination was omitted, possible interaction of Au and Pd may be
greatly reduced and separate Au and Pd active sites may be
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established, on which CO and H2 oxidation proceeds separately to
achieve the purpose of co-oxidation of CO + H2 at lower tempera-
tures. In addition, coprecipitation method often leads to highly dis-
persed metal particles and makes the particles embedded or
partially embedded in the supports [25]. The former will reduce
the chance of interaction between Au and Pd, while the latter will
result in a strong interaction between metal and support which
will restrain the migration of metal and subsequently the forma-
tion of Au–Pd alloy.

2. Experiment

2.1. Catalyst preparation

The Au/Fe(OH)x, Pd/Fe(OH)x and Au&Pd/Fe(OH)x (& represents
Au and Pd particles dispersed separately on the carrier) catalysts
were prepared by coprecipitation technique according to the previ-
ous work [19]. Under stirring, an aqueous mixture of Fe(NO3)3 and
HAuCl4 (or (NH4)2PdCl4 or HAuCl4 + (NH4)2PdCl4) was added drop-
wise to Na2CO3 solution, and the final pH of the solution was con-
trolled to ca. 8. The resultant precipitate was filtered and washed
with distilled water for several times to remove chloride ions, then
dried at 60 �C for 5 h. For comparison, these catalysts were further
calcined in air at 500 �C and were denoted as Au/Fe2O3, Pd/Fe2O3

and Au–Pd/Fe2O3.

2.2. Measurements of catalytic activities

Catalytic activity measurements were conducted using a fixed
microreactor charged with 60 mg of catalyst (60–80 mesh). The
temperature of the catalyst bed was tested as reaction temperature
by inserting the thermocouple into the catalyst. Then, the gas
mixture containing 1 vol% CO, 1 vol% H2, 4 vol% O2 balanced with
Ar (denoted as CO + H2), or 1 vol% CO (1 vol% H2) balanced with air
was fed into the reactor with a space velocity of 20,000 ml g�1

cat h�1.
The concentrations of H2, CO and O2 were online analyzed with
an Agilent 1790T gas chromatograph equipped with a micro-ther-
mal conductivity detector and a molecular sieve 5A column, using
Argon as carrier gas. The catalytic activities were evaluated
with the lowest temperature of total conversion (LTT) of the
reaction gas.

2.3. Characterization techniques

The loadings of Au and Pd were determined on a 3520 ICP AES
instrument (ARL Co., USA). X-ray diffraction (XRD) patterns were
recorded on a PW3040/60 X’ Pert Pro Super (PANalytical) diffracto-
meter equipped with a Cu Ka radiation source (k = 0.15432 nm),
operating at 40 kV and 40 mA. BET surface area was measured on
a Micromeritics ASAP 2010 instrument. Au/Fe(OH)x, Pd/Fe(OH)x

and Au&Pd/Fe(OH)x samples were outgassed to 0.1 Pa at 50 �C.
The surface composition and the chemical state of catalysts were
examined by XPS using a VG ESCALAB 210 instrument. Transmis-
sion electron microscopic (TEM) and high-resolution electron
microscopic investigations were carried out using a JEOL JEM-
2100 Electron Microscope. The 197Au Mössbauer spectra were
measured at 12 K using a 197Pt/Pt source (224 GBq) on a Mössbauer
spectrometer from Wissel, comprising MDU-1200, DFG-1200,
MVT-1200 and MVC-1200 [26].

3. Results and discussion

The results in Table S1 showed that after calcination, the surface
area of ferric hydroxide-supported Au and/or Pd decreased greatly,
while the Au and/or Pd loadings increased slightly. These should be
related to the loss of water and/or the transformation of ferric
hydroxide into oxide during heat treatment process. XPS analysis
indicated that the surface chemical states of Au and Pd existed as
oxidized or partially oxidized states (B.E. of Au4f7/2 = 84.1 and
84.3 eV, and B.E. of Pd3d5/2 = 338.0 and 338.1 eV) over ferric
hydroxide-supported Au, Pd and Au&Pd samples, Table S1. Upon
calcination at 500 �C, Au oxide decomposed to form metallic Au
completely (B.E. Au4f7/2 = 83.5–83.6 eV), while Pd remained as oxi-
dized state. It should be noted that the B.E. of Pd3d5/2 over Au–Pd/
Fe2O3 was lower than that over Pd/Fe2O3, suggesting the partial
formation of Au–Pd alloy, which was well consistent with the pre-
vious report [27]. It can be seen from the atomic ratio of Au(Pd)/Fe
(Table S1) that Au and/or Pd were enriched on the surface of all
samples after being calcined at 500 �C. This enrichment clearly
suggested that the migration of Au and Pd occurred certainly upon
calcination, which would arouse the aggregation and the formation
of alloy, especially considering that Au and Pd are miscible. XRD
analyses (Fig. S1) showed that, as expected, the structures of ferric
hydroxide-supported Au, Pd (similar to that of Au&Pd and not gi-
ven here) and Au&Pd catalysts were amorphous, and no Au or Pd
diffractive peak could be observed. After calcination at 500 �C, dis-
tinct crystallite of a-Fe2O3 was formed, while Au and Pd (or PdO)
crystallite were still unobserved over 1.2 wt% Au/Fe2O3 and
1.8 wt% Pd/Fe2O3, suggesting they were highly dispersed. Over
1.2/1.8 wt% Au–Pd/Fe2O3 catalyst, however, a very faint diffractive
peak of PdO(1 0 1) and a visible diffractive peak of Au(1 1 1) were
observed, indicating both Au and Pd were slightly aggregated dur-
ing calcination. It should be noted that the Au(1 1 1) peak (38.6�)
slightly shifted to higher angle and located between Au(1 1 1)
and Pd(1 1 1) positions, suggesting Au-rich AuxPdy alloy phase
was partially formed during calcination [27], which well accorded
with the XPS results. Based on the XPS and XRD results, it can be
conjectured that Au and Pd species might be separate over
Au&Pd/Fe(OH)x catalyst.

To clearly demonstrate the separate existence of Au and Pd spe-
cies, the 197Au Mössbauer spectra of these gold-containing cata-
lysts were measured (Fig. 1), and the corresponding parameters
were summarized in Table S2. It should be noted that the Au load-
ings of these catalysts were as high as 5 wt% to obtain better spec-
tra, and accordingly, the Pd loadings were about 5 wt% to keep a
close ratio of Au/Pd to that of 1.1/1.6 wt% Au&Pd/Fe(OH)x catalysts.
The spectra of Au/Fe(OH)x and Au&Pd/Fe(OH)x resembled each
other and consisted of two Au components; one was metallic gold
peaked at �1.22 mm s�1 and the other had a positive isomer shift
(IS) with a small quadrupole splitting (QS). The relation between
the IS and QS value for the latter component indicated that the gold
atom was in oxidation state. Judging from the preparation method
of these samples, the sites can be assigned to hydrated gold(III)
oxyhydroxide, AuOOH�xH2O [28–30]. Our parameters of the second
component (IS = 1.29, QS = 1.75 mm s–1) were very close to those of
Wagner et al. (IS = 1.37, QS = 1.75 mm s�1 for a sample containing
1.17 wt% Au, for example) [28]. Wagner et al., however, showed
that the nature of this gold(III) oxyhydroxide phase depended on
the preparation conditions sensitively and was difficult to specify
in detail. So, it is obvious that the Au3+ (and Pd2+, if present) ions
were coprecipitated with iron(III) ions as hydrated oxyhydroxide
though its nature remained undefined.

The Mössbauer spectra of Au/Fe2O3 and Au–Pd/Fe2O3 were also
similar to each other. Au/Fe2O3 showed a symmetric absorption
with a narrow linewidth. The Mössbauer parameters for this
compound (IS = �1.18, QS = 0, Cexp = 2.44 mm s�1) clearly corre-
sponded to metallic gold, indicating that the gold(III) oxyhydroxide
species converted to metallic gold during the calcination at 500 �C.
Finch et al. also reported the same results under a similar condition
[29]. The spectrum of Au–Pd/Fe2O3 consisted of two gold species
though it looked like a single absorption peak. One was assigned
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Fig. 1. 197Au Mössbauer spectra for 5 wt% Au/Fe(OH)x (a), 5/5 wt% Au&Pd/Fe(OH)x

(b), 5 wt% Au/Fe2O3 (c) and 5/5 wt% Au&Pd/Fe2O3 (d) catalysts measured at 12 K.
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to metallic gold with an IS of �1.22 mm s�1. The other with slightly
positive IS of �0.56 mm s�1 could be assigned to Au–Pd alloy par-
ticles formed on Fe2O3 nanoparticles. The 197Au Mössbauer spectra
of Au–Pd alloys had been studied and a nearly linear relation be-
tween IS of 197Au and gold content had been observed previously
[31,32]. The IS value increased from �1.2 mm s�1 for pure gold
to +1.0 mm s–1 for Au0.015Pd0.985 with a slight negative curvature
around Au0.50Pd0.50 [32]. Lam and Boudart proved that this relation
was also tenable for small Au–Pd particles on silica gel [33]. Hence,
we can estimate that the gold content in our AuxPdy alloy in Au–Pd/
Fe2O3 samples was 67 ± 2 atomic% according to the Longworth’s
results (xAu = 0.421 � 0.42IS + 0.03IS2 � 0.02IS3), which was well
consistent with the XRD results.

TEM observation (Fig. S2) showed that no structural changes
between pure Fe(OH)x and ferric hydroxide-supported Au&Pd
could be discriminated (images of Au/Fe(OH)x and Pd/Fe(OH)x were
similar to those of Fe(OH)x and Au&Pd/Fe(OH)x and therefore not
given). The invisibility of Au and/or Pd particles suggested that
Au and Pd species were highly dispersed on/into Fe(OH)x or too
small to be distinguished from the speckle contrast exhibited by
the support. After being calcined at 500 �C, Au particles with 2–
5 nm in size were clearly visible and the aggregation of supports
was also observed over Au/Fe2O3, while Pd or PdO particles were
still invisible over Pd/Fe2O3. For Au–Pd/Fe2O3 catalyst, metal parti-
cles (most probably Au) with 3–10 nm were formed. The results of
XRD and TEM showed that Au species were prone to aggregation
and PdO species alone were quite stable. The PdO species, however,
would be promoted to aggregation in the presence of Au with
calcination at elevated temperatures, indicating that the strong
interaction between Au and Pd might occur.

Catalytic activity measurements showed that (Table S1), for
individual CO or H2 oxidation, Au/Fe(OH)x catalyst (entry 1) was
highly active for CO oxidation but much less active for H2 oxida-
tion. Pd/Fe(OH)x catalyst (entry 2), as expected, was highly active
for H2 oxidation (LTT < 10 �C) but relatively less active for CO oxi-
dation (LTT was 55 �C). Au&Pd/Fe(OH)x catalyst (entry 3), however,
was highly active for both reactions (LTTs were 12 �C for CO oxida-
tion and <10 �C for H2 oxidation), suggesting that CO oxidation
over Au sites and H2 oxidation over Pd sites might occur individu-
ally. It also suggested that separate active sites of Au and Pd existed
in Au&Pd/Fe(OH)x catalyst. As for co-oxidation of CO + H2 over var-
ious catalysts, the catalytic behaviors changed markedly; over Au/
Fe(OH)x catalyst, CO oxidation was slightly inhibited by the pres-
ence of H2, while H2 oxidation was still much poor, thus resulting
in the total conversion of CO + H2 occurring at as high as 125 �C.
Over Pd/Fe(OH)x catalyst, the CO oxidation was slightly promoted
by the presence of H2, while the H2 oxidation was seriously inhib-
ited by the presence of CO, leading to the total conversion of
CO + H2 accomplished at 52 �C. As to Au&Pd/Fe(OH)x catalyst, even
though both CO and H2 oxidation were slightly inhibited by each
other and only after CO was almost removed could the H2 oxida-
tion start, relative lower LTTs of 16 and 17 �C for CO and H2 oxida-
tions can be achieved, which, to the best of our knowledge, is the
highest activity so far for co-oxidation of CO + H2 over various
catalysts. For comparison, the catalysts of Au/Fe2O3, Pd/Fe2O3 and
Au–Pd/Fe2O3, which resulted from calcination of the corresponding
Fe(OH)x-supported catalysts at 500 �C, were also tested, Table S1.
Probably due to the high calcination temperature and the lower
Au loading, Au/Fe2O3 catalyst exhibited an unexpected lower activ-
ity for CO and H2 oxidations. Pd/Fe2O3 and Au–Pd/Fe2O3 catalysts
were also less active for CO oxidation compared with Pd/Fe(OH)x

and Au&Pd/Fe(OH)x catalysts, while they were still active for H2

oxidation and the LTTs were all <10 �C. For CO + H2 co-oxidations,
it can be prospective that all the catalysts were inactive at lower
temperature due to the lower activity for CO.

To obtain the details of the mutual effect of CO and H2 during
the CO + H2 co-oxidation, the curves of temperature-programmed
co-oxidation of CO + H2 over different catalysts are shown in
Fig. 2. Au/Fe(OH)x catalyst had a better performance for selective
oxidation of CO in the presence of H2, and H2 oxidation did not
start even after CO was totally removed, well consistent with our
previous report [18]. Therefore, it cannot be good catalyst for
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CO + H2 co-oxidation due to its lower activity for H2 oxidation.
Over Pd/Fe(OH)x catalyst, CO conversion was gradually increased
with the increase in reaction temperature, while H2 oxidation
could not start due to the inhibiting effect of CO. When reaction
temperature was higher than 50 �C, at which most of CO was oxi-
dized to CO2, the H2 oxidation started and accomplished quickly.
Therefore, the total conversion of CO + H2 co-oxidation was
achieved at about 52 �C. Based on this result, one can infer reason-
ably that the activity for CO + H2 co-oxidation over Pd/Fe(OH)x cat-
alyst or other supported Pd catalysts could be increased as long as
the activity for CO oxidation was increased, since the activity for H2

oxidation was generally high enough over supported Pd catalysts.
As to Au&Pd/Fe(OH)x catalyst, the process for CO + H2 co-oxidation
was similar to that over Pd/Fe(OH)x except that the CO oxidation
occurred at Au sites. It can be seen that although the activity for
CO oxidation over Au&Pd/Fe(OH)x was slightly lower than that
over Au/Fe(OH)x, it was much higher than that over Pd/Fe(OH)x

catalyst (LTT was 16 �C, at which CO oxidation had not started over
Pd/Fe(OH)x), indicating that CO oxidation occurred at Au sites. Sim-
ilarly, the activity for H2 oxidation over Au&Pd/Fe(OH)x was much
higher than that over Au/Fe(OH)x (LTT was 17 �C, at which H2 oxi-
dation had not initiated over Au/Fe(OH)x), indicating that H2 oxida-
tion occurred at Pd sites. The curves clearly suggested that CO + H2

co-oxidation took place separately over Au&Pd/Fe(OH)x, i.e. CO oxi-
dation occurred firstly at Au sites and H2 oxidation subsequently
on Pd sites, resulting in the CO + H2 co-oxidation at a low temper-
ature of 17 �C.

To further prove the separate active sites of Au and Pd in
Au&Pd/Fe(OH)x catalyst, a control experiment for CO + H2 co-oxi-
dation was performed with a physical mixture (denoted as mix-
bed) and a two-layer bed (denoted as layer bed) of Au/
Fe(OH)x + Pd/Fe(OH)x catalysts. The details of the test condition
were described in supporting information. The results presented
in Fig. 3 showed that the LTTs for CO and H2 co-oxidation over
the two types of catalyst beds were essentially the same as that
over Au&Pd/Fe(OH)x catalyst although the activities were slightly
different at lower temperature. Although the higher activity of
the layer-bed catalyst system at lower temperature (e.g. <5 �C)
showed that the efficiency of noble metal was the highest among
the three catalyst systems, it clearly indicates that the Au and Pd
sites in Au&Pd/Fe(OH)x catalyst are isolated. In addition, compared
with the mix-bed and layer-bed systems, our Au&Pd/Fe(OH)x

catalyst provided a more cost-efficient candidate for CO + H2
co-oxidation by combining two similar preparation processes into
one, which is time and energy saving.
4. Conclusion

In conclusion, a novel Au&Pd/Fe(OH)x catalyst with separate Au
and Pd active sites was designed and successfully prepared,
and the structure was confirmed by the XRD, XPS, TEM, 197Au
Mossbauer spectra characterizations as well as activity measure-
ments. Over this catalyst, the CO oxidation occurred on Au active
sites, while the H2 oxidation occurred on Pd active sites, thus the
co-oxidation of CO + H2 was realized over one catalyst at ambient
temperature. Although the same function can be realized over a
mixture bed or a two-layer bed constituting two different catalysts
(Au/Fe(OH)x and Pd/Fe(OH)x), our Au&Pd/Fe(OH)x catalyst which
combines two separate active sites in one catalyst provides a more
cost-efficient candidate for CO + H2 co-oxidation. It is also a good
example in fundamental research that two different metal species
co-exist, but not interact with each other, on one catalyst.
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