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Ferric hydroxide supported Pd catalyst prepared by a simple co-precipitation method without calcinations
at elevated temperatures and only reduced at 50 ◦C possessed unexpectedly higher activity for CO
oxidations even compared with that of supported Au catalysts. XRD and TEM results showed that the
support was mixture of Fe(OH)x and Fe3O4 and Pd was highly dispersed on it. XPS results showed that
Pd existed as mixture of oxidation and metal state. The large amount of OH group on the supports may
play an important role in O adsorption and activation.

© 2008 Published by Elsevier Inc.
1. Introduction

Catalytic oxidation of CO has been studied extensively because
of its great importance for both practical applications and funda-
mental research of catalysis sciences [1–4]. It is generally accepted
now that supported gold catalysts were extraordinarily active for
CO oxidations [2,3] and were an order of magnitude more active
compared with a highly dispersed supported Pt catalysts [4]. Al-
though much effort to improve the activity for CO oxidation has
been made and remarkable progress has been achieved [5–8], the
activities for CO oxidations over supported Pt and Pd catalysts were
still relatively lower in comparison with that over supported Au
catalysts. The question is that the catalytic activities of supported
Pd or Pt for CO oxidation are intrinsically inferior to that of sup-
ported Au catalyst?

For CO oxidation over Au catalysts, O2 adsorption and activa-
tion is regard as a rate-limiting step since oxygen dissociation is
inhibited on single gold crystals. While, over supported Pd/Pt cat-
alysts, it is also a very important progress for O2 adsorption and
activation because the adsorption of CO on Pd/Pt active site is so
strong that O2 is hardly adsorbed and activated. Therefore, how to
weaken the adsorption of CO on Pt/Pd at lower temperature and
subsequently to promote adsorption and activation of O2 become
the crucial step for CO oxidation. Previous works mainly resolve
this problem to promote the activity of CO oxidations by adding
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different additives [9]. However, it was usually ignored to develop
a suitable preparing method or to employ an appropriate “active
supports” like that used in Au catalysts.

It is well known that preparation method and the synergism
between active components and support play a key role in de-
termining the catalytic performance. Various techniques and skills
of preparation method of supported noble metal catalysts have
been explored so as to achieve better catalytic performance. Im-
pregnation and co-precipitation are the two traditional methods
to prepare supported noble metal catalysts and the preparation
process usually involves combing of the precursor of active com-
ponents and support, then drying and calcining at elevated tem-
peratures, and further reducing if necessary. Any modification or
adjustment during preparation may result in unexpected catalytic
behavior. There is still lot of space for further improvement of such
preparation process and for further exploring traditional catalytic
components of Pd or Pt to exhibit unexpected and new catalytic
performance, although these supported noble metal catalysts are
the one of the mostly investigated in catalyst family.

Recently, Hodge et al. [10] reported that Au catalysts prepared
with co-precipitation and then dried at 100 ◦C were more active
than those calcined at elevated temperatures. In our previous study
[11,12], we had found that ferric hydroxide supported Au prepared
by co-precipitation without calcining possessed better performance
for CO selective oxidations in the presence of H2 than that of the
corresponding catalyst calcined at elevated temperatures. The re-
sults showed that the large amount of containing OH group played
an important role in determining the catalytic performance. We
had predicted that this simple method (and/or the unique sup-
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Table 1
Some physicochemical properties of the supported Pd catalysts.

Pd/Au loadings (wt%)
(corresponding atom
ratio of Pd/Fe)

BET surface
area
(m2/g)

Average pore
diameter
(nm)

BE of
Pd3d5/2 /Au4f7/2

(eV)

Area
ratio of
Pd/Pd2+

BE of
Fe2p3/2

(eV)

Atom ratio
of Pd or Au/Fe
(from XPS)

Residual
of Cl−
(wt%)

Residual
of Na+
(wt%)

Fe(OH)x – 276 2.2 – – – – – –
Pd/Fe(OH)x 4.1 (0.04) 281 2.5 337.4 0 711.1 0.06 – –
Pd/Fe(OH)x-Ra 4.1 (0.04) 147 5.1 337.0,335.4 1.0 711.0 0.07 0.1%c 0.13%d

Pd/Fe(OH)x-Rb 4.1 (0.04) – – 337.2,335.4 1.1 711.0 0.05 – –
Au/Fe2O3 4.4 (0.02) 39 – 83.6 – – 0.03 0.011% –

a Pd/Fe(OH)x was reduced with 10 vol% H2 at 50 ◦C for 30 min.
b After reaction for 290 h.
c Measured by Cl−1 ion selective electrode (Mettler Toledo).
d Measured by ICP.
ports) could be expand to other supported noble catalyst prepa-
ration, such as Pt and Pd. Herein, a supported Pd catalyst was
prepared by this method simply improved with reduction of the
catalyst at 50 ◦C and it exhibited unexpectedly high activities for
CO oxidations.

2. Experiment

2.1. Preparation procedure of supported Pd catalysts

All catalysts were prepared by co-precipitation method. Under
stirring, an aqueous mixture of H2PdCl4 with ferric nitrate was
added dropwise to Na2CO3 solution and the pH of the finally
resulted solution was controlled to ca. 8.5. After stirring and ag-
ing for 3 h, respectively, the resulted precipitate was filtrated and
washed with distilled water for several times, then dried at 60 ◦C
for 5 h without any further heat treatment hereafter. The resulted
brown powder was denoted as Pd/Fe(OH)x. The brown powder
was further reduced at 50 ◦C with 10 vol% H2 (Argon balanced)
for 30 min, denoted as Pd/Fe(OH)x-R. Au/Fe(OH)x, Pd/Co(OH)x,
Pd/Al(OH)x, Pd/Co(OH)x-R, Pd/Al(OH)x-R were also prepared in this
manner.

2.2. Measurements of catalytic activities

Catalytic activity measurements were carried out in a fixed-bed
reactor with 80 mg of catalyst sieved to 60 and 80 mesh. The feed
gas for the oxidation was about 1 vol% CO balanced with air. The
gas flow rate was 20 ml/min which resulted in a space velocity of
15,000 ml/(h gcat). The concentrations of CO and O2 in the effluent
gas were on-line analyzed by a gas chromatograph using argon as
the carrier gas. The catalytic activity was evaluated with the Low-
est Temperatures at which CO was Totally oxidized (LTT), i.e. CO
could not be detected by gas chromatograph.

2.3. Characterization techniques

Pd loadings in the catalyst samples were measured using a
3520 ICP AES instrument of ARL Co. USA. BET surface areas were
obtained by physisorption of N2 using a Micromeritics ASAP 2010.
The surface composition of the catalysts was examined by X-ray
photoelectron spectra (XPS) (VG ESCALAB 210) with contaminated
C as internal standard (C1s = 284.6 eV). X-ray diffraction (XRD) was
performed with a Siemens D/max-RB powder X-ray diffractome-
ter. Transmission electron microscopic (TEM) investigations were
carried out using a JEM-2010F electron microscope (JEOL). More
details of experimental information are presented in support infor-
mation. TPR investigation were performed on a Auto Chem II 2920
automatic catalyst characterization system.
3. Results and discussion

Typical data of metal loadings, BET surface areas in Table 1
showed that, although the reduction treatment even with mild
conditions could result in a great decrease in the surface area,
ferric hydroxide possessed relatively higher surface area. XPS re-
sults, in Table 1, showed that the chemical states of surface Pd
species were the oxidized (BE3d5/2 = 337.4 eV) and mixture of ox-
idized and reduced state (BE3d5/2 = 337.4 eV and 335.5 eV) over
the 4.1 wt% Pd/Fe(OH)x and 4.1 wt% Pd/Fe(OH)x-R, respectively.
The data of BE3d5/2 = 337.4 eV indicates that the chemical state
of the oxidized Pd species was > + 2, which may be related to
high dispersion of oxidized Pd species [13] and their strong inter-
action with Fe(OH)x. Slight increase in Pd/Fe atom ratio after being
partially reduced suggested that Pd species were further concen-
trated onto the surface, which would be favorable to the catalytic
activity. The concentration of Na+ and Cl− were measured by ICP
and Cl− ion selective electrode, respectively. The contents of Na+
and Cl− in 4.1 wt% Pd/Fe(OH)x were 0.13 and 0.1 wt%, respectively,
and such Cl− content is about 10 times of that of 4.4 wt% Au/Fe2O3
bought from WGC, indicating that Pd/Fe(OH)x for CO oxidation may
be less sensitive to Cl−, which was consistent with our previous
work of Au/Fe(OH)x [12].

XRD results (Fig. S1) showed that the patterns of pure Fe(OH)x
and 4.1 wt% Pd/Fe(OH)x were almost the same, indicating that
the support and Pd in 4.1 wt% Pd/Fe(OH)x were amorphous and
highly dispersed. Unexpectedly, when the catalyst was reduced
with 10 vol% of H2 at 50 ◦C, the crystallite of Fe3O4, though the
diffractive peaks were weak, was observed, indicting the Pd species
may be so active that some Fe(OH)x could be reduced partly and
this would be helpful for the high activity for CO oxidations [14].
In addition, no obvious diffractive peaks of Pd or PdO particles
were observed over 4.1 wt% Pd/Fe(OH)x-R catalysts, indicating that,
even after being reduced at 50 ◦C, the Pd or PdO particles were
highly dispersed. TPR investigation of 4.1 wt% Pd/Fe(OH)x and pure
Fe(OH)x were conducted and the results showed that the reduc-
tion of Fe3+ to Fe2+ over pure Fe(OH)x occurred at 250–300 ◦C
(Fig. S2, curve a). After incorporation of Pd, this peak disappeared
and a strong reduction peak centered at about 50 ◦C appeared
(Fig. S2, curve b) and the corresponding hydrogen consumption
of 79.4 ml/g was greatly higher than the theory amount of PdO
(ca. 10 ml/g), indicating that this peak was co-reductions of Pd2+
and some Fe3+ to Fe2+.

For TEM observation, no structural difference between pure
Fe(OH)x and Pd/Fe(OH)x could be discriminated, and PdO or Pd
particles were also invisible although Pd content in the catalyst
was as high as 4.1 wt%, Figs. S3a, and S3b. While the HRTEM in-
vestigation showed that the supports of 4.1 wt% Pd/Fe(OH)x-R were
consist of amorphous Fe(OH)x and Fe3O4 with crystal surface of
(220) and (311), and that the diameter of Pd particles on Fe3O4
crystal was mostly lower than 3 nm while Pd particles on amor-
phous Fe(OH)x were difficult to be distinguished, Fig. 1, Figs. S3c,
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(a)

(b)

Fig. 1. HRTEM image of 4.1 wt% Pd/Fe(OH)x-R. (a) Crystallized Fe3O4 with few Pd
particles <3 nm; (b) amorphous Fe(OH)x with highly dispersed Pd species.

and S3d. STEM results, Figs. S4 and S5, showed that Pd was uni-
formly dispersed on the support either in a larger range such as
108 nm or a smaller range of 38 nm.

For total oxidation of CO (Fig. 2 and Table S1), pure Fe(OH)x

itself possessed lower activity. After incorporation of palladium,
the activities for CO oxidation, as expected, were increased greatly,
but unexpectedly, such activities increased so highly that it has
never been observed or reported previously, i.e. the LTTs, as the
Pd loading was increased from 0.3 to 8.3 wt%, were, respec-
tively, decreased from ca. 90 to 10 ◦C and from 44 to −17 ◦C
over Pd/Fe(OH)x and Pd/Fe(OH)x-R. For the purpose of compari-
son, 4.4 wt% Au/Fe2O3 and 1.5 wt% Au/TiO2 from WGC and 2.5 wt%
Fig. 2. Oxidations of CO over supported Pd and Au catalysts.

Au/Fe(OH)x prepared by the same method with 4.1 wt% Pd/Fe(OH)x

were also tested, the resulted LTTs were 5 and −5 ◦C and −15 ◦C,
respectively. These results showed that the activities of ferric hy-
droxide supported Pd catalysts for CO oxidation, though slightly
inferior, may be comparable to supported Au catalysts, and re-
duction treatment at mild conditions, though not indispensable
intrinsically, may further enhance the activity. To compare the in-
trinsic activity of supported Pd and Au catalysts, the specific re-
action rate, the contact time, as well as the turnover frequencies
(TOFs) were calculated, Table S3. It could be seen that, at −40 ◦C
(233 K), 4.1 wt% Pd/Fe(OH)x-R gave a specific reaction rate of
0.019 molCO/(gPd h) and TOFs of 0.33 s−1, slightly lower than that
of 4.4 wt% Au/Fe2O3 (0.091 molCO/(gAu h) and 0.04 or 0.0.2 s−1),
while, at 27 ◦C, it gave a specific reaction rate of 0.62 molCO/(gPd h)
and TOFs of 0.33 s−1, which was about 6 and 8 times, respectively,
of that of the 4.4 wt% Au/Fe2O3 (0.091 molCO/(gAu h) and 0.04 s−1).
However, when compared with 2.5 wt% Au/Fe(OH)x (it gave a spe-
cific reaction rate of 2.1 molCO/(gAu h) and TOFs of 3.02 s−1), the
activity were only about one third and one ninth respectively, in-
dicating that supported Pd catalysts, with a valid comparison, are
still less active than supported Au catalyst. While the differences of
the activity for CO oxidations between them were not too large as
previously expected, i.e. supported Pd catalysts may also be intrin-
sically active for CO oxidation if proper preparation method and
support are adopted. Cobaltic hydroxide and aluminum hydroxide
supported Pd was also tested so as to estimate the contribution of
the support to the activity (Table S1). The LTTs were 90 and 65 ◦C
over 4.0 wt% Pd/Co(OH)x and Pd/Co(OH)x-R, and �140 and 130 ◦C
over 4.0 wt% Pd/Al(OH)x and 4.0 wt% Pd/Al(OH)x-R, respectively.
These results showed that the activity of cobaltic hydroxide and
aluminum hydroxide supported Pd for CO oxidation, though exhib-
ited higher activity in comparison with conventional supported Pd
catalysts [15], was much lower than that of ferric hydroxide sup-
ported Pd, indicating that the supports played a very important
role in determining the activity.

The stabilities of catalytic activities for CO oxidation were ex-
amined at varied temperatures, Fig. S6. For 4.1 wt% Pd/Fe(OH)x-R,
the total conversion of CO to CO2 could be maintained for 10 h at
0 ◦C and for 210 h at 20 ◦C. While, total conversion of CO to CO2
could be maintained for about 30 h at 20 ◦C over 4.4 wt% Au/Fe2O3
or over 1.5 wt% Au/TiO2 from the WGC. These results showed that
the durability of Pd/Fe(OH)x-R could be superior to those oxides
supported Au catalysts for the oxidation of CO although the deac-
tivation mechanism is still not clear at this stage.
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The XRD and TEM results showed that the supports consisted
of crystal Fe3O4 and amorphous Fe(OH)x which took large amount
of OH group, and the Pd nanoparticles were highly dispersed on
it with diameter of about or lower than 3 nm. It is well known
that the size of metal particles is an important factor to deter-
mining the activity. Stara et al. [16] reported that the activation
energy was much smaller on Pd particles with 2.5 nm diameters
than that on the Pd(111) crystal face. Recently, Schalow et al. [17]
reported a size-dependent oxidation mechanism of supported Pd
nanoparticles, which showed that, only when lower than 3 nm,
the Pd particles could be completely oxidized to form PdO and
gave the best oxygen storage capability. However, small Pd parti-
cles with diameter of about or even lower than 3 nm have been
prepared with impregnation and co-precipitation method in pre-
vious works, while the activities of these supported Pd catalysts
were still unsatisfactory [7,18] compared with supported Au cat-
alysts. Therefore, to prepare small Pd particles may be necessary
but absolutely not sufficient to obtain high activity of supported
Pd catalysts for CO oxidation.

It is well known now that support is another important factor
affecting the activity of supported catalysts. It has been pointed out
that the activity of supported catalysts critically depends on both
the size of metal particles and the support itself [14] and high per-
formance catalysts are now designed by taking into account the
significant contribution of the supports [19]. In this work, the sup-
ports were proved to consist of ferric hydroxide and ferroferric
oxide and contain large amount of OH group, which were impor-
tant and favorable of the CO oxidation. Schalow et al. [14] proposed
a oxygen storage and CO oxidation mechanism using Pd/Fe3O4 as
model catalyst, which proved that Fe3O4 support was helpful to
the O activation. As to OH group, it is well accepted that it plays a
very important role in the CO oxidations. Recently, Smit et al. [20]
reported that the amount of surface OH group played a crucial role
in the activity of iron oxides without supporting any active metal,
with which CO reacted forming very reactive adsorbed formats,
HCOO(ad). In addition, as to supported Pd catalysts, Golunski et al.
[21] had found that the activity of ferric oxide supported Pd cata-
lysts for CO oxidations could be dramatically enhanced by a short
low-temperature exposure to hydrogen without any subsequent
thermal treatment, which mainly related to the large amount of
OH derived from the H2 treatment instead of the reduction of
Pd2+ ions to metallic Pd. So, on the premise of Pd particles be-
ing small enough, the unique properties of the support may be
the critical factor for the high activity of the catalysts in CO oxida-
tion.

It was well accepted now that, for supported gold catalyst, the
complex of Auδ+/Au active site was more active than the single
site of Au [22]. Recently, Margitfalvi and Göbölös [23], etc., pro-
posed a mechanism for CO oxidations with the involvement of
“metal ion–metal nano-clusters” ensemble sites based on the re-
sults of Sn–Pt/SiO2 catalysts [5]. According to this mechanism, they
prepared a Fe-MCM-41 catalyst, which possessed high activity for
CO oxidations [24], indicating that the model of “metal ion–metal
nano-clusters” were applicable to other metal. In this work, the
XPS investigation showed that the surface Pd species were mixture
of oxide and metal state, well according with the above model,
which may be another reason for the high activity for CO oxida-
tions.
4. Conclusion

In conclusion, it was the first time to successfully prepare a
ferric hydroxide supported Pd catalyst with Pd loadings of about
4 wt% over which total oxidation of CO could be achieved at as
low as −15 ◦C. Although supported Pd catalysts are still less ac-
tive than supported Au catalysts prepared with the same method,
the differences of the activity for CO oxidations between supported
them were not too large as previously expected, i.e. supported Pd
catalysts could also be intrinsically active for CO oxidation if proper
preparation method and support are adopted. As a result, it would
make people re-recognize or further understand the supported Pd
catalysts, which may be more significant for this work.
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