
S
f

C
W

a

A
R
R
A
A

K
M
W
N
C
I
C
S
C

1

t
o
f
a
e
p
c
b
r
f
h
i
p
c
c
t
f
t
r
h

1
d

Journal of Molecular Catalysis A: Chemical 322 (2010) 17–25

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

ome optimization in preparing core-shell Pt–ceria catalysts
or water gas shift reaction

onnie Mei Yu Yeung, Shik Chi Tsang ∗

olfson Catalysis Centre, Inorganic Chemistry Laboratory, University of Oxford, Oxford OX1 3QR, UK

r t i c l e i n f o

rticle history:
eceived 8 February 2009
eceived in revised form 7 January 2010
ccepted 1 February 2010
vailable online 6 February 2010

eywords:

a b s t r a c t

Pt on ceria-based catalysts have been extensively investigated in recent years since they could be promis-
ing alternatives to Cu-based catalysts for hydrogen production from water gas shift reaction. A core-shell
Pt in thin layer ceria prepared by microemulsion technique has earlier been shown to be highly active
and selective for WGS reaction as compared to those Pt–ceria catalysts prepared by traditional meth-
ods. This paper is to report some optimization parameters including the sequence of adding precursors,
aging time, type of reducing agent, support effect, variation in metal core composition and substitution
icroemulsion
GS

oble metal
eria

nterface
o-addition

of cerium oxide with other lanthanum metal ions in preparation of desirable metal-support interface for
the catalysis. It is reported that a bimetallic core of Pt and Au in a 1:1 ratio at 5 wt% with respect to the
ceria shell shows the highest WGS activity. Doping of rare earth metal ions to the ceria coating in the
platinum–gold encapsulated does not result in a higher activity. This suggests that the overall catalytic
WGS activity of this type of catalysts depends on electronic aspect of metal–ceria interface instead of
oxygen mobility and OSC properties of the promoted ceria oxide shell.
equential addition
ore-shell

. Introduction

There is a renewed interest in the catalysed water gas shift reac-
ion, WGS (CO + H2O�CO2 + H2) for the purification of H2 rich feeds
btained through hydrocarbon reforming. H2 is seen as the key fuel
or future power generation using for both stationary and mobile
pplications. The use of WGS reactors with small-scale reform-
rs imposed different requirements compared to large-scale H2
roduction plants, which are based on commercial Cu/ZnO/Al2O3
atalyst technology. Noble metal (NM)/ceria-based catalysts have
een extensively investigated in recent years [1–8] for the WGS
eaction (CO + H2O�CO2 + H2) in order to produce more H2 rich
eeds from reformate mixtures. In terms of volume produced,
ydrogen is by far the most important component. For the major-

ty of energy and chemical applications, hydrogen must be of high
urity, and carbon oxides, in particular carbon monoxide (a strong
atalyst poison), must be reduced to very low levels (ppm) [9]. In the
ase of mobile applications, particularly pure hydrogen is required
o supply to the PEM fuel cells close to their operation temperatures

or efficient heat management. Thus, there is tremendous interest
o identify active WGS catalysts at temperatures around 80–150 ◦C
egime. However, for stationary applications, production of pure
ydrogen for the manufacture of fine chemicals at small scale is

∗ Corresponding author. Tel.: +44 1865282610; fax: +44 1865272659.
E-mail address: edman.tsang@chem.ox.ac.uk (S.C. Tsang).
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in significant demand. Higher temperature is desirable since reac-
tion kinetics would be more favorable but the WGS thermodynamic
equilibrium position tends to shift to the CO/H2O direction. Thus,
a compromise in operation temperature to obtain fast kinetics and
high purity hydrogen feed is needed. Currently, hydrogen produc-
tion at large industrial scale employs two stage processes, Fe–Cr
oxide catalyst for high temperature WGS reaction (310–450 ◦C)
and a Cu/ZnO/Al2O3 catalyst for low temperature WGS reaction
(210–240 ◦C) under steady-state conditions. This commercial pro-
cess is rather engineering cumbersome and is not well suited for
a small-scale hydrogen production. In particular, the large reactor
volume dictated by the slow WGS kinetics of the Cu/ZnO catalyst at
low temperatures is an obstacle that hinders its application in fuel
processing. Thus, developing a more active NM/ceria-based catalyst
over the less active Cu-based catalyst technology used in small WGS
reactors for low temperature mobile (fuel cells) applications and for
high temperature stationary application is currently under intense
investigation. Ceria, CeO2, has been identified as one potential
important catalyst component for the LT hydrogen production from
WGS [10]. Pure ceria is well known to store and release oxygen and
hydrogen, via forming surface and bulk vacancies or inter-metallic
M–Ce compounds. Ceria can also serve as a stabilizer to metal and

alumina supports maintaining a high dispersion of the catalytic
metals [11–13]. In addition, ceria can be used as a promoter in
combination with other elements to give mixed-oxide formula-
tions. Cerium oxide-containing WGS formulations have therefore
attracted considerable interest from catalyst manufacturers [14]. As

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:edman.tsang@chem.ox.ac.uk
dx.doi.org/10.1016/j.molcata.2010.02.001
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result, metal–ceria WGS catalysts have been developed as poten-
ially better alternatives to the HT applicable pyrophoric Cu–ZnO.
or example, Li [15] reported that copper or nickel on Ce(La)Ox cat-
lysts prepared by urea precipitation–gelation displayed good LT
hift activity at high space velocities when tested under low CO con-
entrations (2%). They attributed the high activity of their catalyst
o the enhanced reducibility of ceria in the presence of the metal.
uettinger [16] developed a base metal non-pyrophoric particulate
atalyst with a very promising catalytic behavior with respect to the
equirements of fuel cell applications. This catalyst only showed
very slight temperature increase of 40 ◦C without any deacti-

ation if it was (accidentally) exposed to air. Lost activity due to
iquid water exposure was shown to be regenerated in situ or ex
itu. Perhaps, one most significant earlier result came from Swartz
17] who reported that Pt/CeO2 catalyst was non-pyrophoric but
howed much high activity than Cu-based catalysts at a high space
elocity. Recently, gold-particles supported on CeO2 [18,19] have
een reported to be highly active for the WGS, with their improved
ctivity at low temperature being explained as due to the synergism
f the gold–metal oxide.

In addition, much of the research in this area reported in the
iterature has involved the use of an artificial gas mixture (CO/H2O)
or the WGS study rather than the use of reformate which con-
ains high levels of hydrogen and carbon dioxides. The effects of
hese gas mixtures on the WGS reaction are not yet clear over the
M/ceria catalysts, though the direct use of reformate would be
ractically more relevant than using an artificial gas mixture. One

mmediate technical problem is that at high levels of hydrogen and
arbon oxides, other side reactions could also be simultaneously
aking place during the WGS catalysis. For example, the methana-
ion reactions:
O(g) + 3H2(g) �CH4(g) + H2O(g), �H◦

298 = −205 kJ mol−1 Reaction 1

O2(g) + 4H2(g) �CH4(g) + 2H2O(g), �H◦
298 = −165 kJ mol−1 Reaction 2

These side reactions are known to be unimportant over the tra-
itional Cu or Cr based WGS catalysts, since the C–O bond is likely to
emain intact (associative adsorption of CO) before it is converted
nto CO2 during the WGS. However, NMs are able to dissociatively
dsorb CO leading to the breakage of C–O linkage on their surfaces,
ence favoring the formation of methane and higher hydrocarbons
nder hydrogen rich conditions. In fact, a significant quantity of
ethane and high hydrocarbons has indeed been detected during

he WGS study over the NM/ceria (prepared by traditional meth-
ds) by workers at Synetix, Johnson Matthey [20]. Thus, the high
electivity for the WGS reaction is required over the competing
eactions of methanation as these can lower the H2 content of the
nal feed.

In our previous communications, we reported that the new class
f microemulsion prepared NM/ceria catalysts which show a com-
arable or even higher catalytic activity towards the WGS reaction
han those catalysts prepared by traditional methods [21,22]. Our
reliminary observation was that this new type of catalysts also

nhibits methane formation at elevated temperatures.
In this paper, we will present some optimization studies for

he synthesis of microemulsion prepared NM/ceria catalysts for
GS reaction and a discussion on the establishment of active inter-

ace between metal and ceria using microemulsion as compared to
hose catalysts prepared by traditional methods will be included.

. Experimental
.1. Microemulsion (sequential addition) prepared Pt/CeO2
atalysts

The typical procedure for preparing 5 wt% Pt/ceria catalysts by
he microemulsion (MEs) technique is as follows: a cationic sur-
Catalysis A: Chemical 322 (2010) 17–25

factant, cetyltrimethylammonium bromide, CTAB was added into
dry toluene with vigorous stirring. A water to surfactant ratio, W,
of 30 was employed in this synthesis. A suspension of CTAB in
toluene was formed immediately. Then, the Pt-precursor salt solu-
tion with ceria was prepared by dissolving an appropriate amount
of (NH4)2PtCl6 into the DI water. The aqueous solution of Pt-
precursor salt was then added dropwise to the suspension of CTAB
in toluene and was stirred overnight. A solution of 0.22 g of sodium
hydroxide pre-dissolved in 1.630 mL of DI water was added into
the reaction mixture and stirred for 2 h before adding a solution of
0.6060 g of cerium(III) nitrate hexahydrate. It is noted that the final
water to surfactant molar ratio of the resulting mixture was main-
tained at 30 as in the MEs method. The reaction mixture was aged
for 6 days with constant stirring. After the ageing step, the reaction
mixture was centrifuged for 20 min at 1000 rpm in order to col-
lect the product. The product was then washed with EtOH at least
four times to remove surfactants. The solution was repeatedly cen-
trifuged after each washing. The solid product obtained was dried
overnight in air. The catalysts were then pre-treated with the reac-
tant gas mixture (8% CO, 10% CO2, 1% CH4, 32.5% H2 balancing with
N2) at 400 ◦C before catalytic testing.

2.2. Co-precipitation prepared Pt/CeO2 catalyst

2 wt% Pt/ceria catalysts synthesised by the co-precipitation
method were prepared as follows. 0.1541 g of ammonium tetra-
chloroplatinate(II), (NH4)2PtCl4, was dissolved in a 100 mL aqueous
solution of 0.2 M cerium(III) nitrate hexahydrate, Ce(NO3)3·6H2O,
and sprayed into a 250 mL ammonia solution under a constant stir-
ring. The precipitate was allowed to age at room temperature with
stirring for another 2 h. Then, it was collected by centrifugation at
1000 rpm and washed twice with water and once with ethanol to
remove any remaining ammonia and reaction by-product. The solid
was dried at 60 ◦C in a vacuum oven for 2 h. Then, it was dried in a
flowing stream of nitrogen at 100 mL min−1 at a temperature ramp
of 2 ◦C min−1 from room temperature to 350 ◦C and then held for
further 5 h. After the drying procedure, it was pre-reduced with
50 mL min−1 hydrogen at programming of 2 ◦C min−1 up to 250 ◦C
and held for further 3 h.

2.3. Wet impregnation prepared Pt/CeO2 catalyst

5 wt% Pt/ceria catalysts synthesized by wet impregnation were
prepared as follows. Cerium(III) nitrate hexahydrate was cal-
cined in static air with temperature programming (25 ◦C min−1)
from room temperature to 600 ◦C and was held at 600 ◦C for a
further 10 h. Ammonium tetrachloroplatinate(II) or hexachloro-
platinate(IV) was dissolved in DI water. The Pt-precursor solution
was then wet impregnated onto the calcined ceria. The product was
dried under air with temperature programming (5 ◦C min−1) from
room temperature to 100 ◦C and was held at 100 ◦C for a further
10 h. The catalyst was then calcined in a flowing stream of nitrogen
at 30 mL min−1 with temperature programming (20 ◦C min−1) from
room temperature to 500 ◦C and was held for a further 2 h.

3. Results and discussion

First, WGS activity of a catalyst is evaluated as a percent of CO
conversion (CO fraction conversion) using 0.77% CH4, 6.15% CO,
7.68% CO2, 24.99% H2, 23.08% H2O balanced with N2. Variation
in gas hour space velocity using a linear flow rate of 90 mL min−1
over different masses of a commercial Cu/ZnO/Al2O3 supplied by
Jonhson Matthey at 300 ◦C, packed in 4 mm i.d. reactor tube with
powder packing density 1 g mL−1 was studied as compared to
calculated thermodynamic equilibrium CO/CO2 ratio (CO fraction
conversion) under the conditions. It was found that the fraction
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Table 1
Comparison of WGS and methanation activities of various catalysts.

Catalyst CO fraction
conversion/%a

CH4 production/%b

Cu/ZnO/Al2O3 55.4 0.03
Co-precipitated 2% Pt/ceria 58.6 13.6
Wet impregnated 5% Pt/ceria 53.2 1.51
MEs – 5% Pt/ceria 62.5 0.0
MEs – 5% Pt, 5% Au/ceria 70.6 0.0
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Fig. 1. A typical XRD spectrum of 5 wt% Pt/CeO2 prepared by microemulsion
method.

(particle size of 85 ± 1 nm) were also synthesized using the ME
method. Fig. 3 (TEM micrograph) shows the highly spherical Au
nanoparticle encapsulated in each silica particle with almost parti-
cle aggregation. The TEM image for Au–silica encapsulation appears
to be more convincing than for Pt–ceria due to the lack in contrast
WGS activity is expressed as a percent of CO conversion using 0.77% CH4, 6.15%
O, 7.68% CO2, 24.99% H2, 23.08% H2O balanced with N2 at GHSV of 108,000 h−1 at
00 ◦C.
b Percent of methane production with respect to the input 0.77% CH4 at 500 ◦C.

onversions showed a linear relationship with respect to the mass
f catalyst (inverse relationship with GHSV) over our equipment
ntil 735.6 mg where equilibrium value was established. Thus,
0 mg of catalyst with GHSV of 108,000 h−1 was selected where the
esting conditions was clearly in kinetic control regime. The per-
ent of methane production (a minor reaction from hydrogenation
f carbon oxides) is expressed with respect to the input 0.77% CH4.
able 1 summarizes the CO fraction conversions of WGS reaction at
00 ◦C and methane production over the various catalysts at 500 ◦C,
espectively [21]. It is noted that the commercial Cu/ZnO/Al2O3
ives good activity for WGS at comparable temperatures. However,
s stated, Cu-based catalysts tend to be pyrophoric on exposure to
ir after reduction, which were not subjected to further study. Inter-
stingly, the CO fraction conversions over the two Pt/ceria catalysts
repared by microemulsion and co-precipitation show very similar
alues for the whole temperature range. Their CO fraction conver-
ions also follow closely to the equilibrium line particularly at above
00 ◦C. However, it is noted that the co-precipitated Pt/ceria gives
significant quantity of methane production (1.01% from metha-

ation of carbon oxides on metal surface) from the gas mixture at
00 ◦C. Equally, the Pt/ceria catalyst prepared by the wet impregna-
ion shows a lower activity towards the WGS due to the low surface
rea ceria, but it yields a measurable quantity of methane. Addition
f gold to platinum in the microemulsion prepared catalyst can
lso improve the WGS activity with no methane production. These
esults suggest clearly an interesting fact that the nature of active
ites for methanation (known to take place on extended metal
nsemble surface [23]) is not the same for WGS giving the pos-
ibility of optimising metal containing catalysts for WGS without
ethane production.

.1. Morphology of Microemulsion catalyst

The typical NM/ceria catalysts prepared by microemulsion
sequential addition) were characterized by XRD analysis. No plat-
num metal diffraction was detected (metal size < 2 nm) in all these
atalysts with only ceria peaks identified in the spectra. Ceria pre-
ented in the sample was also found to be a match to the CeO2
Ce(IV)) phase (fluorite structure) in all the samples. The typi-
al XRD spectrum of 5 wt% Pt/ceria prepared by microemulsion
s shown in Fig. 1. An estimation of ceria particle size via CeO2
1 1 1) line broadening from the spectrum with taking instrumen-
al broadening into account shows the ceria particle size of about
.7 ± 0.5 nm.

Fig. 2 (TEM micrograph) shows the nearly spherical (faceted),
ighly crystalline ceria particles after calcination, (1 1 1) lattice

ringes of 3.12 Å, with each particle 4 ± 1 nm in size with a degree of

article aggregation. Thus, the average ceria size derived from both
he XRD and TEM results match with each other. This diameter also
grees well with our previous work with Pt/silica particles prepared
ith the same W ratio of 30 (which defines the size of emulsion
ater droplet) [24,25]. Under a careful examination of the TEM
Fig. 2. Transmission electron micrograph (obtained from JOEL 2010) showing
∼4 nm spherical ceria particles (3.12 Å lattice fringes corresponding to CeO2 (1 1 1)
is clearly visible) in the ME – 5 wt % Pt/ceria (inset shows the enlarged image of an
isolated nanoparticle with Pt enrichment in core area).

micrograph (Fig. 2), the core enriched with Pt (EDX and mapping)
is clearly evident inside each ceria particle (content depending on
metal precursor content added).

For comparative purpose, 50% Au core in a thick silica coating
Fig. 3. Transmission electron micrograph (obtained from JOEL 2010) showing rela-
tive large silica encapsulated Au particle (50% Au/silica) synthesized by MEs method
for comparative purpose.
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Samples (5% platinum with ceria) prepared with different ageing
times were tested towards WGS reaction. The results are shown in
Fig. 6. From this figure, it is evident that the sample with 6 days
ig. 4. A plot of CO fraction conversion vs. reaction temperature for WGS reaction
ver Pt/CeO2 catalysts with different procedure of adding precursors.

etween Ce and Pt. Also, the higher metal content in the core, the
hicker but non-crystalline silica over-layer and the propensity of
old forming spherical particle (poor wetting to support) clearly
emonstrate that the unique interface/morphology between metal
nd the encapsulated support prepared by this ME technique.

.2. Effect of sequence on adding precursor

It is believed that the procedure of adding precursors into the
icelles could be important with respect to the geometry of the

esulting catalyst. As a result, 5 wt% Pt/CeO2 was first prepared via
dding an aqueous solution of Pt metal precursor ((NH4)2PtCl6)
ollowed by adding another aqueous solution containing a ceria
recursor into the toluene stabilized microemulsion in a sequential
anner (sequential addition). Another catalyst with all the aqueous

recursors added at the same time (co-addition) was also prepared.
ll the post treatments of these two catalyst precursors were iden-

ical.
The result of their catalytic activity towards WGS reaction is

hown in Fig. 4. The figure clearly suggests that the sample prepared
y sequential addition of precursors delivers a much higher activity
62.5%) than the sample with all of the precursors added together
49.2%) at 400 ◦C. Apart from the difference in the catalytic activity
side product, methanation, was clearly observed (5.6% at 500 ◦C)

n the case of precursor co-addition while no methane production
as detected for the sample prepared by the sequential precursor

ddition.
It is interesting that exceedingly low metal dispersion values

from CO chemisorption) of 0.78% and 3.0% were obtained for the
amples prepared by sequential addition and co-addition, respec-
ively. Such a low metal dispersion value (co-precipitation prepared
% Pt/CeO2 gives 14.2% Pt metal dispersion) was unusual indicat-

ng that most metal sites as a core are totally covered by the cerium
xide (the typical core-shell geometry catalyst prepared by the ME
ethod). The slightly high metal dispersion value (3.0%) in the case

f co-addition may reflect a small degree of metal segregation from
he core-shell catalyst. This is indeed supported by the above fact
hat a small quantity of methane (catalytic methanation on CO/H2
ccessible metal surface) was produced over this catalyst.
.3. Effect of different base used

The effect of using a different base to precipitate platinum and
eria precursors in micelles was studied in this work. 5 wt% Pt/CeO2
atalysts prepared using the two different bases (sodium hydrox-
Fig. 5. A plot of CO fraction conversion vs. reaction temperature over Pt/CeO2 cata-
lysts with different base used to precipitate Pt and ceria towards WGS reaction.

ide or ammonia) were tested under the same WGS conditions. The
result is shown in Fig. 5. As seen, it is interesting to find that the CO
fraction conversions over the temperature range for both catalysts
are very different. In particular, the on-set activity of the sample
using sodium hydroxide takes off at a lower temperature (higher
activity) than that one using ammonia. Also, methane produc-
tion (indicative of metal exposure) for the sample prepared using
ammonia was nearly six times that of the sample using sodium
hydroxide as a base (30.3% vs. 5.1% at 500 ◦C). It is interesting that
from the XRD line broadening, the calculated particle size of ceria
in the sample using ammonia (5.5 ± 0.5 nm) exceeded that of the
micelle synthesized particle size (3.3 ± 0.5 nm).

It is anticipated that different bases may affect polymerization of
cerium hydroxyl species to form ceria in a reversed micelle during
the ageing process, hence affecting the geometry of metal encap-
sulation in ceria. In addition, the pH value in the reversed micelle
could determine the surface charge of ceria. One key issue for the
successful synthesis of isolated core-shell Pt–ceria nano-catalyst is
the maintenance of these particles against agglomeration, which is
related to the surface charge on the ceria. The isoelectric point (zero
point charge) of ceria is 8.1 ± 0.1 [26] which is much closer to the pH
of the ammonia than the sodium hydroxide. Thus, agglomeration of
nearly zero charged ceria particles prepared via ammonia solution
could lead to phase segregation. As a result, sodium hydroxide is
selected as the base for the microemulsion synthesis.

3.4. Effect of ageing time
Fig. 6. A plot of CO fraction conversion towards WGS reaction vs. reaction temper-
ature over Pt/CeO2 catalysts prepared with different ageing times.



C.M.Y. Yeung, S.C. Tsang / Journal of Molecular Catalysis A: Chemical 322 (2010) 17–25 21

Fig. 7. A plot of CO fraction conversion vs. reaction temperature over Pt/CeO2 cat-
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to be much more active than the other metals. Pd/CeO2 shows
some degree of activity for the WGS at elevated temperatures. How-
ever, Au/CeO2 displays no activity for the WGS reaction under the
same reaction condition used before. This is somewhat surpris-
ing since the Au on ceria prepared by traditional methods such as
lysts with or without alumina support towards WGS reaction. The contents of CO,
H4 and CO2 were monitored during the catalytic test. There was 33.0% of carbon

mbalance (compared with initial CO content in the feeds) recorded at 500 ◦C for the
ample with alumina support used.

f ageing time gives a better activity than those of 2 and 4 days.
n the other hand, there is no evidence of metal segregation from

he core-shell geometry (no methane activity for all the samples).
s a result, the beneficial effect of a long ageing time is not yet
nown. It is interesting to point out that UV–vis diffuse reflectance
etected no band gap structure of the ceria samples with the 2-
nd 4-day ageing times but interestingly, the band absorption of
eria was clearly observed with the 6-day ageing time [21]. Thus,
t is believed that longer ageing time may be required to create
eria over-layer with desirable electronic properties for the WGS
eaction.

.5. Effect of support used

The effect of adding a macroscopic support to disperse the cata-
yst nanoparticles on the overall catalytic WGS activity was studied
n this work. The result is shown in Fig. 7. Two samples containing
he same quantity of 5 wt% Pt/ceria prepared by microemulsion,
ne with and one without adding the Al2O3 support were tested for
GS reaction under the same reaction conditions as used before.

rom this figure, it is indeed found that the sample with a disper-
ion of nanoparticles on an alumina support gives a slightly high
ctivity at comparable temperatures (clearly different at 300 ◦C).
owever, at above 400 ◦C the alumina supported samples showed
eviation of their CO fraction conversions from equilibrium. It is
ell known that carbon deposition can take place on alumina from

he WGS mixture over this temperature regime, and indeed, white
owdered of the supported catalyst turned grey in color after the
atalysis. As a result, both the beneficial and adverse effects on
dding a macroscopic support material to the nano-catalysts can
e clearly observed.

.6. Effect of metal pre-reduction

It is established earlier that the sequential addition of a water-
oluble Pt precursor followed by a ceria precursor into the reversed
icelles during ME catalyst synthesis gives the best catalytic per-

ormance. This work was to investigate whether the pre-reduction

f the platinum precursor in micelle using hydrazine hydrate before
he application of the ceria precursor is important or not. As a
esult, two samples were tested in this experiment. One sample was
re-reduced using hydrazine hydrate before the ceria jacket forma-
ion, and the other one was prepared without the pre-reduction. In
Fig. 8. A plot of CO fraction conversion vs. reaction temperature over 5 wt% Pt/CeO2

catalysts with and without hydrazine hydrate treatment towards WGS reaction.

Fig. 8, it can be clearly seen that the material without the hydrazine
hydrate treatment shows a higher activity towards the WGS reac-
tion giving a lower onset temperature for CO conversion. Also, it is
found that there was a mass imbalance during the catalysis in the
case of sample with hydrazine hydrate treatment. Thus, it suggests
that carbon deposition took place in this sample.

From the XRD analysis (Fig. 1) no platinum metal was detected
from the sample without the hydrazine hydrate treatment indica-
tive of Pt size smaller than 2 nm. However, the platinum metal
peak was clearly identified from the sample with hydrazine hydrate
treatment. The size of the platinum metal is estimated to be 10.8 nm
by Scherrer equation, which is far larger than the micelle can
accommodate for the given W ratio. It is therefore clear that the
pre-reduction step by the hydrazine hydrate treatment will induce
breakdown of the micelles causing metal agglomeration (formation
of methane is also detected).

3.7. Effect of single metal doper

Different noble metals (Pt, Au and Pd) at the same 5 wt% load-
ing were tested for the WGS reaction and the results are shown in
Fig. 9. The figure clearly shows that Pt as the metal core appears
Fig. 9. A plot of CO fraction conversion vs. reaction temperature over ceria catalysts
with different noble metals of same metal loading (5 wt%).
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ig. 10. A plot of CO fraction conversion vs. reaction temperature over two metal
opers with weight by percentage of metal doper used shown in the legend.

o-precipitation is well known to give good WGS activity, particu-
arly at the lower temperature regime (150–300 ◦C) [27,10]. The Au
anoparticle encapsulated in silica shown in Fig. 3 also showed no
ctivity. This suggests that Au on ceria interface may catalyse WGS
eaction under different mechanism as Au ion on ceria surface has
een postulated to be the active phase [1]. The total encapsula-
ion of Au by ceria may not be able to provide active sites for the
atalysis.

.8. Effect of two metal dopers (co-doping)

For a single metal core Pt appears to give the highest WGS activ-
ty. It would be interesting to see whether adding more than one

etal in the micelle core could further improve the WGS activity.
s a result, two aqueous metal precursors were added simultane-
usly into the reversed micelles, followed by adding NaOH and then
eria precursor. The catalytic results are summarised and shown in
ig. 10. From this figure, platinum–gold shows the best catalytic
erformance towards WGS reaction amongst all of the two metal
opers tested. Comparing to the data of MEs 5% Pt/ceria shown in
he previous figure (Table 1), a higher WGS activity than the sin-
le Pt metal was also achieved (70.6% vs. 62.5% CO conversion at
00 ◦C). It is noteworthy that the activity of this Pt–Au catalyst dif-
ered significantly from the other Au-containing catalysts where
d–Au catalyst showed a much lower activity, and the Cu–Au and
ure Au metal catalysts were totally inactive (Fig. 10). For gold
atalysts, it has been reported that their catalytic activity is very
ensitive to their preparation method [28,29] depending on the
hoice of support and the architecture of the metal–support inter-
ction. Even the temperature, pH, stirrer speed, feed flow rate, time
f ageing, thermal treatment [30], etc., can exert strong influences

n the structure hence the catalytic properties of the catalysts. Per-
aps, the microemulsion method used in this work may not be a
uitable method to prepare gold-based catalysts for the WGS reac-
ion (unsure if the total encapsulation of gold metal in ceria is the
ight architecture of metal–support interaction). On the other hand,

Scheme 1. Envisaged geometry of PtAu/CeO2 catalysts synthesized by our micro
Fig. 11. A plot of CO fraction conversion vs. reaction temperature over PtAu/CeO2

catalysts prepared by our microemulsion technique with different sequences of
adding Au and Pt precursors.

the Pt–Au core appears to be very unusual showing the highest WGS
activity, which was therefore further optimized.

3.9. Effect of adding Pt and Au precursors in a sequential manner

Scheme 1 shows the envisaged geometry of a Pt–Au/ceria cata-
lyst prepared using different procedures. One trial was to prepare
the material via co-adding gold–platinum aqueous precursors, then
adding the base to create a precipitate in the reversed micelle. The
second trial involved adding platinum precursor, then the base fol-
lowed by gold precursor and the third one, the gold precursor then
the base followed by the platinum precursor. The last step of adding
ceria precursor was identical for all the three materials.

As shown in Fig. 11, the catalyst synthesized via co-adding Pt–Au
precursors into the reversed micelles gives a higher catalytic activ-
ity towards WGS reaction than the other two catalysts. It is believed
that the formation of a Pt–Au alloy, which exerts the desirable elec-
tronic effect on the ceria over-layer for the WGS, might be involved
[21]. However, it is rather difficult to prove the alloy formation at
such small dimensions (no metal peaks from XRD). In addition,
whether the formation of a truly homogeneous alloy at this 1:1
composition has occurred in the core of the nanoparticle is also
uncertain, although thermodynamically the solubility of Au in Pt
(and vice versa) is low. (Au is only soluble in Pt in the range of 1–2%
and 86–100% of Au wt% compared to Pt [31].)

3.10. Effect of different ratio of Pt to Au metals loading in metal
core

Following the same order of firstly adding Pt and Au precur-
sors, secondly base and then ceria precursor, different molar ratios

of Pt and Au were tested. Their catalytic activities are reported in
Fig. 12. As seen from the figure, those samples with 5 wt% Pt loading
appeared to be more active than that of 1 wt% Pt loading. As shown
previously, 5 wt% Pt (as a single doper) displays a superior activity
than 1 wt% Pt or Au alone which are not active at all over the whole

emulsion technique with different sequences of adding metal precursors.
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ceria rather than to their oxygen mobility and OSC properties. In
addition, the band gap (from the absorption edge of O2p–Ce4f) of the
n-type semiconducting ceria was estimated using UV–vis diffuse
reflectance measurement over this series of ceria-based catalysts.
From the diffuse UV reflectance, red shifts in the order of doper, La,
ig. 12. A plot of CO fraction conversion vs. reaction temperature over PtAu/CeO2

atalysts prepared by microemulsion technique with different Pt and Au loadings.
he legends show the weight percent of Pt and Au metals in the catalysts.

eaction temperature range tested [21,22]. Thus, the detection of
ome activity at elevated temperatures over the 1 wt% Pt–1 wt% Au
nd 1 wt% Pt–5% Au (Fig. 12) clearly suggest the beneficial effect of
sing two metals in the core. It is noted that there is a very similar
tomic radius of Pt and Au of 1.83 and 1.79 Å, respectively; it is dif-
cult to envisage that such a beneficial catalytic effect is related to
heir relative sizes. On the other hand, Pt and Au differ from each
ther by one atomic number so their electronic effect on WGS could
e significant.

.11. Different doper on ceria jacket (PtAu/Ce0.9M0.1O2)

Oxygen storage capacity (OSC) and oxygen mobility of ceria are
ound to be crucial fundamental properties to its catalytic perfor-

ance over a number of catalytic reactions [32–36]. It has been
eported in the literature [37,38] that doping a rare earth metal
xide such as lanthanum oxide, yttrium oxide, gadolinium oxide,
amarium oxide, praseodymium oxide, and zirconium oxide into
eria would improve the oxygen storage capacity (OSC) or oxygen
obility of the modified ceria. In addition, incorporation of zirco-

ia to ceria has been reported to improve the thermal stability of
he ceria against sintering [39,40]. As a result, different composi-
ions of ceria over-layers on platinum–gold cores were prepared by
he microemulsion technique and their catalytic activities are sum-

arised in Fig. 13. The doping (lanthanum oxide, yttria, gadolinia,
irconia) was kept at 10 mol% with respect to the ceria content. Plat-
num and gold metal loadings were both kept at 5 wt%. From the
ctivity evaluation, it was found that no improvement in activity
as encountered despite the different oxide dopers incorporated.

or catalysts with lanthanum oxide, yttrium oxide or gadolinium
xide as the doper, the catalytic activities towards WGS reaction
ere indeed less active compared to the pure ceria.

In contrast, the TPR data (Fig. 14 and Table 2) apparently sug-
ested the doper improved the reducibility of catalysts. As noted
rom Fig. 14 there are mainly two reduction peaks associated with
ll ceria-based samples in their TPR spectra. Typically, for the pure
eria samples the two reduction peaks take place at around 450
nd 850 ◦C (10 ◦C min−1 ramping, 30 mL min−1 flow of diluted H2)

hich are attributed to the reductions of surface and bulk oxygen of

eria, respectively [7,41–45]. Fig. 14 and Table 2 clearly show that
ncorporation of the foreign oxide doper(s) into ceria can facilitate
he reduction of surface oxygen of ceria at lower temperatures but
he reduction of bulk oxygen in ceria seems unaltered. No correla-
Fig. 13. A plot of CO fraction conversion vs. reaction temperature over 5 wt% Pt,
5 wt% Au with different composition of oxide over-layer. The oxide doper was kept
at 10 mol% level on ceria in each case.

tion was found between the facilitated surface oxygen reductions
by doper with the measured WGS activity.

It is known that pure CeO2 has a fluorite structure with each Ce4+

cation octahedrally coordinated to eight equivalent O2− ions and
each O2− anion tetrahedrally coordinated to four Ce4+ ions. Doping
of rare earth metal oxide to ceria should result to replace Ce centres
with the doping metal ion in a random solid solution [38,46–48].
Depending on the size of the doping metal ion, a degree of structural
perturbation to the lattice of ceria can result. The sizes of yittrium
(Y3+, 1.02 Å) and gadolinium (Gd3+, 1.05 Å) are comparable to the
size cerium ions (Ce4+, 0.97 Å) [49] which are expected to induce
the lesser structural perturbation to the ceria lattice. It is interesting
that these two metal oxide dopers gave a slightly lower catalytic
activity towards WGS reaction as compared to undoped ceria. It is
therefore concluded that the overall catalytic WGS activity of these
NM/ceria-based catalysts could relate to the structural aspects of
Fig. 14. H2-TPR profiles of 5 wt% Pt, 5 wt% Au/Ce0.9Ln0.1O2 catalysts promoted with
a different lanthanium metal oxide (measured by gravimetric means).
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Table 2
H2-TPR results for 5 wt% Pt, 5 wt% Au/Ce0.9Ln0.1O2 catalysts promoted with a different lanthanium metal oxide.

Doper First peak max (◦C) Second peak max (◦C) Third peak max (◦C) Fourth peak max (◦C)

None 177 408
Lanthanum oxide 124 254
Yttrium oxide 91
Gadolinium oxide 98
Zirconium oxide 143 303

Table 3
UV–vis diffuse reflectance measurements for 5 wt% Pt, 5 wt% Au/Ce0.9Ln0.1O2 cata-
lysts promoted with a different lanthanium oxide.

Doper Band transition energy/eV Difference/eVa

None 3.3374 –
Lanthanum oxide 3.3077 0.0297
Yttrium oxide 3.2906 0.0468
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Gadolinium oxide 3.2596 0.0778
Zirconium oxide 3.2475 0.0899

a Difference in band transition energy compared to the 5 wt% Pt, 5 wt% Au/CeO2.

, Gd and Zr were observed. These distortions of the band structure
re thought to relate to the structural modifications as mentioned
bove where La and Y did not induce much red shift in the absorp-
ion edge of O2p–Ce4f. Interestingly, the WGS activity evaluation of
his series followed inversely the order of the red shift at 400 ◦C
Fig. 13).

Our earlier communication suggests that a possible electron
ransfer mechanism may take place at the interface between ceria
nd metal (with a higher work function) in facilitating the redox
roperties of the ceria [21]. As a result, a progressive enlargement
n band gap of O2p–Ce4f by metal doper will give a higher WGS
ctivity. As seen from Table 3, doping lanthanium oxide, in the
ontrary, decreases this band gap giving lower WGS activity hence
his trend agrees very well with the proposed electronic transfer

echanism.

. Conclusion

The main research activity in searching new WGS catalysts in
his area in the literature has been on applying the WGS reaction to
roduce hydrogen for mobile fuel cells applications, especially for
utomobile industry. As a result, the interested temperature should
e as close as the fuel cells operation temperatures (80–100 ◦C)
or efficient heat management. But this interest has been greatly
ttenuated due to the fact that most car companies have opted
or hydrogen storage (hydrogen production from factory) to supply
uel cells vehicles. As stated in the introduction, we were not only
nterested in mobile applications but also stationary applications
or hydrogen production at small scale for chemical synthesis. Thus
ur interested temperature range was from 80 to 450 ◦C. Our indus-
rial partner laboratory (JM) has shown that the Pt/CeOx samples
f different composition in the temperature regime of 300–450 ◦C
an outperform typical low temperature WGS Cu/ZnO catalysts in
erm of activity (also shown in Table 1). From the catalytic test-
ng, the new class of microemulsion prepared NM/ceria catalysts
articularly shows even higher catalytic activity towards WGS reac-
ion than those Pt/CeOx catalysts prepared by traditional methods
nder the high temperature regime (Table 1). This type of catalyst
lso displays some unusual but unique properties such as the inhi-
ition of methane formation where the production of methane is
hermodynamically favorable in the presence of carbon oxides and

ydrogen at elevated temperatures. Thus, this new type of catalysts
eems to be more appropriate for the high temperature stationary
pplications rather than the low temperature mobile applications
here their catalytic activity appears to be insufficient at <300 ◦C.

t is therefore justified to further investigate some synthesis details
413
401
409
418 453

of this new method as for the development of new WGS catalysts
for the high temperature stationary applications.

We have recently carried out an extensive study on test-
ing, characterization and reaction mechanism elucidation of these
new microemulsion prepared NM/ceria catalysts [50]. The results
clearly suggest that small metal atoms/ions are embedded in a thin
ceria oxide coat of controllable dimension in the microemulsion
catalysts. By eliminating the exposed metal sites on ceria, this new
type of catalysts is still capable of giving a high WGS activity. As
stated in this study, Pt dispersion of the microemulsion Pt/ceria
was extremely lower than that of the catalyst prepared by co-
precipitation, but it exhibited superior WGS activity than that of
the co-precipitation catalyst. We have attributed to the electronic
effect exerted from enclosed metal to the surrounding high surface
area cerium oxide which provides exclusively all active sites for
WGS [50]. In the WGS reaction, there is no agreement on the nature
of the active site over conventional Pt on ceria catalysts, the con-
clusions of which could depend on particular reaction conditions
used. For example, Gorte [51] propose exposed NM sites on the sur-
face of ceria to be crucial to shift activity, Flytzani-Stephanopoulos
[1] attributes to the ionic Pt in ceria and ceria sites promoted by
metal has also been proposed. Although it should be emphasised
that the relative significance of this kind of observed catalysis over
ceria encapsulated metal samples compared to those of traditional
exposed metal–ceria interface is not yet known, but the unusual
metal–metal oxide encapsulation geometry in this new class of
microemulsion catalysts has clearly shown to display superior cat-
alytic properties over the current catalyst systems (higher activity
and unselective to methane formation at elevated temperature) for
WGS.

Empirical optimizations of this type of catalyst in a number of
synthetic parameters have therefore been studied systematically
with respect to their overall catalyst WGS activity in this paper.
It is found that the sequence of adding chemical precursors into
the micelle is very important with regards to the geometry of the
resulting material and hence the activity of the catalyst. The initial
establishment of precipitation of water-soluble noble metal pre-
cursors in micelles followed by polymerization of cerium hydroxyl
precursors can give an active catalyst precursor. Amongst some
typical noble metals (Pt, Pd, Au, Cu), Pt is found to be the most
effective metal as the core in these core-shell NM/ceria catalysts.
On the other hand, an Au metal core encapsulated in ceria is found
to be totally inactive for the WGS reaction, which appears to con-
tradict the claim of exceptionally high activity of Au/ceria in the
literature [27,10]. This may reflect that the core-shell architecture
of the Au/ceria prepared by our microemlusion method is not the
appropriate morphology for WGS in the case of Au–ceria system.
On the other hand, a bimetallic core of Pt and Au in a 1:1 ratio at
5 wt% with respect to the ceria shell is found to show the highest
WGS activity. Although there is no direct evidence of alloy forma-
tion (Pt–Au) a highest band transition shift by this bimetallic core
to the ceria is noted [21].
Doping of rare earth metal oxide to the ceria coating in the
platinum–gold encapsulated does not result in a higher WGS activ-
ity, though the promotion by this foreign oxide (rare earth metal
oxide) can significantly improve the reducibility of surface oxygen
on ceria at much lower temperatures. On the other hand, the order
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f the WGS activity over these doped materials follows inversely
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ents. These distortions to the electronic band structure of ceria are
hought to relate to the structural modifications by rare earth oxide
romotion. It is therefore concluded that the overall catalytic WGS
ctivity of these NM/ceria-based catalysts could relate to the struc-
ural/electronic aspects of ceria instead of their oxygen mobility
nd OSC properties in this new type of catalysts.
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