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Active Nonmetallic Au and Pt
Species on Ceria-Based
Water-Gas Shift Catalysts

Qi Fu, Howard Saltsburg, Maria Flytzani-Stephanopoulos*

Traditional analysis of reactions catalyzed by supported metals involves the
structure of the metallic particles. However, we report here that for the class
of nanostructured gold— or platinum—cerium oxide catalysts, which are active
for the water-gas shift reaction, metal nanoparticles do not participate in the
reaction. Nonmetallic gold or platinum species strongly associated with surface
cerium-oxygen groups are responsible for the activity.

The heterogeneously catalyzed water-gas-shift
(WGS) reaction (CO + H,0 < CO, + H,) is
a key step in fuel processing to generate H,.
Such heterogeneous catalysts should combine
both high activity and structural stability in air
and in cyclic operation; these are stringent re-
quirements not met by the commercially avail-
able low-temperature WGS catalysts. A new
class of WGS catalysts based on cerium oxide
(ceria) has been investigated extensively in re-
cent years (/—6). To provide low-temperature
WGS activity, Pt-group metals (PM), Au, or Cu
are suitably added in amounts that vary from ~1
to 10 weight percent (wt %). A critical problem
with Pt-ceria catalysts is their prohibitive eco-
nomics (3), due to the cost of Pt, even if their
issues of deactivation with time-on-stream are
resolved. However, ceria containing only trace
amounts of Pt would be economical. Similarly
attractive would be ceria containing base metals
or oxides. We have reported recently that an
excellent shift catalyst results from supporting
Au or Cu on nanocrystalline ceria (4-6). This
type of catalyst, if properly developed, would of
course be much more economical, i.e., practical
for large-scale fuel cell application. We show
here that low loadings of metal can be as effec-
tive as much higher loadings.

The PM-ceria catalysts have received con-
siderable attention because of their use in the
automobile catalytic converter (7, 8). It is wide-
ly accepted that the oxygen in ceria plays an
important role in the reaction pathway (/, 4, 9).
However, identification of the active sites for
low-temperature CO oxidation, the WGS reac-
tion, and other oxidation reactions on PM-ceria
catalysts remains an issue of contention. In
most reports, the active sites are placed at the
metal-ceria interface (/, 9), whereas in others Pt
ions dispersed on the surface of ceria are as-
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sumed to be active (/0). Encapsulation of Pt by
reduced ceria nanoparticles has also been pro-
posed (11).

In the work reported here, all catalyst
components were nanocrystalline. Nanocrys-
talline ceria can be prepared by various tech-
niques (2, 4). Ceria particles with diameters
of less than 10 nm have markedly higher
electronic conductivity over that of centered
ceria (/2), and doping with a rare earth oxide,
such as La,0j;, can be used to create oxygen
vacancies and to stabilize ceria particles
against sintering (/3). We prepared such
nanosized La-doped ceria and deposited Au
or Pt on it. After thermal annealing, these
materials had excellent and as-yet-unex-
plained properties for the low-temperature
WGS reaction. Au or Pt exists as nanosized
particles and in ionic state in these catalysts.
The catalytic activity was not affected by the
removal of metallic Au or Pt particles by
cyanide leaching. Thus, metallic nanopar-
ticles are not necessary for the activity; they
are mere spectators in the WGS reaction.
Nonmetallic Au or Pt species embedded in
ceria catalyze the reaction of CO with H,O.

We prepared most of the Au-ceria catalysts
by the same technique; ceria (doped with 10
atom % La) was synthesized by urea gelation/
coprecipitation (UGC) (4) and then calcined in
air at 400°C for 10 hours. This treatment pro-
duced ceria with a mean particle size of ~5 nm
(5), with a surface area of ~150 m?/g. Au was
then applied onto ceria by deposition-precipita-
tion (DP) (5) at room temperature, through
dropwise addition of HAuCl, into a suspension
of the ceria particles in an aqueous solution of
(NH,),CO; at a constant pH (~38). After several
washes and drying, the Au-ceria particles were
calcined in air at 400°C for 10 hours. Most of
the Au thus prepared was in the form of metal
nanoparticles with an average size of ~5 nm (3,
6). The deposition step had a negligible effect
on the total surface area of ceria. For compari-
son, we prepared a Au-ceria sample by a single
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coprecipitation (CP) step. This involved mixing
an aqueous solution of HAuCl,, Ce(NO,),, and
La(NO,); with (NH,),CO; at 60° to 70°C,
keeping it at a constant pH (~8), and aging the
precipitate at the same temperature for 1 hour.
Leaching of gold took place in an aqueous
solution of 2% NaCN at room temperature.
Sodium hydroxide was added to keep the pH at
~12. [This same process is used to extract gold
during gold mining (/4).] No Ce or La was
found in the leachate. The leached samples were
washed, dried (at 120°C for 10 hours), and
heated in air (at 400°C for 2 hours). More than
90% of the Au loading was removed from the
ceria by this leaching procedure. Scanning trans-
mission electron microscopy and energy-
dispersive x-ray spectroscopy showed no Au
particles remaining, only what appeared to be
very fine clusters or atomically dispersed Au.
X-ray photoelectron spectroscopy (XPS) identi-
fied ionic Au as the major or only Au species
present in the leached materials (Fig. 3A).

A similar procedure was used to remove
excess Pt from the ceria surface. First, Pt-ceria
was prepared by incipient wetness impregnation
(IMP). La-doped ceria (CL) powders were pre-
pared by UGC as described above. They were
then impregnated with an aqueous solution of
H,PtCl, of appropriate concentration, the vol-
ume of which equaled the total pore volume of
ceria. After impregnation, the samples were de-
gassed and dried at room temperature under
vacuum. After drying in a vacuum oven at
110°C for 10 hours, the samples were crushed
and calcined in air at 400°C for 10 hours. Cal-
cined Pt-ceria samples were leached by the
same procedure as the Au catalysts; the leached
sample is denoted as Pt-CL(IMP, NaCN1). To
further reduce the amount of Pt, Pt-CL(IMP,
NaCN1) was leached in a 2% NaCN solution at
80°C for 12 hours. The corresponding sample is
denoted as Pt-CL(IMP, NaCN2). The properties
of the thus-prepared Au- and Pt-ceria samples
are presented in Table 1.

Arrhenius-type plots of the WGS reaction
rate measured over the as-prepared Au-ceria
catalysts and the Au-free ceria (CL) are
shown in Fig. 1. The reacting gas mixture
simulates a reformate gas composition: 11%
CO, 7% CO,, 26% H,, and 26% H,0, in an
inert gas carrier. Activation of catalysts was
not necessary (/5). Similar rates of CO, pro-
duction (per square meter of catalyst surface
area) were measured over the parent [4.4
(CP), 4.7 (DP), or 2.8 (DP) atom % Au] and
the corresponding leached (0.7, 0.44, or 0.23
atom % Au) ceria catalysts. The apparent
activation energy (£,) for the reaction was the
same for parent and leached catalysts: 47.8 =+
1.5 kJ/mol for the DP samples and 36.8 = 0.9
kJ/mol for the CP samples. The rate over the
nanosized CL sample was much lower than
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Table 1. Physical properties of ceria-based catalysts. All samples were calcined at 400°C; CL is Ce(10 atom % La)O,, calcined at 400°C, for 10 hours. Numbers
in sample names represent atom %. NM, not measured; ND, not detectable; NA, not applicable.

Surface metal

Bulk composition (atom %)+

Particle sizei (nm)

Sample Surface content* CeO
area (m?/g) (atom %) Metal Ce La Metal 2
Au or Pt (Au or Pt) (Au or Pt) <111> <220>
4.7 Au-CL (DP) 156.1 1.60 4.71 87.88 7.41 5.0 5.2 4.9
0.4 Au-CL (DP) (NaCN) 157.9 0.61 0.44 91.24 8.32 ND 5.2 4.9
2.8 Au-CL (DP 159.2 1.58 2.81 89.16 8.03 4.7 5.0 4.9
0.2 Au-CL (DP) (NaCN) 162.2 0.43 0.23 93.10 6.67 ND 5.0 4.9
3.4 Au-CeO,§ (DP) 259 NM 3.36 96.64 0 4.0 21.1 20.3
0.001 Au-CeO, (DP)§ (NaCN) 28.0 NM ~0.001 ~99.999 0 ND 21.0 20.4
CL (UGQ) 156.9 NA 0 92.62 7.38 NA 5.1 4.8
4.4 Au-CL (CP) 47.8 3.29 4.35 88.00 7.65 12.9 7.2 6.3
0.7 Au-CL (CP) (NaCN) 47.5 0.24 0.67 91.52 7.82 ND 7.0 6.0
3.7 Pt-CL (IMP) 129.8 1.63 3.67 88.83 7.50 2.5|| 6.2 6.1
2.7 Pt-CL (IMP, NaCN1) 147.5 1.79 2.70 89.78 7.52 ND 6.2 6.1
1.5 Pt-CL (IMP, NaCN2) 103.2 0.82 1.50 90.86 7.64 ND 6.2 6.1
*Surface metal content was determined by XPS. FBulk composition was determined by ICP. Particle size was determined by XRD with the Scherrer equation. §CeO, was
calcined at 800°C. |[Particle size was determined by HRTEM.
the Au-containing CL over the temperature  Fig. 1. WGS rates measured in a refor- T(°C)
range of interest, with an £, of 83 kJ/mol. nlate-type gas compoosed of 11% CO, e . - =
Fig. 1 also shows the rate measured over a 7% CO,, 26% H, 26% H,0, and bal-
. . ance He [see Table 1 for sample prop-
commercial Cu-ZnO-ALO, (United Cata-  orias (75) for details]. Solid squares, <
lysts Inc., G-66A) low-temperature WGS cat- 44 atom % AuCe(La)O, (CP); open & o,
alyst, which contains 42 wt % Cu. Although  squares, 0.7 atom % AuCe(La)O, (CP, £
the rate was greater over this catalyst, its use  leached); solid triangles, 4.7 atom % S
in fuel cell applications is highly unlikely ~AuCe(la)O, (DP); open triangles, 0.44 =
because of its air sensitivity and its narrow oM % AuCe(La)O, (DP, leached); solid S oy
. . circles, 2.8 atom % AuCe(La)O, (DP); £
operating Femperatyre wmdow. Moreover, a open circles, 0.23 atom % AuCe(La)O, ~
careful activation in H, is required for Cw/  (Dp, leached); asterisks, Ce(La)O,; dia-
ZnO catalysts. However, ceria-based WGS ~ monds, G-66A (42 wt % CuO, 47 wt % 0.001
catalysts require no activation and are not  ZnO, 10 wt % Al,O,, surface area 49 145 155 165 175 185 195 205 215 228
m?/g). T(1/K), temperature in Kelvin. 1000/T(1/K)

air-sensitive.

The reaction pathway on the Au-ceria cata-
lysts was different from that on Au-free ceria
(Fig. 1). Also, only the Au species present on
the leached catalyst must be associated with the
active sites, because the extra Au present in the
parent material did not increase the rate; nor did
it change the E, for the reaction. If we assume
complete dispersion of Au in the leached cata-
lysts, we can calculate the turnover frequency
(TOF) from the data in Fig. 1. For example, at
300°C, the TOF is 0.65 molecules of CO, per
Au atom per second.

In kinetic studies with the Pt-ceria cata-
lysts (16) (fig. S1), the E, over the parent (3.7
atom % Pt) and the leached Pt-ceria (2.7 or
1.5 atom % Pt) was the same, 74.8 £ 0.6
kJ/mol. The WGS rate over these samples
was similar. The isokinetic temperature for
the Pt- and Au-ceria (DP) samples is 250°C.
Transient light-off curves for the WGS reac-
tion over the Pt-ceria catalysts (Fig. 2) were
collected in temperature-programmed reac-
tion mode. These profiles were reproduced
after samples were cooled down from the
high end-point temperature and the transient
test was repeated. The light-off temperature
was lowest for the catalyst that contained the
lowest amount of Pt (by leaching). Thus, the
removed Pt was not important for the reac-
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Fig. 2. Temperature-programmed reaction
of as-prepared and leached Pt-ceria cata-
lysts in a 2% CO-3% H,O-He gas (see
Table 1 for sample properties).
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tion, and the leaching process must have in-
creased the number of active sites.

The oxidation states of Au and Pt in both
the parent and leached ceria samples were
checked by XPS (Fig. 3). The common fea-
tures in both systems were (i) the existence of
ionic states (Au™""3 and Pt">"%) both be-
fore and after leaching, and (ii) the complete
removal of metallic Au or Pt nanoparticles
after the leaching step. No Ce or La loss took
place during the leaching step, as verified by
inductively coupled plasma (ICP) analysis of
the leachate solutions. The absence of Au or
Pt particles on the leached ceria samples was

400

also confirmed by high-resolution transmis-
sion electron microscopy (HRTEM). The in-
tensities shown in Fig. 3A cannot be used to
compare the amounts of Au between parent
and leached samples. In fact, the surface met-
al content of the parent DP and CP samples
was grossly underestimated (Table 1), be-
cause average metal particle sizes greatly ex-
ceeded the electron escape depth. The agree-
ment is better for the leached Au-ceria sam-
ples. Finally, all Pt-ceria samples show much
less Pt on the surface than expected on the
basis of the ICP analysis and the surface area
of each sample. In both Au- and Pt-ceria,

SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on September 11, 2007


http://www.sciencemag.org

Fig. 3. X-ray photoelec-
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Fig. 4. CO-TPR profiles of as-
prepared and leached Au-CL (DP)
and CL samples; 10 mole % CO
in He, 50 cm® per min [see Table
1 for sample properties, (24) for
details].

diffusion of Au or Pt ions into subsurface

layers of ceria is plausible.

The 4.4 atom % Au-CL catalyst prepared
by CP shows Au® binding energies at 83.8
and 87.4 eV; this sample contains metallic
Au particles with a mean size of 12.2 nm
(Table 1). Leaching removed all metallic
gold (Fig. 3A) for the 0.7 atom % Au-CL
sample. Both Au*! and Au*? were present in
the leached sample. The 4.7 atom % Au-CL
catalyst prepared by DP shows Au® lines as
well as ionic Au. The corresponding leached
material shows ionic Au binding energies, as
well as a positively shifted (by ~0.1 eV)
binding energy of Au®. This shift is within
the experimental error of the analysis. Decon-
volution of the spectra shows that the zerova-
lent species amount to only 14% of the total
Au present in the leached 0.44 atom % Au-

CL sample (Fig. 3A) (17-19).

It may be argued that the oxidic Au ob-
served in our samples is due to the preparation
conditions (air calcination at 400°C), and that
during reaction under net reducing conditions,
zerovalent Au would dominate. This possibility
would require further studies. An important
observation, however, is that the used catalyst,
after more than 20 hours at reaction condi-
tions, cannot be further leached; i.e., even if Au
changes oxidation state during reaction, it does
not migrate to form metallic particles. XPS
analysis of Au-ceria catalysts after 15 hours of
use in the reaction gas mixture in Fig. 1 showed

93

CO, (%)

91 89 87 85 8 .
Binding energy (eV)

84

82

T T T
400 500 600 700 800

Temperature (°C)

200 300

900

T

predominance of ionic Au (/6) (fig. S2). The

Au-O-Ce structures are stable under the condi-

ed with ceria have been reported (/0).

tions in this work. Similar arguments can be
made for the Pt-ceria catalysts. For this type of
material, surface Pt-O phases strongly associat-

The use of dry CO in temperature-pro-
grammed reduction (TPR) (CO-TPR) identi-
fied oxygen species of importance to the
low-temperature WGS reaction on the parent
and leached catalysts. Various types of oxy-
gen have been identified on ceria (20, 21),
ranging from weakly bound adsorbed oxygen
to surface capping oxygen to lattice oxygen,
depending on the operating temperature. A
synergistic redox model for metal-CeO, has
been proposed, in which the metal particle
participates by providing adsorption sites for
CO (I, 4, 22, 23), while ceria supplies the

required oxygen. This simple model does not

provide atomic-level

the metal-containing samples.

www.sciencemag.org SCIENCE VOL 301

understanding and
mechanistic resolution of several key ques-
tions; most importantly, it assigns the CO
adsorption sites on metal particles. However,
as Figs. 1 and 2 show, the WGS activity of
metal-free (leached) ceria is similar to that of

CO-TPR (24) results from fully oxidized
parent and leached Au-ceria (DP) samples
and from the CL material are shown in Fig. 4.
The first CO, peak produced on the parent
Au-ceria sample is absent in the leached sam-
ple and in the Au-free, CL material. This

80 78 76 74 72 70 68
Binding energy (eV)

peak is thus assigned to oxygen adsorbed on
metallic Au nanoparticles, which are present
only on the parent 4.7 atom % Au-CL sam-
ple. The high-temperature oxygen species,
O,, is of similar reducibility in all three
samples. Thus, the presence of Au did not
affect the bulk (lattice) oxygen of ceria.
However, the reducibility of the surface
oxygen species of ceria, O, and O,, was
greatly increased for both Au-containing
samples (Fig. 4). This result correlates well
with the markedly higher WGS activity of
the Au-CL catalyst compared to that of the
CL material shown in Fig. 1.

The appearance of H, along with CO,
elution during CO-TPR is attributed to sur-
face hydroxyls that remain in ceria even after
the oxidation pretreatment step in a dry O,/
He mixture at 350°C (2). Indeed, when we
repeated the CO-TPR after reoxidation at
400°C, very little H, was produced, and by
the fourth cycle, only trace amounts of H,
evolved. The amount of CO, eluted in all
cycles was the same, and its production began
and peaked at the same temperatures as those
shown for the first cycle in Fig. 4. A higher
amount of CO, was eluted from the leached
catalyst (Fig. 4, the area under the O_, peak).
This difference may be due to unmasking of
sites after the metallic particles that cover
them are leached away.

How do Au ions or adatoms interact with
ceria to weaken both its O, and O, surface
oxygens? A distribution of electronic charges
between atomic Au or a small cluster of Au
atoms and ceria could weaken the Ce-O bond.
Evidence from H,-TPR and separate pulse re-
actor experiments with CO in our lab (6) strong-
ly suggests that Au increases the amount of
surface oxygen in ceria. This increase can occur
through partial lattice filling of vacant Ce sites
with Au®*, which would create additional oxy-
gen vacancies on the surface of the Ce**-O,
fluorite-type oxide.

The identification of Au ions (Fig. 3A),
along with the increased amount of surface
oxygen in the leached sample (Fig. 4), argues in
favor of lattice substitution. Diffusion of Au
ions into ceria must take place during the heat-
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ing step in the preparation process, because
attempts to leach the Au immediately after dep-
osition and before heating failed to produce an
active catalyst. The minimum metal loading
required for a desired WGS activity may be
determined from the ceria surface properties.
Assuming uniform, monolayer, dimensioned
metal surface coverage on the CL material
[Ce(10 atom % La)O_, 160 m?/g], we calculat-
ed the coverage to be 13.5 atom % Au or 15.5
atom % Pt, with the Au or Pt radius equal to
0.174 nm and 0.139 nm, respectively. Only a
small fraction of a monolayer of Au or Pt was
present on the leached catalysts (Table 1 and
Figs. 1 and 2), but this amount correlates well
with the concentration of surface oxygen defect
sites of ceria (25-27).

The importance of the surface defects of
ceria as the anchoring sites of Au, and in turn as
the active sites for the WGS reaction, can be
seen in ceria samples annealed at high temper-
atures, which effectively reduces the number
density of these sites. The reaction rate mea-
sured over 3.4 atom % Au-CeO, (calcined at
800°C for 4 hours) (Table 1) was very low, but
the apparent activation energy was the same as
for the other Au-ceria (DP) materials shown in
Fig. 1. Removal of Au from this sample by
leaching was essentially complete (Table 1)
and the leached sample was inactive for the
WGS reaction up to 400°C.

Au nanoparticles are essential for some
oxidation reactions, in view of their totally
different oxygen adsorption properties com-
pared with those of bulk Au (28, 29). How-
ever, they are unimportant in the WGS reac-
tion over Au-ceria.
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A Possible Primordial
Peptide Cycle

Claudia Huber,’ Wolfgang Eisenreich,’ Stefan Hecht,’
Giinter Wichtershiuser?*

a-Amino acids can undergo peptide formation by activation with carbon mon-
oxide (CO) under hot aqueous conditions in the presence of freshly coprecipi-
tated colloidal (Fe,Ni)S. We now show that CO-driven peptide formation pro-
ceeds concomitantly with CO-driven, N-terminal peptide degradation by
racemizing N-terminal hydantoin and urea derivatives to a-amino acids. This
establishes a peptide cycle with closely related anabolic and catabolic segments.
The hydantoin derivative is a purin-related heterocycle. The (Fe,Ni)S-dependent
urea hydrolysis could have been the evolutionary precursor of the nickel-
enzyme urease. The results support the theory of a chemoautotrophic origin of
life with a CO-driven, (Fe,Ni)S-dependent primordial metabolism.

Extant metabolisms depend on cyclic protein
turnover with anabolic condensation and cat-
abolic degradation segments. In a primordial
organism, the proteins would have been pre-
ceded by peptides, but a cyclic turnover from
amino acids to peptides and back to amino
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acids should already have been operative.
Otherwise, functionless peptides would have
been futile sinks for valuable amino acids.
Previously, we demonstrated the anabolic
segment from amino acids to peptides, driven
by CO in the presence of coprecipitated (Fe,
Ni)S and Na,S (/). We have now investigated
the course of the catabolic segment from
peptides back to amino acids.

Experiments for testing CO-driven pep-
tide formation in the presence of (Fe,Ni)S and
Na,S are complicated by a pH problem. CO
is continuously hydrated to HCOOH and ox-
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