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Abstract We report on the preparation of La,Ce;_,Oy
nanorods (x = 0—0.5) with uniform aspect ratio, and their
evaluation as active supports for Au in the water—gas shift
(WGS) reaction. By independently controlling aspect ratio
and composition, we demonstrate that the reducibility of
the nanorods is determined by the preferential exposure of
highly active {110} planes and the La:Ce ratio. After
deposition of Au onto these nanorods, the WGS activity is
closely correlated with the reducibility of the oxides,
indicating that the strong relationship between activity and
reducibility previously reported for nanoparticle-based
catalysts holds independent of morphology.

Keywords Water—gas shift - Cerium oxide -
Lanthanum oxide - Gold - Nanostructure

1 Introduction

Oxide-supported metal catalysts are widely used across a
broad range of applications, including fuel processing,
environmental protection, and the production of fine chem-
icals [1-3]. Recent advances in materials chemistry have
strongly revived this field by allowing for unprecedented
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control over size, shape, and composition of materials from
the molecular scale up, thus giving insights into the rela-
tionship between activity/selectivity and the composition/
structure of oxide-supported metal catalysts with the promise
to find next-generation materials with strongly improved
catalytic properties [3—7].

Oxide-supported Au catalysts, in particular, have been
studied extensively since Haruta et al. [8] discovered the
exceptional activity of Au nanoparticles for low temperature
CO oxidation [9]. Recently, Flytzani-Stephanopoulos and
coworkers [10-12] demonstrated high activity of Au/metal
oxide catalysts for water—gas shift (WGS), making them
promising alternatives to commercial Cu-based and Fe-
based catalysts, which suffer from insufficient stability and
poor low-temperature activity. However, the oxidation state
and particle size for the active Au species in these catalysts
are still extensively debated and investigated [12—15]. Sig-
nificantly, however, it is well established that in these cata-
lysts, beyond the active Au species, the oxide support plays
an important role in the rate-determining H,O dissociation
step for WGS [16-18]. In particular CeO, is considered as
one of the most effective supports for Au catalysts as the
facile conversion between Ce*" and Ce®™ on the oxide sur-
face allows cerium oxide to act as oxygen storage and oxygen
transfer material in redox reactions [6, 19].

To improve the activity of ceria, several strategies have
been widely pursued, such as compositional and structural
tailoring. On one hand, doping of ceria has been shown to
result in improved performance in WGS due to increased
reducibility and oxygen storage capacity [19-26]. On the
other hand, several research groups have recently shown
that nanostructuring can also significantly affect the redox
activity of pure ceria [5-7, 27, 28]. Especially CeO,
nanorods show superior activity compared to (polyhedral)
nanoparticles in CO oxidation and in WGS [6, 7, 29, 30].
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However, to-date, only very few studies have focused on
doped ceria with well-defined nanostructures, i.e. on the
combined effect of simultaneous structural and composi-
tional tailoring [27, 31, 32]. In particular, no reports exist
to-date on mixed La,Ce;_,Oy nanorods as catalyst support
for WGS, despite the above mentioned findings that both
La-doping and nanostructuring into rod shapes results in
significantly enhanced WGS activity.

The main target of the present study was therefore to
develop a better understanding of the function of rare earth
additives (here: La) in the redox properties and WGS
activity of CeO, nanorods. Highly homogenous mixed
La,Ce;_.Oy nanorods were synthesized over a broad range
of La content (0-50 %) via a carefully controlled hydro-
thermal synthesis. After depositing Au onto these nano-
rods—while carefully controlling for uniform metal
loading, surface area and particle aspect ratio—these cat-
alyst were evaluated in WGS, and showed superior activity
compared to analogous nanoparticle catalysts. However,
unlike for nanoparticle catalysts, we find that La doping
does not yield improved WGS activity for nanorod-based
catalysts.

2 Experimental Section
2.1 Materials and Syntheses

Au/La,Ce;_,Oy catalysts were prepared via a two-step
synthesis. First, the oxide supports with controlled mor-
phologies were synthesized via hydrothermal or micro-
emulsion methods, followed by Au loading via deposition—
precipitation (DP).

CeO, and La,Ce;_4O, nanorods were prepared by
hydrothermal synthesis. For example, to prepare Lag 5Ce s
0,75 nanorods, 0.376 g of La(NO3)3-6H,O (99+ %,
Sigma-Aldrich) and 0.376 g of Ce(NO3)3-6H,0 (99+ %,
Sigma-Aldrich) were dissolved in 8 ml DI water. 30 ml of
NaOH (984 %, Sigma-Aldrich) solution (3.5 M) was
rapidly added under vigorous stirring. After 30 min of
stirring, the slurry was transferred into a 50 ml autoclave,
heated to 100 °C under autogenous pressure for 72 h, and
then allowed to cool to room temperature. The product was
washed by DI water and collected via centrifugation to
remove any ionic remnants until the pH of the solution was
seven. After drying at 100 °C overnight and calcination at
450 °C for 4 h, the final product was obtained.

Pure CeO, nanoparticles were prepared through hydro-
lysis of cerium isopropoxide in a reverse (water-in-oil)
microemulsion, as previously reported by our group [19,
33]. The microemulsion was composed of water, isooctane
(2,2,4-trimethylpentane, 99.7 % Aldrich), poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene

glycol) (Aldrich, Mn = 2000) and 1-pentanol (99+ %,
Aldrich). The Ce-isopropoxide in isopropanol was added to
the microemulsion, and the solution was aged for 70 h
under constant stirring at room temperature. After phase
separation, the gel was washed in acetone four times,
freeze-dried, and finally calcined at 450 °C for 4 h.

All Au/La,Ce;_4Oy catalysts were prepared from the
respective oxide nanostructures via deposition—precipita-
tion (DP) [34]. HAuCl, (99.9+ %, Aldrich) solution was
added drop-wise at room temperature into an aqueous
slurry of the oxide, keeping the pH of the slurry fixed at
pH = 8.0 via addition of 0.2 M (NH,4),CO5; (93.5+ %,
J.T.Baker). The resulting precipitate was aged at room
temperature for 1 h, filtered, washed, dried at 100 °C, and
then calcined at 400 °C for 2 h. The nominal Au loading
for all catalysts was 5 wt%.

2.2 Characterization

The specific surface area was determined via nitrogen
sorption in a Micromeritics ASAP 2020 gas adsorption
analyzer using the BET method. Prior to the measurement,
the samples were degassed for 2 h at 200 °C under high
vacuum. Elemental analysis to determine Au loading and
La/Ce ratio were performed using inductively coupled
plasma optical emission spectroscopy (ICP-OES) on a
Thermo iCAP 6500 spectrometer, and using energy-dis-
persive X-ray analysis (EDX) equipped on transmission
electron microscopy (JEOL-2100F). The EDX analysis is
based on the microdomains of nanorods under TEM. The
X-ray diffraction (XRD) measurements were performed
with a high-resolution powder X-ray diffractometer (Bru-
ker AXS D8) in line focus mode employing Cu—Ko radi-
ation (4 = 1.5406 A). Crystal phases were identified based
on JCPDS cards. Sample morphology was determined by
transmission electron microscopy (JEOL-200CX, JEOL-
2100F). Lattice spacings were calculated by fast Fourier
transformation (FFT) analysis of the high resolution TEM
images. Temperature-programmed reduction by hydrogen
(H,-TPR) was conducted using a Micromeritics Chemisorb
2750 system equipped with a thermal conductivity detec-
tor. During the TPR analysis, the samples were first oxi-
dized in 5 vol.% O,/He at 450 °C for 2 h, and then TPR
was performed by heating the sample (100 mg) at 5 °C/
min to 900 °C in a 10 vol.% H,/Ar flow (30 ml/min). A
cold trap filled with acetone-dry ice mixture was placed
between reactor and TCD to remove water vapor.

2.3 Catalyst Tests
Water—gas shift tests were carried out in a 5 mm ID quartz

glass tube heated via insertion into a high-temperature tube
furnace at ambient pressure. The catalyst powder (50 mg)
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was supported within the tube on either end by quartz glass
felt plugs. Water was injected via a syringe pump and
vaporized in a heated line before entering the reactor. The
composition of the mixture after water addition was 10.8 %
H,0, 2.1 % CO, and 87.1 % He. The total flow rate of gas
was typically around 100 CCM resulting in space veloci-
ties of ~ 150,000 h™'. The exit gas passed through a
condenser to eliminate H,O from the stream and then was
analyzed by an Agilent 3000A MicroGC equipped with
thermal conductivity detector (TCD). In order to assure
reaching steady state after adjusting operating conditions
(such as temperature steps), CO conversion was measured
repeatedly until the conversion varied less than 1 % over a
duration of 5 min. No methane was detected at any con-
ditions used in this work. The inert helium feed was used as
internal standard to calculate the total gas flow rate after
water condensation and the concentration of water leaving
the reactor.

3 Results and Discussion
3.1 Nanorod Morphology

As shown in Fig. la, pure CeO, samples prepared via
hydrothermal synthesis (and after calcination at 450 °C)
form nanorods. Previous studies have demonstrated supe-
rior catalytic activity for such ceria nanorods and explained
this due to preferential exposure of highly reactive crystal
planes [6, 28, 35, 36]: CeO, nanoparticles with face-cen-
tered cubic crystal structure mostly expose {111} planes,
which are thermodynamically most stable and least
reducible [6, 19, 26]. In contrast to that, HR-TEM (Fig. 1b)
shows that nanorods expose preferentially {110} orienta-
tions: Fast Fourier transformation (FFT) analysis of the
two-dimensional crystal lattice image of a nanorod with a
growth axis perpendicular to the electron beam yields a
lattice parameter of 3.13948 A, in close agreement with the
{111} plane spacing (3.1250 10\) of cubic CeO, (JCPDS
34-0394). Based on the measured interplanar spacings and
the plane-intersecting angle, we can hence identify {111}
planes and the exposed active {110} side planes of the rod,
confirming previous results [6, 7].

In order to take advantage of the superior activity of
nanorods for mixed oxide materials, and to ascertain that
any difference obtained in the present investigation can be
correlated with composition rather than change in aspect
ratio of the sample, it is necessary to control the synthesis
of La,Ce;_Oy to yield the same rod-shape morphology.
However, as shown in Fig. 1b—d, the La,Ce;_,Oy, samples
obtained from 24 h hydrothermal synthesis (i.e. identical
conditions as for CeO, nanorod synthesis), contain
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incompletely formed nanorods and nanoparticles. Figure 2
(left) summarizes the results and shows that the aspect ratio
of mixed-oxide nanorods drops from 8.3 to 2.9 with
increasing La content from 0-50 %, indicating that the La
dopant inhibits the growth of ceria along the [110]
direction.

In order to obtain well-defined nanorods with preferen-
tial exposure of {110} planes, the duration of the hydro-
thermal synthesis was extended to allow for complete
formation of the final structure. Figure 2 (right) shows the
aspect ratio of LajsCe 50,75 as a function of synthesis
duration, illustrating the growth of mixed lanthana/ceria
nanorods over a 72 h period (3 days). After 72 h hydro-
thermal reaction, the La,Ce;_,Oy exhibit uniform rod-
shape structures (Fig. 1f-h) with similar average aspect
ratios of 7.38-8.14 (Table 1), comparable to that of pure
CeO, nanorods (8.3). Correspondingly, all nanorod mate-
rials also have similar surface areas of 84-99 m*/g
(Table 1). Thus, the controlled synthesis of the La,.
Ce;_xOy nanorods allows de-coupling of structural and
compositional effects on the activity of the catalysts, and
the high aspect-ratio nanorods were consequently used in
the reducibility and WGS activity tests.

The compositional homogeneity of the mixed oxide
nanorod was confirmed via XRD, high resolution TEM,
and microdomain EDX. Figure 3 shows the XRD patterns
of La,Ce;_,Oy nanorods prepared by hydrothermal syn-
thesis after calcination at 450 °C. The sharp diffraction
peaks in Fig. 3a are in a good agreement with the CeO,
standard (JCPDS 34-0394). The XRD diffractograms of all
La,Ce;_,Oy exhibit a shifted fluoride crystal structure
without the presence of second phase, such as La,0;,
(Fig. 3b—d), indicating the formation of homogenous
mixed oxides in which La®" ions are embedded into the
cubic crystal lattice of CeO,. The lattice parameters of
La,Ce;_Oy nanorods calculated from these diffraction
patterns are in a good agreement with theoretical values
reported by Morris et al. [37] (see Table 1) as well as with
our previously reported observations for La,Ce;_,Oy
nanoparticles, despite the significant differences in the
materials morphologies [26]. This is further confirmed via
high resolution TEM (Fig. 4), where the lattice spacing of
La,Ce;_xOy was directly determined via FFT analysis of
the images, as shown in Fig. 4. As the La loading (“x”)
increases from 0 to 0.5, the lattice spacing of (111) expands
from 3.13948 to 3.36638 A. This lattice expansion can be
attributed to a combination of the larger ionic radius of
La®" versus Ce*" and the effect of the increasing number
of oxygen vacancies due to La doping [37, 38]. Finally,
EDX analysis of microdomains of the samples showed
uniform La:Ce ratios in good agreement with the expected
values from the synthesis (see Table 3).
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Fig. 1 TEM (a) and HR-TEM (e) images of CeO, nanorods. TEM images of nanorods with different La contents (%) prepared by 24 h
hydrothermal synthesis (b—d); and by 72 h hydrothermal synthesis (f-h), respectively

3.2 Reducibility of La,Ce;_,Oy metals, such as Au and Cu, show low activity for H,O
dissociation, which is the rate determining step for WGS
In order to evaluate the redox properties of these materials,  [16, 17]. In comparison, ceria has no reported WGS

temperature-programmed reduction in hydrogen (H,-TPR)  activity but is active in water dissociation due to the
has been used extensively in the literature [6]. Active presence of reduced Ce*t sites [16]. Based on this
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Fig. 2 Left average aspect ratio 10 10
of La,Ce;_,Oy as function of e-72hr
La content (0-50 %) after 24 h 8 =24 hr 8 >
(open symbols) and 72 h (filled ° °
symbols) synthesis time, % 64 2 6-
respectively. Right average o ix_'
aspect ratio of LagsCe 501 75 8 $ 4
: o 44 Q 1
nanorods as function of @ ) <
synthesis duration < <
24 21
0 ; ; ; ; 0 - ;
0 10 20 30 40 50 24 48 L 96
La/La+Ce (%) Synthesis duration (hr)
Table 1 Theoretical and experimental value of the pure and mixed-oxide nanorods’ lattice parameter, surface area and aspect ratio
Lattice parameter (/0\) BET surface Average

area (m%/ 2) aspect ratio

Theoretical Experimental NR Experimental NP
CeO, 5.3950 5.4239 5.4250 99.0 8.3
La()‘]Ceo,gO],gs N.A* 5.4484 5.4644 91.2 8.1
Lag»5Ce.7501 375 5.4820 5.4942 5.4966 84.6 74
LagpsCe 50 75 5.5720 5.5832 5.5702 87.8 8.1

* The lattice parameter of Lag Cen90;.95 wWas not reported in the Ref. [37]

—_—
=y
-
=

Intensity (a.u.)

30 40 80

2 B(degree)

Fig. 3 X-ray diffraction patterns of La,Ce;_,O, nanorod materials
with different lanthanum content: (a) 0 %, (b) 10 %, (c¢) 25 %,
(d) 50 % (percent is mol% metal, i.e. La/(Ce + La))

mechanism, the reducibility of oxide supports can be
expected to have a strong impact to the catalytic WGS
activity of Au/La,Ce;_4O, catalysts.

Figure 5 shows the TPR profile for pure and mixed
oxide samples. For pure CeO, nanoparticles, two reduction
peaks are visible, one at low temperature (~420 °C) and
one at high temperature (>700 °C, not fully shown in the
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graph), which can be attributed to the reduction of surface
and of bulk ceria, respectively [39, 40]. Only the low-
temperature surface reduction is relevant in the present
context, since it occurs in the temperature range of interest
for WGS (T < 500 °C). In comparison, CeO, nanorods
have a lower reduction temperature (360 vs. 420 °C) and a
much higher H, consumption (781 vs. 396 pmol/g; calcu-
lated from an integration of the area under the curves),
indicating a much higher overall reducibility. This can be
traced back to the preferential exposure of active {110}
crystal planes as discussed previously.

Remarkably, doping CeO, nanorods with La does not
significantly improve the reducibility of the nanorods. As
shown in Fig. 5, the onset temperature for the reduction of
the three samples with 0, 10, and 25 % La doping is
unchanged (~ 180 °C), and the peak reduction temperature
shows only a minor shift by ~15 °C upon La doping.
When the La content is increased to 50 %, however, a
strong increase in the onset temperature for reduction to
220 °C is observed and a strongly increased reduction peak
temperature of ~420 °C are observed, indicating that a
higher La content is in fact detrimental to the reducibility
of the mixed oxide nanorods.

Beyond the change in reduction temperatures, the area
under the reduction peak, representing the total amount of
reducible sites (quantified in the specific hydrogen con-
sumption values in Table 2), shows a more obvious and
pronounced trend towards lower values with increasing La
content for all mixed-oxide nanorods. This decrease in H,
consumption indicates a loss in reducible sites with
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Fig. 5 H,-TPR profiles of La,Ce;_ O, nanorods with different La
content (10-50 %), ceria nanorods (NR) and nanoparticles (NP)

Table 2 Reduction temperature and hydrogen consumption

H, consumption
(umol Hy/g oxide)

Reduction
temperature (°C)

CeO, (NP) 420 396
CeO, (NR) 355 781
Lay.1Cep.901.05 340 461
Lag5Ce 7501 375 345 388
Lag 5Ce(50,.75 420 336

increasing La doping which can be explained by the sub-
stitution of reducible Ce*" by La®", which is much less
reducible in this low-temperature range. (Pure La,O3;—not
shown in the figure—has very low reducibility with a TPR
peak at ~430 °C and a H;, consumption in TPR of 88 vs.
396 umol/g for CeO, nanoparticles, as reported previously
[26]) Interestingly, this result differs from our previous
investigation of mixed Ce/La-oxide nanoparticles where La
dopings up to ~25 % (i.e. up to Lay,5Cen7501.875)
resulted in a strong increase in reducible sites compared to
pure CeO, nanoparticles [19, 26]. A possible explanation

3.33661 A ELR]

T

3.36638 A

TCD signal (a.u.)

0 200 400 600 800
Temperature (°C)

Fig. 6 H,-TPR profiles of Au/La,Ce;_4O, nanorods with different
La content (10-50 %)

for this discrepancy can be found in the different reduc-
ibility of the terminal planes for the different nanostruc-
tures: for nanoparticles, which are terminated
predominantly by {111} planes, the La doping facilitates
the conversion of Ce*/Ce®" in and near the {111} planes,
thus creating defects in the oxygen sub-lattice, enhancing
the oxygen mobility, and hence increasing the overall
reducibility of the mixed oxide nanoparticles [26]. In
contrast to that, the dopant cannot further “activate” the
terminal {110} planes in the nanorods, which already have
a much lower formation energy for defects than the {111}
planes [6, 36]. Doping hence results only in the above
described decrease in the number of reducible oxygen sites,
and hence a decrease in reducibility. While we were not
able to prepare well-defined nanorods with La-content
>50 % due to the inhibiting effect of La on CeO, nanorod
growth, it can hence be expected based on the trends
observed here that higher La-content nanorods will have
even lower reducibility.

The reducibility of La,Ce;_,Oy is strongly affected by
the Au deposition, as shown in Fig. 6. The most important
change is that a new reduction peak at very low tempera-
ture (~100 °C) appears for Au/La,Ce;_,O,, which has
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been attributed to the reduction of oxidized Au species [11,
41-43] or to reduction of the oxide via hydrogen spill-over
from the metal to the support [44-46]. Since the surface
reduction peaks for all oxide supports are significantly
decreased after Au deposition, it indicates that most
available oxygen is reduced at this lower temperature, and
thus suggests that H; dissociation on Au and spill-over onto
the adjacent oxide surface are more likely to be responsible
for the strong low-temperature reduction peak.

The trend in the reducibility of the Au-based catalysts is
in close agreement with that of the oxide supports (Fig. 5):
Au/La,Ce;_,Oy nanorods have very similar reduction
temperatures up to x = 0.25, whereas the sample with
50 % La shows a significantly higher reduction tempera-
ture. Furthermore, Au/CeO, shows the highest reduction
peak, indicating that lanthanum replaces reducible Ce*™,
and hence decreases the reducibility of these catalysts. (We
currently have no consistent explanation for the apparent
increase in number of reducible sites from x = 0.25 to 0.5.)

Overall, these results hence confirm our previous report
that La doping results in two counter-acting effects [26]:
On one hand, it increases the reducibility of the samples by
lowering the reduction energy and the activation energy for
oxygen migration in CeO,; on the other hand, it decreases
the reducibility by reducing the absolute number of
reducible Ce**. For 10 and 25 % La, the balance of the two
effects causes a slightly lower reduction peak with similar
onset temperature and less reducible sites. However, when
the La doping is increased to 50 %, the second effect
becomes dominant, resulting in a net loss of reducibility of
the sample. (It should be noted here that the broad peaks at
500-600 °C for La0.25Ceg,7501_875 and La0.5Ceo_5Ol.75 in
Fig. 5 are not due to sample reduction, but due to
decomposition of surface carbonates. La;O3 is well known
to form surface hydroxy-carbonates, Lay(OH)4(CO3), when
exposed to air, which decompose to La,0,CO5 and further
to La,Os in this temperature range [47, 48].)

T TR——— e
Fs o T N
5Z_JT!,H N"‘_"\,,

0 1 2 3 4 5 6. g L

¥

Parﬂ:le size, nm

r
'l

Distribution, %

8 B
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Table 3 Measured Au loading and La content of Au/La,Ce;_,Oy

Au Average particle ~ La/(La + Ce)
wt% size of Au (from EDX)
Au/CeO, (NP) 3.8 <3 nm* 0
Au/CeO, (NR) 39 2.8 0
Au/Lag 1Ce( 901 05 4.1 2.5 0.11
Au/Laj,5Cen7501875 3.8 2.6 0.25
Au/Laj 5Ceq 501 75 4.1 2.6 0.49

*As reported previously, the Au particle size on CeO, nanoparticles is
<3 nm. However, it was not possible to determine the exact Au
particle size on CeO, nanoparticle supports via TEM or chemisorp-
tions due to their similar contrast and chemisorption properties [19]

3.3 WGS Activity

In order to further identify composition-activity correla-
tions, Au/mixed oxide WGS catalysts were prepared via
deposition—precipitation of Au onto La,Ce;_,O, nanorods
with near-identical aspect ratios. Elemental analysis after
deposition—precipitation (DP) of Au (Table 3) confirms Au
loadings of ~4 wt% for all samples, and La contents in
close agreement with the expected values. As shown in the
TEM and HAADF-STEM images in Fig. 7, La,Ce;_ Oy,
nanorods maintained their morphology and dimen-
sions during the DP process. Particle sizes and size distri-
butions determined from bright-field and dark-field images
show good agreement with average Au particle sizes of
~2.6-2.8 nm and fairly narrow particle size distributions
(see inserted bar graphs in Fig. 7). While there is an
on-going debate in the literature over the oxidation state
[12, 14] and size [49, 50] of the active Au species in WGS
catalysis, the present investigation did not aim to contribute
to this discussion, but rather focus solely on the role of the
oxide support. However, by following identical and care-
fully controlled deposition—precipitation and pretreatment
methods, and assuring identical Au loadings, particle sizes,

1L

1] 1 2 i 4 5
Particle size, nm

(=]

Fig. 7 TEM of Au/CeO, (left) and HAADF-STEM of Au/Laj,5Cen7501.875 (right). The insets show the Au nanoparticle distributions

determined from respective TEM images
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and distribution on the different catalysts, all catalysts
should have the same number and type of active Au sites,
and hence the difference in performance of the Au/La,.
Ce_xOy catalysts can be expected to be entirely due to the
difference in the oxide supports.

The WGS activity of Au/La,Ce,_,Oy was tested in fixed-
bed reactor studies feeding a mix of 10.8 % H,O and 2.1 %
COinHeintoa5 mm ID quartz-glass tube at a space velocity
of ~150,000 h™! (see experimental section for details).
Figure 8 summarizes the results for Au/La,Ce;_,O, sam-
ples, ranging from pure CeO, to 50 % La-content nanorod
supports, in terms of CO conversion as function of temper-
ature. For comparison, Au/CeO, nanoparticle catalysts
(prepared via a microemulsion-templated synthesis) and a
commercial Cu-based WGS catalyst (HIFUEL W220, Alfa
Aesar) were included in the tests.

The most striking feature in the figure is the much
higher activity of the nanorod-based catalysts in compari-
son to the Au/CeO, nanoparticle catalyst, with the best
nanorod-based catalysts reaching equilibrium conversions
at experimental conditions at temperatures as low as
~270 °C. This high activity of the nanorod catalysts cor-
relates well with the reducibility data, i.e. the lower
reduction temperature and larger number of reducible sites
discussed above, and is in agreement with previous reports
[7, 35]. It is worthwhile to notice the Au/CeO, nanorod
catalysts show excellent low-temperature WGS activity
even compared to the commercial Cu-based catalyst.

temperature °C

La doping has very little impact on this high WGS
activity up to a La content of 25 %, while a further increase
to 50 % La results in a significant drop in activity, in
particular in the temperature range below ~ 350 °C. This
again closely mirrors the trends seen in the reducibility of
the samples, where an increase of La content from 25 to
50 % results in a strong loss of reducibility as well as the
increase of reduction temperature (see Figs. 5, 6). This can
be more clearly seen in the right-hand plot in Fig. 8, where
CO conversion is shown as a function of La content for one
fixed reaction temperature (T = 220 °C). Comparing the
CO conversion curves (Fig. 8) with the reducibility trend
(Figs. 5, 6 and Table 2), it is apparent that both activity and
reducibility closely follow the same trend with La content
of the Au/La,Ce;_,Oy nanorods.

Finally, the impact of aspect ratio on reducibility and
WGS activity was studied separately by comparing
Lag,5Ce 7501 875 nanorods obtained at different synthesis
durations (24 and 72 h). As discussed before, the aspect
ratio of LayCe;_1Oy, which determines the preferential
exposure of the active {110} crystal plane, increases as the
hydrothermal synthesis is extended up to 72 h.

As expected from the increased exposure of {110} planes,
the high aspect-ratio nanorods (i.e. after 72 h synthesis time)
show slightly improved reducibility, especially in the low
temperature range <400 °C, with reduction starting at
110 °C, i.e. ~70 °C lower than for the low aspect-ratio
sample (Fig. 9, left graph). Furthermore, the WGS activity of
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the catalysts shows excellent agreement with this difference
in reducibility between the nanorods: As shown in Fig. 9
(right), the high aspect-ratio Au/Lag »5Ceq 7501 g75 (i.€. after
Auloading) shows 10 ~ 20 % higher CO conversion at low
temperature (<350 °C) than the low aspect-ratio sample.
These differences thus demonstrate again the significance of
establishing firm morphological control for these catalysts,
and confirm the strong and direct correlation between
reducibility and activity of Au/ceria-based WGS catalysts.

4 Summary

We demonstrated the synthesis of CeO, and, for the first
time, mixed La,Ce;_,Oy nanorods via a simple hydrother-
mal reaction at high concentration of NaOH and without
surfactant. The La doping was found to act as an inhibiter for
the growth of La,Ce;_,Oy nanorods along the [110] direc-
tion. However, by controlling the hydrothermal duration,
La,Ce,_«Oy nanorods with high aspect ratio and surface area
could be synthesized with aspect ratio comparable to those
previously reported pure CeO, nanorods. The use of these
carefully controlled pure and mixed nanorods as supports for
(equally uniform) Au nanoparticles allowed study of whe-
ther previous correlations between reducibility and activity
for nanoparticle-based Au/mixed oxide catalysts are trans-
ferrable to nanorod catalysts.

In agreement with earlier reports, we found that the
difference in reducibility between nanoparticles and
nanorods can be attributed to preferential exposure of dif-
ferent terminal crystal planes. The preferential exposure of
{110} crystal planes for CeO, nanorods results in lower
reduction temperature and an increased number of reduc-
ible sites in the temperature range of WGS, resulting in
strongly increased WGS activity compared to nanoparticle-
based Au/ceria catalysts. However, unlike for nanoparticle-
based catalysts, the reducibility of CeO, nanorods cannot
be enhanced significantly by La doping, suggesting that the
already low reduction energy of Ce*" along the {110}
planes cannot be further decreased by La. As a result, the
WGS activity of pure Au/CeO, and Au/La,Ce;_,O, with
X < 25 % is essentially unchanged, with conversions sig-
nificantly above those both for Au/ceria nanoparticle cat-
alysts and a commercial Cu-based catalyst. Further
increase in La content results in decreased activity due to
the decrease in reducible oxygen sites.

The present study hence confirms that the strong rela-
tionship between catalyst reducibility and WGS catalytic
activity holds independent of the morphology of the oxide
support, i.e. it is applicable both to CeO, nanoparticle and
nanorod-based catalysts.

@ Springer
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