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Shape and Crystal-Plane Effects of Nanoscale Ceria on the Activity of
Au-CeQ, Catalysts for the Water—Gas Shift Reaction™*

Rui Si and Maria Flytzani-Stephanopoulos*

The water—gas shift (WGS) reaction (CO + H,0=2CO, + H,)
plays an important role in fuel processing for polymer
electrolyte membrane (PEM) fuel-cell applications. The
hydrogen in the reformate gas is upgraded by removal of
the carbon monoxide, which is a strong poison of the anode
catalysts in current PEM fuel cells. Active shift catalysts that
are also stable under the operating conditions of practical
fuel-cell systems are under intense study,!"! and nanostruc-
tured Au-CeQ,, first reported by Fu et al. as a promising low-
temperature shift catalyst,”! holds a prominent position. This
catalyst exploits the strong interaction of ceria with finely
dispersed and stabilized gold atoms and clusters on the
surface of ceria.’! Gold nanoparticles and clusters that
interact strongly with oxide supports were first described by
Haruta et al.™ to be extremely active CO oxidation catalysts.
Numerous studies since then have reaffirmed the activity of
well-dispersed gold for CO oxidation and many other
reactions. While a full mechanism of this catalytic process
still needs to be established, even for the simplest of these
reactions (CO oxidation), a careful investigation of the
reported strong metal-support interaction through structural
studies may provide further mechanistic insights as well as
rationalize the design of practical catalysts. For the WGS
reaction on Au-CeQO,, the importance of nanoscale ceria as a
support that stabilizes active gold species has been demon-
strated recently.l>>5

Hydrolysis methods for the synthesis of ceria nanocrystals
have proven to be powerful for controlling particle size!"”! and
crystal shape.™ For example, Yan et al. have obtained
single-crystalline CeO, nanopolyhedra ({111} and {100}),
nanorods ({110} and {100}), and nanocubes ({100}) by
hydrolysis of cerium(III) salts, combined with a hydrothermal
treatment, and have further found that oxygen storage takes
place both at the surface and in the bulk for nanorods and
nanocubes but is restricted to the surface for nanopolyhedra,
just like its bulk ceria counterpart. Trovarelli et al. have
studied the rearrangement of CeO, crystallites under air-
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aging and the exposure of more reactive {100} surfaces for CO
oxidation.™?!

Very little is known for Au-CeO, composite polycrystal-
line nanomaterials with respect to the shape/crystal plane
effect of CeO, on the gold species’ activity/stabilization as
highly active catalysts for the WGS reaction.’! Herein, we
present activity correlations with the shape (rod, cube,
polyhedron) and crystal plane of nanoscale ceria as a support
for gold catalysts for this reaction. The interaction between
deposited gold and different crystal orientations is investi-
gated at ambient pressure and monitored by several analytical
techniques, including transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), X-ray photoelec-
tron spectroscopy (XPS), and temperature-programmed
reduction by hydrogen (H,-TPR).

Figure 1 depicts our two-step preparation process, which
includes hydrothermal synthesis of ceria nanorods, nano-
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Figure 1. Two-step synthesis of Au on CeO, nanorods, -cubes, and
-polyhedra. The nanoscale ceria was prepared by a controlled hydro-
thermal technique.

cubes, and nanopolyhedral'? and the sequential introduction
of gold by a deposition/precipitation (DP) method.' The
bulk metal composition was determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES,
Perkin-Elmer, Plasma 40). Table 1 shows that the attained Au
concentration (0.8-0.9 atom %) is very close to the expected
value (1atom%) for each sample, which confirms the
effectiveness of this DP method for depositing gold on a
ceria surface. The powder X-ray diffraction (XRD, Riga-
ku RU300, Cug,,) patterns (see the Supporting Information)
show only the face-centered cubic (fcc) structure of CeO,
(space group: Fm3m) without any Au phase at around 38° or
44° and the TEM (JEOL, 200cx) images in Figure 2 show that
these three differently shaped ceria nanoparticles maintain
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Table 1: Gold loading, particle size (D), and XPS Au4f peak analyses for Au on CeO, nanorods, -cubes,

and -polyhedra.

Angewandte

ing-energy shift of the Au4f peaks
between the rod/polyhedron and

Sample Auatom%]® D [nm]® XPS Au4f peak? the cube samples. A peak-fitting

Au [atom%]9  Au° Au® Au** procedure (see the Supporting
Rods 0.9 (0.5%) (10.142.8) x (50-200) 0.9 - 8629 1389 Information) shows  that ionic
Cubes 0.9 (0.03") 29.5410.6 1 772% 169%  59%  gold (Au” and Au™) is the main
Polyhedra 0.8 (0.4") 11.0+2.1 0.8 38% 855% 10.7%  species in the rod or polyhedron

[a] Determined by ICP-AES. [b] Calculated for about 100 nanoparticles from the HRTEM images. [c] The
binding energy was calibrated to the C1s peaks at 285.0 eV. [d] Determined from Au4fand Ce 3d cores in
the XPS spectra. [e] After NaCN leaching at room temperature (pH 12) with addition of NaOH and

oxygen sparging of the aqueous solution.”!

Figure 2. TEM (a—c) and HRTEM (d) images of 1% Au on CeO,
nanorods (a), -cubes (b, d), and -polyhedra (c).

their original crystal shapes after gold deposition—the CeO,
nanorods display a uniform width of (10.1 £2.8) nm with a
length of 50-200 nm (Figure 2a, Table 1), the CeO, nano-
cubes have a side-size of (29.5+£10.6) nm (Figure2b,
Table 1), and the CeO, nanopolyhedra have a diameter of
(11.0+2.1) nm (Figure 2¢, Table 1). The HRTEM (JEOL,
2010) data allowed us to determine the exposed crystal planes
for the different CeO, nanostructures. In agreement with Yan
et al.,"” they are {110} and {100} for the nanorods, {100} for
the nanocubes, and {111} and {100} for the nanopolyhedra.
Noticeably, a few nanocrystals with a particle size of about
3 nm can be identified by HRTEM as the gold phase of the
gold catalyst on the ceria nanocubes (Figure 2d). No such
gold nanoparticles were found for the rod and polyhedron
samples.

The XPS (Axis Ultra, Alg,) data listed in Table 1 show
that the surface Au concentrations (0.8-1.1 atom %) are in
good agreement with those in the bulk (0.8-0.9 atom %),
which means that the introduced gold species remain mostly
on the surface or within the sub-surface layers of CeO,. The
high-resolution XPS spectra (Figure 3) show a distinct bind-
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samples while metallic gold (Au®)
is dominant in the ceria nanocubes.

We also used H,-TPR to study
the reducibility of surface oxygen

Figure 3. Au4f XPS spectra of 1% Au on CeO, nanorods, -cubes, and
-polyhedra.

in each Au-CeO, catalyst. Figure 4 shows that the reduction of
oxygen on the gold-ceria nanorods peaks at around 94 °C with
an H, consumption of 753 umolg '. According to our
previous research, this reduction peak is due to the weakening
of the Ce—O bond by strongly bound gold species.>*"
Surface oxygen reduction peaks at 82°C for the polyhedron
sample, with a smaller hydrogen consumption of 425 umolg~!,
whereas no obvious reduction peak appears up to 300°C for
the cube sample, thereby indicating its non-reducible nature
at low temperatures, probably because of negligible inter-
action with the gold nanoparticles.

Weakly bound gold species were removed from the ceria
surfaces by NaCN leaching.”! For the rod and polyhedron
samples, 0.5 and 0.4 atom % gold was retained after leaching,
respectively (Table 1), whereas for the cube sample only
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Figure 4. H,-TPR profiles of the 1% Au on CeO, nanorods, -cubes,
and -polyhedra.
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0.03 atom % gold remained. These results are consistent with
the XPS and H,-TPR findings, which showed that a much
higher fraction of strongly bound gold species is present on
the surface of the CeO, nanorods or -polyhedra than on the
nanocubes.

The relationship between the catalytic activity and the
structural/surface properties of the Au-CeO, system was
investigated by performing the WGS reaction. The “light-off”
WGS reaction profiles in Figure 5 allow the activity of the
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Figure 5. WGS reaction “light-off” profiles for 1% Au on CeO, nano-
rods (e), -cubes (m), and -polyhedra (A).

three catalysts to be ranked as: rod > polyhedron > cube. The
CO conversion over the rod sample is close to 100 % (approx.
90 %) at 250°C, whereas the cube sample shows only around
20% CO conversion at 350°C. We also compared the reaction
rates of CO, produced by these gold-ceria catalysts. Again,
the rod sample shows the highest value of 2.4 pmol g, 's™" at
150°C, followed by the polyhedron one (0.9 umolg,,, ~'s™").
The cube sample produces no CO, at 150°C and shows a
reaction rate of 0.8 umol g, ‘s at 350°C.

Since the DP conditions (base, pH value, aging and
calcination temperature, time, etc.) were kept the same for
these gold-ceria samples, the above differences must originate
from the nature of the support itself. The nanosize effect of
ceria should be considered first as this is known to improve its
intrinsic reducibility and formation of oxygen vacancies upon
spontaneous reduction of Ce** to Ce*"."*!"I The ceria particle
sizes obtained in our synthesis are 10-30 nm, which is above
the reported critical size for the small size effect in CeO, (10—
15 nm).l% We also calculated the specific surface areas ()
of typical CeO, crystal planes ({100}, {110}, and {111}) based
on the corresponding geometric shape, particle size (from
HRTEM), and the real density (from XRD). The S,y and
S110 values for the ceria nanorods are both around 27 m?g~!,
which is the same as for the nanocubes. The sum of §,,, and
Si for the CeO, nanopolyhedra is about 75 m*g~!, which
means that these three CeO, materials are comparable even
though the nanocube side (approx. 30 nm) is much longer
than the width of the nanorod (approx. 10 nm) or the
diameter of the nanopolyhedron (approx. 11 nm).

Theoretical studies have shown that the formation energy
of anion vacancies for different CeO, surfaces follows the
order {110} < {100} < {111},"® which means that oxygen
vacancies, which are indispensable for stabilizing metals, are
easier to form on the CeO, {110} planes. Therefore, compared
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with ceria nanocubes ({100}) and nanopolyhedra ({100} and
{111}), ceria nanorods ({110} and {100}) should be better
supports for anchoring and dispersing very fine gold clusters.
This would explain why gold is dispersed and stabilized more
effectively on the CeO, nanorods, which, in turn, leads to a
higher reducibility and activity of the Au-CeO, surface for the
WGS reaction. According to the above formation-energy
sequence, ceria nanocubes enclosed by pure {100} planes
should be a better support for gold than nanopolyhedra ({111}
and {100} mixed). However, the CeO, {100} plane is a polar
surface, composed of positively charged Ce layers and
negatively charged O layers. This unique structure is not
stable upon heating and will relax to a low-energy surface.!"”
We therefore analyzed the microstrain in the CeO, lattice,
which is mainly caused by defects (kinks, steps, dislocations,
vacancies, etc.), from the XRD data. Table 2 shows that the

Table 2: Lattice microstrain (¢) of different crystal planes of the CeO, and
Au-CeO, nanorods, -cubes, and -polyhedra.

Sample e (%]
a1 (200) (220)

CeO, rods 1.1 1.3 0.9
CeO, cubes 0.3 0.2 0.2
CeO, polyhedra 0.9 0.6 0.5
Au-CeO, nanorods 0.8 0.8 0.9
Au-CeO, nanocubes 0.2 0.3 0.2
Au-CeO, nanopolyhedra 0.7 0.6 0.5

[a] Estimated by the single-line method from analysis of XRD line
broadening using a pseudo-Voigt profile function.”"

nanorod sample has the highest lattice strain both before and
after gold deposition. The polyhedron sample follows, while
the nanocube sample is the least strained. The lattice strain
therefore correlates with the activity in the present system, as
has been reported for other systems recently.?*>!

In summary, we have prepared gold-ceria catalysts by
depositing gold on the different facets of ceria nanorods,
nanocubes, and nanopolyhedra in a two-step process that
involves controlled hydrothermal synthesis of the cerium
oxide shapes followed by deposition/precipitation of gold. A
strong shape/crystal plane effect of CeO, on the gold-ceria
activity for the WGS reaction has been identified. The rod-
like ceria enclosed by {110} and {100} planes is most active for
gold stabilization/activation. These findings can be extended
to new studies of other metal-oxide surfaces at normal
pressures.

Experimental Section

Ce(NO;);6H,0 (99.5%, Alfa; 4.5 mmol) was dissolved in aqueous
NaOH solution (90 mL; 98 %, Alfa) of the appropriate concentration
(Cnaon; see below). This stock solution was stirred at room temper-
ature for 10 min in a Teflon bottle and then sealed tightly in a
stainless-steel autoclave. Hydrothermal treatment was carried out at
different temperatures (7) for 24 h. After cooling, the white
precipitates obtained were collected, washed with deionized (DI)
water, and dried in vacuo at 70-80°C overnight. The dried yellow
powders were calcined in air at 400 °C for 4 h. The values of Cy,on and
Twere varied according to the target crystal shape (rod: Cy,on =6M,
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T=100°C; cube: Cy,on=6M, T=180°C; polyhedron: Cy,oy=0.1M,
T=180°C).

CeO, powder (3 g) was slurried in DI water (150 mL) whilst
stirring and aqueous (NH,),CO; solution (75mL; 1M) was then
added. HAuCl;3H,0 (99.99 %, Alfa; 0.174 mmol) was dissolved in
DI water (75 mL) and added to the above solution dropwise. The
pH value was kept at 8-9 during the whole process. The resulting
precipitate was aged at room temperature for 1 h, then filtered and
washed three times with DI water at 60-70°C. The product was dried
in vacuo at 70-80°C overnight and then calcined in air at 400°C for
4h. NaCN leaching was performed with an aqueous 2% NaCN/
NaOH solution (pH 12) at room temperature.

H,-TPR was carried out with a Micromeritics Pulse Chemi-
Sorb 2705 instrument. The catalyst powders were pre-oxidized in a
20% O,/He gas mixture at 350°C for 30 min and the test was
performed with a 20 % H,/N, gas mixture from room temperature to
300°C (5°Cmin'). The “light-off” measurements for the WGS
reaction were conducted at atmospheric pressure with a loading of
about 100 mg of catalyst powder. The reaction gas mixture was
2% CO/10% H,0/He (70 mLmin~'). The feed and product gas
streams were analyzed with a HP-6890 gas chromatograph (GC)
equipped with a thermal conductivity detector.
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