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ABSTRACT: Cerium formate hollow spheres and cerium hydroxycarbonate nanorods with residual formate groups are effective
for reducing palladium(II) salts onto their surfaces. Calcination of the new materials obtained by this surface-assisted reduction
method gives highly active PdO/CeO2 nanostructures with Pd well dispersed on the substrate. Temperature-programmed
oxidation experiments showed that these nanomaterials are good catalysts for the low-temperature oxidation of methane, with
50% conversion temperatures (T50%) at ∼300 °C.
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■ INTRODUCTION

Natural gas is an abundant, clean-energy alternative to gasoline
and diesel as it produces less CO2 per unit energy.

1 However,
the management of unburned methane from natural gas
engines is a growing concern because methane is a potent
greenhouse gas with a global warming potential ∼25 times
greater than CO2.

2 As conventional catalytic convertors are
unable to efficiently remove methane at the low exhaust
temperature of natural gas-powered vehicles, there is a great
demand for new materials to function as low-temperature
methane oxidation catalysts. New materials that catalyze
methane oxidation at low temperature (<300 °C) will be
required to meet future emission standards for natural gas
vehicles and to treat industrial emissions.3 This is currently an
active area of research with many new materials being
explored.4−8

Noble metal catalysts have the potential for reduced NOx

emissions and complete methane oxidation at low temper-
atures, combined with the ease of integration into existing
vehicles.9,10 Unfortunately, three-way catalytic convertors
currently used in vehicles are poor at oxidizing methane.
Among the most promising materials for this process are Pd/
CeO2 composites.11−13 Ceria is an ideal support for methane
oxidation catalysis as an accessible Ce3+/Ce4+ redox cycle gives
it high oxygen storage capacity (OSC) and high oxygen

mobility, both of which can stabilize Pd or Pt on ceria and
enhance catalytic oxidation. Electron and oxygen transfer
studies on model Pt/CeO2 catalysts show favorable interactions
on nanostructured ceria that enhance activity,14 and the
hydrophobicity of ceria may help stabilize it under the harsh
conditions found in exhaust streams.15 Pd/CeO2 materials are
typically formed by wet impregnation methods, but other
methods including coprecipitation, deposition−precipitation,
specific adsorption, and combustion synthesis have also been
explored.12,16−19 These methods, however, generally lead to ill-
defined structures and relatively high initiation temperatures
(light-off temperatures) for catalytic methane oxidation.
Improvements such as assembly of Pd@CeO2 core−shell
particles on alumina have resulted in catalysts with improved
performance,20 but developing catalysts that are active below
∼300 °C remains a daunting challenge.
We have discovered a straightforward method for construct-

ing highly active PdO/CeO2 nanostructured materials with
outstanding catalytic activities. This new family of catalysts is
prepared by a 2-step procedure, where a ceria precursor (either
cerium hydroxycarbonate, CHC, or cerium formate, CF) is first
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formed (Figure 1) then reacted with a palladium salt.
Fortuitous incorporation of formate groups allows the sur-

face-assisted reduction (SAR) of Pd2+ on the ceria precursor
surface without the need for an added reducing agent, giving
nanostructured PdO/CeO2 composites after thermolysis. This
method leads to excellent dispersion of the PdO on the
substrate. Temperature-programmed oxidation (TPO) meas-
urements show that these new materials have excellent
performance in the catalytic oxidation of methane, with light-
off temperatures (T50%) of <300 °C and complete combustion
around 400 °C. These highly active nanostructured catalytic
materials prepared by our new approach could be important for
helping reduce global natural gas emissions.

■ RESULTS AND DISCUSSION
Nanostructured forms of CHC (Ce(OH)CO3) and CF
(Ce(HCOO)3) were prepared by solvothermal reaction
between cerium nitrate and ethylene glycol (EG). EG is
known to be a reducing agent that can be oxidized to aldehydes,
acids, and, finally, CO2.

21,22 By varying only the reaction
temperature, different cerium-containing products that incor-
porate these intermediates were obtained. The synthesis of the
different nanostructured ceria precursors is illustrated in Figure
1, and electron microscopy images of the hollow spheres and
nanorods are shown in Figure 2.
Cerium nitrate and EG reacted at temperatures below 393 K

and produced crystalline ceria nanospheres. When the reaction
was carried out at 418 K, CF nanospheres were obtained,
confirmed by powder X-ray diffraction (PXRD; Figure 2A−C).
The FT-IR spectrum (Figure S2) of the product showed an
intense band at 1570 cm−1 that is characteristic of the
asymmetric COO stretching mode and a band at 776 cm−1

that arises from δ (OCO) of the formate group, along with the
bands due to residual EG (∼1040−1080 cm−1).23,24 This
temperature was clearly sufficient for the oxidation of EG to
formic acid, which led to the formation of cerium formate.

Reactions carried out at 453 K resulted in a yellow gel
consisting of CHC nanorods as confirmed by PXRD (Figure
2D−F). X-ray photoelectron spectroscopy (XPS; Table S1 and
Figures S6−7) of this material showed only the presence of
cerium in oxidation state +3, as expected for CHC. XPS of the
CHC nanorods showed an O 1s peak characteristic of
hydroxycarbonates.25 Notably, FT-IR spectroscopy (Figure
S2) of the CHC nanorods revealed the presence of formate
along with bands due to the hydroxycarbonate and residual EG.
Formic acid and carbon dioxide are known decomposition
products of EG, and the formate coats the CHC product (the
CHC nanorods coated with formate are denoted as CHC-f).
CHC was also formed at 473 K, but this material had a sheet-
like morphology and was more crystalline than the nanorods
(Figure S1). Also, IR spectroscopy (Figure S2) showed that
CHC had comparably less residual formate and EG than the
CHC-f nanorods.
Upon calcination at 673 K, all of the precursors gave ceria

nanostructures with retention of morphology. Calcining CF
hollow spheres resulted in hollow ceria nanospheres (ceria-ns),
while CHC-f gave ceria nanorods (ceria-nr). PXRD analysis
indicated the products are microcrystalline and XPS data were
consistent with CeO2, demonstrating that this is a facile route
to nanostructured forms of ceria with different morphologies.
While our work was in progress,26 He et al. described the

preparation of hollow spheres of a mixture of CHC/CF from
heating cerium nitrate in EG, but they did not observe the CF
fibers that we obtained.27 These results validate our finding that
the phase behavior of cerium nitrate in EG is complex and can
give rise to diverse nanostructured materials.
With new nanostructured forms of CHC and CF in hand, we

set out to combine these with Pd in order to generate active
catalyst materials. Figure 3A shows the general scheme for the
SAR reaction and photographs of the starting material and
product. To our surprise, the addition of either CHC-f or CF
hollow spheres to aqueous solutions of palladium nitrate
yielded black precipitates, indicating a reduction of Pd2+ to Pd0.
Sodium formate has been reported as an efficient reducing

Figure 1. Synthesis of new nanostructured cerium-containing
materials. At low temperature, cerium nitrate in EG gives ceria
spheres. As the temperature is increased during preparation,
decomposition products of EG, including formic acid and carbon
dioxide, yield CF hollow spheres, formate-coated CHC nanorods
(CHC-f), and CHC with a stacked-sheet morphology. The scale bar in
the TEM images corresponds to 100 nm.

Figure 2. Electron microscopy images and PXRD patterns of as-
synthesized cerium-based nanostructures obtained from the reaction of
cerium nitrate with EG. (A) Field-emission scanning electron
microscopy (FESEM) image of as-synthesized (418 K) hollow spheres
of CF. (B) Transmission electron microscopy (TEM) image of CF,
showing the hollow spheres. (C) PXRD pattern of CF. The PXRD
pattern matches that of cerium formate, JCPDS 49-1245 (red). (D)
FESEM image of CHC-f nanofibers synthesized at 453 K. (E) TEM
image of CHC-f. (F) PXRD pattern of CHC-f, which matches JCPDS-
52-0352 (red). The scale bars in the electron micrographs correspond
to 500 nm.
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agent in the synthesis of palladium nanoparticles,28,29 and the
formate appears to be responsible for the reduction of Pd2+

here. Qualitatively, the rate of the SAR correlated well with the
relative proportion of formate groups present in the CHC-f or
CF. When CF was used as the precursor, the SAR was rapid,
and the solution turned black in less than 5 min. On the other
hand, when the CHC synthesized at 453 K (CHC-f) was used
as precursor, the solution turned black only after 60 min. When
CHC prepared at a high temperature (with no detectable
formate on its surface) was used, the SAR took ∼12 h. With
pure ceria and CHC prepared by a urea route there was no
visible reduction of the Pd2+, even after 2 days. Reduction of
palladium nitrate is facilitated by formate groups on CHC-f or
CF, depositing palladium on the surface of the nanostructured
ceria precursors.
FT-IR spectra of CF and the product obtained after reaction

with palladium nitrate (Figure S3) shows that after reduction,
the characteristic peaks of formate (1570 and 776 cm−1)
disappear and new peaks characteristic of carbonate (1385 and
847 cm−1) appear. Thus, reduction of the Pd2+ by formate
yields carbonate as a byproduct.
The PXRD patterns (Figure 3B) of the solids obtained using

CHC-f or CF as precursor are both dominated by low angle
reflections at 2θ = 11.7, 23.4, and 35°, and do not show
reflections due to crystalline palladium or palladium oxide. The
PXRD patterns do not have sufficient peaks to index to a unit
cell, but they have characteristic patterns that are similar to
layered metal oxide structures.30,31 In the case of CHC-f, after
the reaction with palladium nitrate, the PXRD pattern of the
sample showed reflections of both CHC and the lamellar
structure. Interestingly, CHC-f stirred in water for 12 h without
added palladium nitrate also transformed into the same
crystalline structure (Figure S4). When the CF or CHC
sample prepared at 473 K was treated with water, there was no
indication of the layered structure forming.

On the basis of these results, we believe that the carbonate
and residual EG facilitate the transformation of the precursors
into layered materials in water. When the as-synthesized cerium
formate is stirred with water, it has the residual EG needed to
form the layered structure but lacks the carbonate. On the other
hand, CHC synthesized at 473 K has sufficient carbonate but
no residual EG, and therefore does not form the layered
structure; this is corroborated by the FT-IR data in Figure S2.
Thus, the formation of the layered structure occurs only when
both the carbonate and some residual EG are present in the
reaction mixture. For comparison, we prepared cerium formate
by reacting cerium chloride with formic acid in ethanol. Cerium
formate prepared by this EG-free route also reduced palladium
nitrate. The PXRD pattern of the sample (Figure S12) obtained
after reduction did not have peaks due to palladium or its
compounds. There is also no indication of the formation of the
layered structure. The postreduction sample was a mixture of
cerium formate and cerium carbonate, which supports the
conclusion that the formate takes part in the reduction, yielding
carbonate as the byproduct. Because there was no EG present
in the reaction, the product was cerium carbonate, not the
layered structure.
High-resolution XPS spectra of the Ce 3d region of CHC-f

after water treatment and after SAR with Pd(NO3)2 are both
similar to the XPS spectrum of as-synthesized CF, confirming
that neither the water treatment nor the reaction with
palladium nitrate results in the oxidation of Ce3+ to Ce4+.
This shows that the reduction of palladium involves the formate
groups and the Ce3+ does not act as reducing agent. High-
resolution XPS data (Figure S10) of the product show the
presence of Pd0.32,33

The sample obtained after in situ reduction of 1 mM
palladium nitrate on CHC-f was calcined at 673 K to prepare a
1 wt % Pd-CeO2 catalyst (denoted as CHC-f/Pd(1 mM)). The
PXRD pattern of the calcined sample was indexed to cubic

Figure 3. Synthesis and characterization of the Pd/ceria nanostructures. (A) The reaction of CF or CHC-f with 1 mM of Pd2+ gives black
precipitates of as-synthesized CF/Pd(1 mM) or CHC-f/Pd(1 mM). (B) PXRD of the two samples, as synthesized CF/Pd(1 mM) and CHC-f/Pd(1
mM). (C) PXRD of the two samples, CF/Pd(1 mM) and CHC-f/Pd(1 mM), after calcination at 673 K. (D) Scanning transmission electron
microscope (STEM) image of CHC-f/Pd(1 mM) obtained after calcination at 673 K and the corresponding energy dispersive X-ray spectroscopy
(EDS) elemental maps of (E) Ce, (F) O, and (G) Pd. The scale bars in the electron micrographs correspond to 500 nm.
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CeO2, and no peaks for Pd or PdO were observed (Figure 3C).
The EDX spectrum (Figure S5) of the calcined sample shows
the presence of both Ce and Pd. TEM images of the CHC-f/
Pd(1 mM) sample show that after calcination, the material has
lost the nanofibrillar morphology of the CHC-f precursor
(Figure 2E) and appears as sheets (Figure 3D). XPS data of
CHC-f/Pd(1 mM) shows predominantly Ce4+, as expected,
and the O 1s XPS data are similar to ceria. The high-resolution
Pd 3d XPS spectrum of CHC-f/Pd(1 mM) calcined at 673 K
shows that most of the palladium is present as PdO (B.E. = 337
eV). A small contribution from a second peak with a higher B.E.
= 338.1 eV is also present. The higher B.E. value indicates a
more ionic form of palladium; this has been reported to arise
due to the interaction of palladium with the ceria matrix.32 In
the CeO2/Pd samples prepared by the formate-assisted
method, the palladium mainly exists as palladium oxide, and
some palladium exhibits ionic character from the interaction
with the ceria.
The catalytic activities of the ceria nanostructures and nano

ceria-supported palladium catalysts were measured by passing
methane and oxygen over a bed of the material and monitoring
the products formed by mass spectrometry (Figure 4A). These
conditions were chosen to mimic the exhaust gas composition
from a natural gas vehicle in terms of O2 content and CH4
concentration. To assess the effect of nanostructuring of the
ceria, bulk ceria was prepared by the traditional precipitation
method (ceria-p). For comparison of palladium loading

methods, 1% Pd-loaded reference samples were prepared by
the modified incipient wet impregnation (MIWI) technique.
Samples prepared from various ceria nanostructures and
palladium nitrate by MIWI are denoted as ceria-x/Pd-MIWI
(x = nr for nanorods, ns for nanospheres, and p for
precipitation) after calcination. The CeO2/Pd samples prepared
by in situ formate reduction of palladium nitrate with cerium
precursors followed by calcination are denoted as indicated in
Table S2. The mass spectroscopic analysis confirmed the
presence of both H2O and CO2 in the reactor products, but
neither CO nor H2 were detected for any of the catalyst
samples reported herein. This confirms that the water gas shift
reaction did not occur to any extent under the conditions used
here.
The temperature profiles for methane conversion using

CHC-f/Pd(1 mM), CF/Pd(0.3 mM) and control catalyst
samples prepared by MIWI are shown in Figure 4B. CHC-f/
Pd(1 mM) and CF/Pd(0.3 mM) show excellent activity with a
T50% (temperature at which 50% conversion occurs) for the
samples well below 300 °C and T100% (temperature at which
conversion is complete) of 400 °C. By comparison, the other
ceria-x/Pd-MIWI samples examined have T50% > 400 °C and
complete conversion was not achieved even at 600 °C.
Significantly, the CHC-f/Pd(1 mM) and CF/Pd(0.3 mM)
samples exhibit substantially better activity than the samples
prepared by the MIWI method. A comparison of the materials
prepared by SAR to other Pd/CeO2 catalysts in fixed-bed

Figure 4. TPO reaction of ceria and ceria/Pd materials. (A) Schematic of the TPO reaction, where methane is oxidized over a bed of the catalyst to
give carbon dioxide and water. (B) TPO of methane in the presence of different catalyst samples (nr = nanorods; ns = nanospheres; p = precipitated;
ceria-x/Pd-MIWI = ceria in form x with 1% Pd deposited by the MIWI method; CHC-f/Pd(1 mM), CF/Pd(0.3 mM) = samples prepared with 1%
Pd by in situ reduction, as described in the text). Reaction conditions: 1000 ppmv CH4 in 20% O2 (balance He and Ar); space velocity, 180 000
mL(STP)·g−1·h−1. (C) TPO of methane in the presence of CeO2/Pd samples with different reduction rates of Pd2+ by CF (sample prepared by in
situ reduction of Pd2+ by varying concentrations of Pd(NO3)2; CF/Pd(1 mM) = 1 mM; CF/Pd(0.4 mM) = 0.4 mM; CF/Pd(0.3 mM) = 0.3 mM).
The palladium loading of the final composite was adjusted to be 1 wt %. Reaction conditions: 1000 ppmv CH4 in 20% O2 (balance He and Ar);
Space velocity 180 000 mL(STP)·g−1·h−1. (D) Steady-state oxidation of methane in the presence of water (5% water), using CHC-f/Pd or 5.3 wt %
Pd/Al2O3 as the catalyst. Water was introduced at t = 0 min and switched off after 24 h. Reaction conditions: 5000 ppmv CH4 in 20% O2 (balance
He and Ar); space velocity, 180 000 mL (STP)·g−1·h−1 at T = 380 °C.
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reactor studies (Table 1) shows that our catalyst shows
comparable results to these systems.
We believe that one important reason for the outstanding

catalytic activity in these materials is the dispersion of the
formate groups on the surface of the ceria-precursor
nanostructures, which leads to good dispersion of the Pd
nanoparticles and enhances metal−support interactions.
Although we could not observe nanoparticles by TEM or by
PXRD, we carried out STEM-EDS mapping (Figure 3E−G) to
show that the palladium oxide is well-dispersed in the ceria
matrix. To further prove that dispersion is important, we
prepared samples with different concentrations of palladium
nitrate. When the SAR was performed on CHC-f using 2 mM
Pd(NO3)2 (CHC-f/Pd(2 mM)), the solution turned black in
15 min (as opposed to 60 min if 1 mM Pd(NO3)2 was used).
When CF is used as the cerium precursor in 1 mM Pd(NO3)2
solution, reduction occurs in less than 5 min (CF/Pd(1 mM)),
whereas the CF in 0.4 and 0.3 mM Pd(NO3)2 reduces Pd

2+ in
15 and 30 min, respectively. The samples are named based on
the Pd(NO3)2 concentration as (CF/Pd(0.4 mM) and CF/
Pd(0.3 mM)). In each case, the final product contained 1 wt %
Pd.
The catalytic efficiency of CeO2/Pd samples prepared by

varying the palladium nitrate concentration in the surface-
assisted reduction of Pd2+ by CF is shown in Figure 4C. When
CF is used as precursor, the catalytic activity of the samples
increases as the palladium source is diluted: CF/Pd(0.3 mM) >
CF/Pd(0.4 mM) > CF/Pd(1 mM). The reaction with diluted
palladium nitrate solution results in slower reduction and
thereby slower nucleation of Pd0. Because no external capping
agents are used, slower reduction leads to less aggregation and
better dispersion of Pd0. The dispersion of the Pd formed upon
reduction apparently depends on the reduction conditions and
cerium precursor, resulting in differing activities. In general, the
slower the reduction, the better the catalytic activity of the
composite. Slower reduction may increase the number of
catalytic sites accessible to the methane and improve the redox
interaction between the Pd and ceria.
Pd-substrate interactions have been demonstrated to be

important for methane oxidation reactions as the substrate
provides oxygen for the reaction and can mediate deactivation
pathways.33 Recent work has indicated that the hydrophobicity
of CeO2 may be important for enhancing its stability even in
the presence of water.15 Figure 4D shows the methane
conversion efficiency of CHC-f/Pd(2 mM) containing 1 wt
% Pd (prepared by SAR) versus an Al2O3/Pd catalyst
containing 5.3 wt % Pd and prepared by the conventional
MIWI method. Upon the introduction of water, both catalysts
show decreased performance, as previously reported,34 but the
decrease for the CHC-f/Pd catalyst is only ∼20%, compared to
a ∼ 70% reduction for the Al2O3/Pd catalyst. After 24 h, the
hydrothermal treatment was ended and subsequently the CHC-
f/Pd catalyst fully recovered its activity, whereas the Al2O3/Pd
catalyst only partially recovered after the test. These initial

results demonstrate that the CHC-f/Pd catalysts are highly
active and show very good hydrothermal stability.

■ CONCLUSIONS

We report a new family of ceria nanostructures with interesting
and controllable morphologies that are readily prepared by
combining cerium-containing precursors in ethylene glycol with
nitric acid. We have also found a new way to synthesize
palladium-based catalytic nanomaterials by surface-assisted
reduction (SAR), taking advantage of the reduction potential
of formate groups incorporated on ceria nanostructures. This is
the first report of the surface-assisted reduction of palladium
salts by a cerium precursor for the synthesis of Pd/CeO2
catalysts. This discovery has led to new nanostructured catalyst
precursors with controlled deposition of palladium on their
surfaces, without the need for an additional reducing agent.
After calcination, the Pd/CeO2 catalysts show impressive
catalytic performance for methane oxidation, with ignition
temperatures (T50%) of <300 °C. The enhanced performance of
these materials when compared to materials made by other
techniques likely arises from the good dispersion of Pd
nanoparticles on the catalyst surface. Considering the
importance of PdO-based materials in industrial catalysis,
these new materials may be useful for applications in catalytic
converters, natural gas furnaces, and industrial methane
scrubbing.
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Table 1. Comparison of Catalyst Performance

catalyst T50 (°C) Pd (wt %) catalyst mass (mg) total flow (mL(STP)/min) GHSV (mL/(g h)a ref

CHC-f/Pd(1 mM) < 300 1 100 300 180 000 present work
Pd@CeO2 320 1 50 83 199 200 20
PdO on mesoporous aluminosilica 377−453 0.6−2.0 100 100 120 000 35

aGHSV (gas hourly space velocity) = total volumetric flow rate (mL/h)/catalyst mass(g) = mL/(g·h).
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