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ABSTRACT: Ceria-supported transition metal oxide (such as
CoOx) catalysts are promising, more cost-effective candidates
to replace platinum group metal catalysts in the NO reduction
process. A series of CoOx (0.2−31.3 Co/nm2) catalysts
supported on CeO2 were prepared by the incipient wetness
impregnation method and were tested for NO reduction by
CO reaction in this work. Various characterization techniques,
including Brunauer−Emmett−Teller, Raman spectroscopy,
powder X-ray diffraction (XRD), X-ray absorption spectros-
copy (XAS), and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) were used to investigate the
molecular and electronic structures of CoOx/CeO2 catalysts. It was observed that there are structural changes with varied
Co loadings, such as (1) sub-monolayer: <2.3 Co/nm2, (2) monolayer: 2.3−2.7 Co/nm2, and (3) over-monolayer: >2.7 Co/
nm2. The highest molar rate was observed at the 2.7 Co/nm2 sample. In the case of over-monolayer samples, such as 7.1 Co/
nm2, the oxidation state of Co affected the catalytic activity. Using in situ XAS, an oxidation state change from Co3+ to Co2+

between 200 and 300 °C was identified. Catalyst deactivation was also affected by the change of Co oxidation states from the
fresh sample (Co3+) to the used sample (Co3+/Co2+). N2O formation and decomposition were affected by the reaction
temperature in a two-step procedure, where NO converts into N2: (1) NO → N2O and (2) N2O → N2. N2 selectivity
monotonically increased with an increasing reaction temperature between 200 and 400 °C. The results provided several
structure−property relationships and a possible reaction mechanism for NO reduction by CO reaction over CoOx/CeO2
catalysts.

1. INTRODUCTION

Anthropogenic greenhouse gas emissions and pollutants in the
atmosphere are causing growing global warming concerns.1

Nitrogen oxides (NOx) are some of the main contributorsin
addition to hydrocarbons (HCs), carbon monoxide (CO),
sulfur oxides (SOx), and particulate mattersto air pollu-
tion.2−6 Many investigations have been performed for catalytic
NOx (mainly NO) reduction, resulting in the development of
techniques, such as NO reduction by hydrocarbon or CO and
NH3-selective catalytic reduction.7−12 Among the discovered
methods, NO reduction by CO (2NO + 2CO → N2 + CO2)
has received much attention because a large amount of carbon
monoxide (CO) also exists in automobile exhausts. Because
CO is also one of the notorious pollutants, the reduction of
NO by CO is an important approach that can reduce two
pollutants (NO and CO) simultaneously. Moreover, this is a
major catalytic reaction in three-way catalytic converters
(TWCs). For the past few decades, supported platinum
group metals (PGMs), such as Pt, Rh, Ru, and Pd, have been

used in the NO reduction by CO reaction due to their high
activity and high resistance to catalyst deactivation.13−17 It has
been suggested that the NO reduction by CO reaction is a
two-step reaction: CO + 2NO → N2O + CO2 (nitrous
formation) and CO + N2O → N2 + CO2 (nitrous
reduction).18 The NO reduction by CO is also believed to
be a site-specific reaction, including CO adsorption and NO
dissociation.19 N2O is a product from incomplete NO
reduction, especially during the cold start period of vehicles.
Due to the fact that N2O is very difficult to remove, the N2O
dissociation rate and N2 selectivity should be improved to
satisfy the NOx regulation. The important roles of metal−
support and metal−oxygen-support interactions have also been
empathized in the literature.20−22 Granger et al. reported that
different supports could control the rate constant of two
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competitive steps, such as 2N* → N2 + 2* and N* + NO* →
N2O + 2*, where * is a vacant adsorption site.23 Pt (or Pd)/
CeO2 showed higher NO reduction compared to Al2O3
supported catalysts because of their strong metal−ceria
interaction and the formation of solid solution, Ce1−xMxO2.

24

Mono- and bimetallic supported catalysts have also been
investigated to improve the catalytic activity and N2 selectivity.
For example, Schmal et al. reported that Pd−Mo/Al2O3
catalysts showed higher N2 formation than that of the Pd/
Al2O3 catalysts.25 The authors also observed the change of
oxidation states of Pd and Mo (e.g., Pd2+, Pd0, Mo6+, and
Moδ+) during the NO reduction by CO reaction and
concluded that Moδ+ promotes catalytic activity and N2
selectivity.
From an economic point of view, the use of PGMs should be

reduced due to their high cost and scarcity.26 Therefore, much
attention has been paid to explore the supported transition
metal oxide catalysts, which have shown promising results for
N2O decomposition and CO oxidation.27−32 Among transition
metals, cobalt is a great candidate as a replacement for noble
metals because of its abundance, low cost, and high stability
under harsh reaction conditions.33,34 Considering these factors,
cobalt oxide (CoOx) has been studied and used as a
heterogeneous catalyst in several chemical reactions like CO
oxidation, water−gas shift, dry reforming, ethanol steam
reforming, and soot combustion.35−39 Recently, An et al.
reported that Co3O4 loaded with Pt nanoparticles showed
higher CO oxidation activity under reducing conditions than
other mesoporous oxides, such as NiO, MnO2, and FeO2.

40

The authors also found that the Co2+ site is the active site in
the Pt/Co3O4 catalyst, whereas octahedrally coordinated
surface Co3+ is the active site in bulk Co3O4. In addition, the
oxidation state of CoOx during the CO oxidation reaction has
been investigated by in situ spectroscopic techniques, such as
the X-ray absorption near edge structure (XANES) and
ambient-pressure X-ray photoelectron spectroscopy (XPS) by
Jansson et al.41 They found that the catalyst deactivated as
surface cobalt oxide reconstruction occurred. Also, the
deactivated catalyst could be reactivated by oxidizing
procedures. These results imply that the oxidation state of
CoOx plays a key role in controlling the catalytic activity in
NO reduction by CO reaction.
Ceria is widely used as an oxide support in the TWCs

because it has shown outstanding redox ability (Ce4+/Ce3+),
high oxygen storage capacity, high dispersion of noble metals,
and the ability to improve the thermal stability when combined
with other metal oxides.42−46 It has been reported that the
combination of ceria with transition metal oxide (or metal)
improved redox properties and surface oxygen mobility, which
resulted in higher catalytic activity during the NO reduction by
CO reaction.47 Deng et al. reported that pure CeO2 showed no
activity for the CO oxidation and very low activity for the NO
reduction by CO reaction up to 300 °C.30 However, Mn-
doped CeO2 and Cu/CeO2 catalysts showed improved
catalytic activities for both CO oxidation and NO reduction
by CO reaction, although CO conversion was still low
(∼50%). Using ex situ XPS and in situ DRIFT results, the
authors claimed that the catalytic activity is directly related to
Ce3+, oxygen vacancies, and ceria cell lattice expansion. Liu et
al. also observed higher photocatalytic NO reduction by CO
reaction activity over the CuCeTi catalyst compared to the
CuTi catalyst using in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS).48 The authors hypothe-

sized that the transferred oxygen from ceria to copper
increased oxygen vacancies and oxygen concentrations in
ceria and copper, respectively. This transition of oxygen
resulted in higher catalytic activity during the NO reduction by
CO reaction. It is well documented that the loading of surface
species (e.g., metal oxide) can affect the catalytic activity and
molecular structure, so the determination of monolayer
coverage is very important because the monolayer sample
should contain the highest dispersion of surface species on the
support without forming a crystalline structure.49−51 Recently,
Savereide et al.52 also studied the effect of CeO2 morphology
in CoOx/CeO2 catalysts for the NO + CO reaction and
noticed that, compared to nanoparticles and nanocubes, the
CeO2 nanorod has a rougher surface and more oxygen vacancy
defects. These features help charge transfer on the metal−
support interface as well as keep Co oxidation states stable
during reaction conditions. As a result, the authors found that
cobalt oxide catalysts with CeO2 nanorods as the supporting
material performed better in the NO + CO reaction than the
ones with CeO2 nanoparticles or nanocubes as supports.
For the reasons briefly summarized above, the CoOx/CeO2

catalyst has been used in several reactions and processes like
steam reforming53,54 and N2O decomposition.55 It has been
proven in these studies that the CoOx/CeO2 catalyst is a very
promising catalyst to replace PGMs due to its high activity and
good stability. However, a systematic understanding of the
fundamental molecular structure of the catalyst and the
structure−activity relationship for the NO reduction by CO
reaction is lacking. For instance, the changes in molecular
structures with different Co loadings, as well as the changes of
the oxidation state of Co in CoOx during the NO reduction by
CO reaction. The important factor, as hypothesized above, a
possible correlation with its catalytic activity, is not yet fully
understood. The main reason is the challenge of carrying out
such investigation in realistic working conditions and the
difficulty in correlating the changes that occur in this
multicomponent system (catalyst, support, reactants, inter-
mediates, and products) to identify the active species in the
catalytic process.
Herein, we report a systematic study of a series of CeO2-

supported CoOx catalysts by a multimodal approach, involving
in situ synchrotron X-ray absorption spectroscopy (XAS), in
situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), and other complementary techniques (e.g., Raman
spectroscopy, X-ray diffraction (XRD), and Brunauer−
Emmett−Teller (BET) surface area analysis in addition to
catalytic activity and product selectivity measurement). In this
work, by comparing the results of different techniques, the
following fundamental questions were addressed to understand
the NO reduction by CO over CeO2-supported CoOx
catalysts.

• What is the monolayer coverage of CoOx/CeO2
catalysts?

• How are the molecular and electronic structures of
samples affected by Co surface density?

• How are the molar reaction rates affected by Co
loadings?

• What are the key parameters to control the NO
reduction by CO reaction?

• What are the intermediate species and possible reaction
mechanisms of NO reduction by CO reaction with
CoOx/CeO2 catalysts?
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2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. The supported cobalt oxide
(CoOx) was prepared by the incipient wetness impregnation of
an aqueous solution with varying concentrations of cobalt(II)
nitrate hexahydrate (Co(NO3)2·6H2O, ACS grade, 98.0−
102.0%, crystalline, Alfa Aesar) onto CeO2 (Rhodia, HSA 5).
After impregnation, the samples were dried at room temper-
ature (RT) for 12 h. The initially dried samples were
transferred to a tube furnace (Lindberg/Blue Mini-Mite
Tube Furnace, model TF55030A-1) and further dried in air
(dry grade, from Airgas) at 120 °C (2 °C/min ramping rate)
for 12 h and subsequently calcined at 400 °C (5 °C/min
ramping rate) for 6 h. After the calcination process, the
samples were sieved through a 40-mesh sieve (Fisherbrand).
2.2. Specific Surface Area and Pore Volume Measure-

ment. The specific surface area and pore volume of the series
of CoOx/CeO2 catalysts were calculated from N2 adsorption/
desorption isotherms using the Brunauer−Emmett−Teller
(BET) theory and the Barrett−Joyner−Halenda methods,
respectively. The Micromeritics ASAP 2010 device was used at
the liquid N2 temperature of −196 °C for analysis. Before the
analysis, 0.1 g of catalyst was pretreated in a vacuum at 300 °C
for 4 h to remove impurities.
2.3. Inductively Coupled Plasma Atomic Emission

Spectrometry (ICP-AES). The Co element content in the
series of CoOx/CeO2 catalyst was determined by the ICP-AES
method. The ICP-AES experiment was carried out with an
iCAP 6000 Series ICP-OES spectrometer (Thermo Fisher
Scientific) accompanied by an ASX-260 Autosampler
(CETAC). The samples were dissolved in nitric acid before
testing. A cobalt standard (1000 mg/L Co in 2% nitric acid,
from Sigma-Aldrich) was used as the reference.
2.4. Raman Spectroscopy. The molecular structure and

bond vibration of CoOx/CeO2 samples were determined via
Raman spectroscopy. For comparison, bulk Co3O4, CoO, and
CeO2 Raman spectra were also collected. Raman spectra were
recorded with visible (514 nm, He−Ne laser) excitation
(Renishaw, inVia Raman microscope) under the ambient
atmosphere. The scattered photons were directed into a single
monochromator and focused onto an air-cooled charge-
coupled device. The Raman shift was calibrated with a built-
in silicon standard sample. The spectral acquisition times were
10 scans accumulated with 10 s/scan.
2.5. Powder X-ray Diffraction. To determine the

crystalline phases in the catalysts, powder X-ray diffraction
patterns were obtained with a Rigaku (mode 1 SmartLab)
diffractometer with Cu Kα radiation (λ = 0.1542 nm). The
voltage and current of X-ray were 40 kV and 30 mA,
respectively. The patterns were collected at a scanning step size
of 0.02° at a rate of 2.5°/min and in a 2θ range from 20 to 70°.
2.6. X-ray Absorption Spectroscopy (XAS). In situ XAS

measurements were performed at beamline BL 2-2 at the
Stanford Synchrotron Radiation Lightsource, SLAC National
Accelerator Laboratory, and at the Inner-Shell Spectroscopy
(ISS) beamline at National Synchrotron Light Source II,
Brookhaven National Laboratory. The Co K edge data were
collected in the fluorescence mode. To compare the structures
of the as-prepared samples with different Co weight loadings,
ex situ XAS measurements were performed. For these
measurements, the sample powders were spread onto an
adhesive tape, then folded several times and mounted onto the
sample holder. To investigate the structure evolution of Co

during the NO reduction by CO reaction, XAS data were also
collected in the in situ conditions. For in situ measurements,
the sample powder was loaded into the Clausen plug-flow
reaction cell,56 consisting of a quartz tube with 0.9 mm inner
diameter and 1.0 mm outer diameter. The treatments on the
sample were: helium at RT→ helium at 400 °C→ gas mixture
of CO, NO, and He (CO/NO = 1:1) at 400 °C → keep gas
mixture flowing while decreasing temperature to RT by the
step of 100 °C. At each target temperature, up to six
consecutive scans were collected to improve the signal-to-noise
ratio.

2.7. Catalytic Activity Tests. The gas phase reactions
were carried out in a fixed bed quartz reactor (7 mm inner
diameter, 9.6 mm outer diameter, and 9.6 inches long) packed
with sieved catalyst powder and quartz wool. Catalyst loadings
were ∼40 mg. Flow rates were measured by mass flow meters
(FMA-1700A series, from Omega Engineering, Inc.) and the
temperature was monitored by a K-type thermocouple
(Omega). Reaction products were identified and analyzed by
Fourier transform infrared (FT-IR, PerkinElmer, Frontier)
with a gas cell (MARS series model #MARS 0.4L/3V-SS,
International Crystal Laboratories). For the NO reduction by
CO reaction, 500 ppm NO (2000 ppm with helium balance,
Airgas) and 500 ppm CO (2000 ppm with helium balance,
Airgas) were used in the reactions with argon (UHP Grade,
Airgas) balance. The total flow rate was 200 mL/min in all
experiments and the reaction was allowed to proceed for at
least 30 min at each reaction temperature before the data
collection. The blank tests indicated that the conversions of
NO and CO were negligible without the catalyst. The NO and
CO conversions were calculated according to the following
equations

=
−

×NO conversion
(NO) (NO)

(NO)
100%inlet outlet

inlet (1)

=
−

×CO conversion
(CO) (CO)

(CO)
100%inlet outlet

inlet (2)

2.8. In Situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (in Situ DRIFTS). The in situ
DRIFTS experiments were carried out with Thermo Scientific
Nicolet iS10 FT-IR and a Harrick Praying Mantis chamber.
The catalyst sample was first pretreated at 400 °C in flowing Ar
(20 mL/min) for 30 min. After pretreatment, the sample was
cooled to room temperature under flowing Ar and a
background spectrum was taken. For the NO + CO reaction,
a mixture of 5% CO, 5% NO, and balance He was used at a
flow rate of 20 mL/min. Before the collection of a spectrum,
the reaction was allowed to proceed for 20 min at each
temperature (25, 50−400 °C with a 50 °C increase). Each
spectrum was recorded at 4 cm−1 resolution and was the
average of 32 scans.

3. RESULTS
3.1. Specific Surface Area and Surface Density. BET

results for the series of CoOx/CeO2 catalyst samples are shown
in Table 1. The actual Co wt % of the samples were also
confirmed by the ICP-AES test and the results are included in
Table 1 as well. It was observed that the specific surface area
and pore volume of the samples decrease with increasing Co
loading. For instance, the as-received supporting material
CeO2 had the highest surface area of 235 m

2/g, whereas the 30
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wt % sample (98 m2/g) showed the lowest surface area of all of
the prepared CoOx/CeO2 samples. Compared to the as-
received CeO2, the specific surface area of the 30 wt % CoOx/
CeO2 sample was decreased by 58%. The cobalt oxide surface
density (Co/nm2) of the CoOx/CeO2 catalyst samples was
calculated using the sample surface area

=
× N

S
surface density of Co

W
M

/ 100
A

Co

Co

(3)

where WCo is the weight percentage of Co, MCo is the atomic
weight of Co, NA is the Avogadro number, and S is the sample
surface area.
The N2 adsorption/desorption isotherm results and the pore

size distribution of the selected catalysts are shown in Figure 1.
From the results, the tested CoOx/CeO2 catalyst samples
showed type IV isotherm, which was typical for mesoporous
materials (Figure 1a).57 The sharp steps of P/P0 = 0.4−0.8 can
be ascribed to the capillary condensation within the uniform
ceria mesoporous structure.58,59 It can also be observed from
Figure 1a that as the Co loading increased, a decrease in the
absorbed volume was noticed, which corresponded to the
decrease in the BET surface area and pore volume. The pore
size distribution of the samples showed that the average pore
diameter of all of the tested CoOx/CeO2 samples was around
3.5 nm and did not change as the Co loading increased (Figure
1b). As shown in the results from Table 1 and Figure 1, a
decrease in the specific surface area and pore volume indicated
closure of some of the ceria pores by impregnation of cobalt on
the surface.

3.2. Powder X-ray Diffraction. The powder X-ray
diffraction (XRD) technique was used to detect the crystalline
structures on the surface of the as-prepared CoOx/CeO2
catalyst samples as well as bulk CeO2 and synthesized bulk
Co3O4 for comparison. As shown in Figure 2, only Co3O4 and

CeO2 phases in the prepared catalysts were detected. The
prominent peaks from fluorite CeO2 (face-centered cubic
structure, PDF# 97-002-8709) included 28.3, 33.1, 47.3, and
56.3°, representing (111), (200), (220), and (311) reflections,
respectively. For comparison, the XRD pattern of the as-
prepared bulk Co3O4 sample was also included and was similar
to the pattern of spinel Co3O4 (PDF# 97-006-9369). The
spinel Co3O4 structure had (220), (311), (400), (511), and
(440) reflections at 31.0, 36.6, 44.7, 59.4, and 65.2°,
respectively.
For the CoOx/CeO2 catalyst samples, there were no obvious

Co3O4 patterns at 36.6° under the 5.2 Co/nm
2 surface density

sample. Starting from the 5.2 Co/nm2 sample, the 36.6° peak
from spinel Co3O4 became detectable. With the increased Co
surface density, the 36.6° peak intensity also increased,
indicating the formation of larger crystalline Co3O4 structures
on the surface of CeO2. Other characteristic weak peaks of
spinel Co3O4 did not show up until the Co surface density
reached 18.1 Co/nm2. Meanwhile, the prominent fluorite
CeO2 patterns could be found in all of the as-prepared CoOx/
CeO2 samples, and no shift was observed in the samples’ XRD

Table 1. BET Results, Surface Densities, Pore Volumes and
ICP-AES Results of CoOx/CeO2 Catalysts of Various Co
Loadings

Co wt % by
calculation

Co wt % by
ICP-AES

surface area per
unit mass (m2/g)

surface
density

(Co/nm2)

pore
volume
(cm3/g)

0 235 0 0.17
0.5 0.5 212 0.2 0.17
2 2.1 191 1.1 0.15
4 3.8 180 2.3 0.14
6 6.1 173 3.5 0.14
8 8.0 158 5.2 0.13
10 10.5 143 7.1 0.12
20 21.7 113 18.1 0.11
30 29.1 98 31.3 0.10

Figure 1. (a) N2 adsorption (close symbol)/desorption (open symbol) isotherms of selected CoOx/CeO2 samples. (b) Pore size distributions of
selected CoOx/CeO2 samples. P0 =1 atm.

Figure 2. XRD patterns for CoOx/CeO2 catalysts of various Co
surface densities. The values of the surface density (their
correspondence to the Co loading is in Table 1) are shown on the
right.
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patterns compared to pure CeO2. This result suggests that, for
all of the as-prepared CoOx/CeO2 samples, ranging in surface
density from 0.2 to 31.3 Co/nm2, impregnated Co was not
substituted for Ce4+ in the CeO2 structure or a solid solution
(e.g., CoxCe1−xO2) material was not formed.60 It is reasonable
to conclude that CeO2 was stable and retained its crystalline
structure (no structural changes in the fluorite CeO2 lattices),
whereas the precursor Co(NO3)2 converted to CoOx and
Co3O4 with CeO2 interaction after calcination.
3.3. Raman Spectroscopy. The Raman spectroscopy

technique has been extensively used for identifying the
molecular structure of supported metal oxide catalysts and
nanosized crystal formation of surface metal oxide.27,61,62

Raman spectra of all of the prepared samples, including pure
CeO2, calcined Co(NO3)2 (denoted as Co3O4), and bulk
CoO, are shown in Figure 3. The Raman spectra showed that

up to 2.3 Co/nm2 surface density samples, the broad and
strong bands at 460 cm−1 are dominant. The 460 cm−1 band is
widely accepted as the symmetrical stretching of the Ce−O
bond in F2g vibration of fluorite CeO2.

63,64 Also, there was
another weak and broad band at ∼600 cm−1, which could be
assigned to the D-band vibration of CeO2.

65 The D-band
vibration of CeO2 is believed to be associated with Frenkel
defects and oxygen vacancies due to the presence of Ce3+ ions
in the CeO2 lattice.

66

Starting from the 2.7 Co/nm2 catalyst sample, a band at
∼691 cm−1 was observed in the Raman spectra and this peak

could be assigned to the A1g vibration in Co3O4. Other weaker
bands around 194 cm−1 (weak, F2g-mode), 484 cm−1

(medium, Eg-phonon mode), 520 cm−1 (medium, F2g-mode),
and 618 cm−1 (weak, F2g-mode) were also noticed to appear
from 3.5 Co/nm2.67 Although these bands were also observed
in the CoO spectrum, all peaks were much broader than those
in the Co3O4 spectrum. It is worthwhile to note that the Co3O4
crystalline peak was not clearly detected until 3.5 Co/nm2 in
XRD spectra (Figure 2). This difference between the Raman
and XRD results indicated that the Co3O4 nanocrystalline
structure was already formed in the 2.7 Co/nm2 sample, but
the crystalline size might not be large enough to be detected by
powder XRD. Based on the Raman spectroscopy results, the
monolayer coverage of the prepared CoOx/CeO2 is expected
to be between 2.3 and 2.7 Co/nm2. Although both XRD and
Raman spectroscopy provided information on monolayer
coverage and crystalline structure formations of surface species,
the electronic structure of surface species (e.g., the oxidation
state of Co) was not clearly identified. Changes of Co
oxidation states under ex situ and in situ conditions were
investigated by X-ray absorption spectroscopy (XAS) and
reported below (Section 3.4).

3.4. X-ray Absorption Spectroscopy. To unveil the
oxidation state−activity relationship, ex situ and in situ XAS
experiments were performed. Multiple measurements were
carried out to investigate the oxidation state of Co species in
CoOx/CeO2 catalysts with different Co loadings, under
reaction conditions, and compared between fresh and used
samples (e.g., 7.1 Co/nm2). As shown in Figure 4a, the
XANES spectra of samples with low surface density (0.2 Co/
nm2 and 1.1 Co/nm2 samples) are quite unique, having
features different from those of CoO and Co3O4. But for these
two samples, the edge region of XANES spectra is resembling
that of CoO, suggesting that in these two samples Co is most
likely in the 2+ state. With the increase of the surface density,
the XANES spectra transform to resemble that of Co3O4.
Comparing with the activity test results in the following
section, XANES result suggested that Co with a higher
oxidation state could be the reason for the higher catalytic
activity. Figure 4b showed XANES result of the used 7.1 Co/
nm2 sample in comparison with the fresh 7.1 Co/nm2 sample.
The used sample showed a significantly different spectrum
from that of the fresh sample, indicating that the oxidation
state of Co species underwent a partial transformation from the
Co3O4-like state to the CoO-like state after the reaction. The

Figure 3. Raman spectra of CoOx/CeO2 catalysts of various Co
surface densities. The values of the surface density (their
correspondence to the Co loading is in Table 1) are shown on the
right.

Figure 4. Normalized Co K edge XANES spectra of (a) a series of CoOx/CeO2 samples and (b) fresh and used 7.1 Co/nm2 CoOx/CeO2 samples
taken ex situ at room temperature. The XANES spectra of CoO and Co3O4 were also included for comparison.
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activity and XANES results clearly explained that the oxidation
state of Co played an important role in governing the NO
reduction by CO reaction and was directly related to the
catalyst deactivation.
Figure 5 showed the result of in situ XANES during the NO

reduction by CO using the 7.1 Co/nm2 sample at different
temperatures. Helium (He) gas at RT → He gas at 400 °C →
NO + CO at 400 °C→ 300 °C to 100 °C→ NO + CO at RT.
As shown in Figure 5a, the XANES spectra under helium at RT
and 400 °C, and those under reacting gases (NO + CO) at 400
and 300 °C were very similar and almost identical to that of
Co3O4. When the temperature decreased to 200 °C and below
200 °C, the spectra changed and became more similar to that
of CoO. The presence of several isosbestic points, marked by
dashed-circles in Figure 5a, indicated that the sample
transformed directly from one phase to another. Furthermore,

because the spectra for bulk Co3O4 and CoO oxides showed
the same isosbestic points, it could also be concluded that the
catalyst structure changed within the range of structures from
pure Co3O4 and CoO. The linear combination analysis was
then used to determine the concentrations of Co3O4 (starting
phase) and CoO (final phase) at different temperatures. The
fitting range was 7698−7778 eV and the obtained results are
plotted in Figure 5b. The result of linear combination fitting
revealed that the fraction of Co3O4 (or CoO) in the sample
dramatically decreased (or increased) when the temperature
dropped below 300 °C. In addition to the Co oxidation state,
the coordination of CoOx (CoO or Co3O4) was also
considered. Co2+ ions were mainly in octahedral interstices
in CoO. In Co3O4, however, Co

2+ ions were in tetrahedral
interstices and Co3+ were in octahedral interstices, respectively,
and the ratio of Co2+ to Co3+ in Co3O4 was 1:2.74,75 The

Figure 5. (a) Normalized Co K edge XANES spectra of the 7.1 Co/nm2 sample under different conditions. For comparison, the energy spectra of
CoO and Co3O4 were also included. Inset: rectangle section to highlight the 1.0−1.7 normalized absorption coefficient and 7720−7750 eV regions.
(b) The weight percentage change of Co3O4/CoO and Co octahedral/tetrahedral sites under different conditions.

Figure 6. Catalytic activity results for NO reduction by CO reaction over CoOx/CeO2 catalysts. (a) NO conversion under different temperature
conditions, (b) N2O production under different temperature conditions, (c) CO conversion under different temperature conditions, (d) CO2
production under different temperature conditions. Reaction conditions: 50 mL/min (500 ppm) NO, 50 mL/min (500 ppm) CO balanced with
argon, total flow rate 200 mL/min. ∼40 mg of sample was used.
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changes are plotted in Figure 5b as well. When combined with
the result of the catalytic performance of this catalyst, this
trend again supported the hypothesis that the reduction of Co
to the 2+ state might be the reason for the lowered NO and
CO conversion.
3.5. Catalytic Activity. The relationship between the

molecular structure and catalytic activity of CoOx/CeO2
catalysts was investigated for the reduction of NO by CO.
The Co loading and temperature dependences of NO
conversion, CO conversion, N2O production, and CO2
production are shown in Figure 6. The main reaction products
were N2O, N2, and CO2. Note that no NO2 production under
the conditions of this experiment was observed. As shown in
Figure 6a,c, bulk CeO2 and bulk Co3O4 showed very low NO
and CO conversion. In the case of very low Co loading
samples, such as 0.2 Co/nm2, catalytic activity was improved
compared to CeO2 and Co3O4, whereas maximum NO and
CO conversion were still <20 and <40%, respectively. When
Co loading was higher than 0.2 Co/nm2, both NO and CO
conversion increased significantly, especially at ≥250 °C. NO
conversion over 1.1−31.3 Co/nm2 catalysts increased up to
300 °C and then leveled off or decreased at >300 °C. Although
≥2.7 Co/nm2 samples already contain the crystalline Co3O4
structure (Figure 3), it did not decrease NO conversion.
Interestingly, for all of the CoOx/CeO2 catalyst samples, the

production of N2O depended highly on the reaction
temperatures (Figure 6b). N2O concentrations increased
continuously with increased reaction temperature up to 250
°C and then decreased at higher temperatures (>250 °C). This
result indicated that at >250 °C, the catalyst became very
active for N2O decomposition into N2, thus led to the decrease
in N2O production. These results corresponded to the well-
accepted two-step reaction process

+ → +2NO CO N O CO2 2 (4)

+ → +N O CO N CO2 2 2 (5)

The observed N2O formation−decomposition as a function of
reaction temperature was matched well to previous studies.
Xue et al.,55 reported that less than 10% N2O was consumed at
150 °C using the Co3O4/CeO2 catalyst, whereas ∼40% N2O
was reduced at 200 °C. Liotta et al.,29 also reported that for
CoOx/CeO2 catalysts, 50% of the N2O was converted at ∼ 250
°C and 100% of the N2O was converted at ∼300 °C. At very
high reaction temperatures, 700−850 °C, Iwanek et al.,68

reported that N2O decomposition over a series of CoOx/CeO2
catalysts increased with increasing reaction temperature.
Figure 6c,d shows that CO conversion increased monotoni-

cally with increased reaction temperature, and all the
consumed CO was converted to CO2 by NO (eq 4) and
N2O (eq 5). Compared to NO conversion, CO conversion was
lower (or similar) at ≤300 °C and higher at >300 °C. This
result, especially ≤300 °C, agrees with the findings from the
literature over supported Pd catalysts. Cońsul et al.,69 tested
Al2O3/SiO2 supported Pd and Mo−Pd catalysts for the NO
reduction by CO at 523−573K (250−300 °C) and claimed
that the NO conversion was always higher than that of CO due
to the N2O formation. The authors also observed higher N2O
selectivity than that of N2 which is different from our results at
300 °C. As shown in Figure S1, at ≥300 °C, N2 selectivity over
the series of CoOx/CeO2 catalysts was much higher than that
of N2O. Therefore, the N2O selectivity does not always follow
the NO conversion ratio although it is closely related to the

reaction temperatures. From the results so far, it can be
concluded that: (1) The NO conversion with varied Co
loadings follows the trend: 2.3−31.3 Co/nm2 (monolayer and
over-monolayer) > 1.1 Co/nm2 (sub-monolayer) ≫ 0.2 Co/
nm2 (very low Co concentration)≫ bulk Co3O4 > bulk CeO2;
(2) for most CoOx/CeO2 catalysts, NO conversion increased
with increased reaction temperature up to 300 °C; (3) at lower
temperature (up to 250 °C), N2O formation is favorable,
whereas at higher temperature (>250 °C), N2 formation is
favorable.
To investigate the stability of the catalyst, the 7.1 Co/nm2

sample was used for the time-on-stream test. Figure 7

illustrates that NO and CO conversions decreased slightly
after reacting under 300 °C for 8 h. It is speculated that the
decreased NO and CO conversion could be ascribed to the
changes of the molecular or electronic structure of the catalyst.
Figure S2 showed the Raman spectra of the 7.1 Co/nm2

sample before and after the reaction. Compared to the fresh
sample’s spectrum, the used sample also contained a band at
460, 484, 520, and 691 cm−1, but with changed peak
intensities. Specifically, the used sample’s Raman peak intensity
ratio of I460cm−1/I691cm−1 increased compared to the fresh
sample. It was also observed that the peak intensity and
broadness of the band around 520 and 618 cm−1 of the used
sample were very similar to the CoO spectrum. From the
Raman spectra, it can be concluded that both molecular and
electronic structures of the catalyst changed after the reaction.
From previous literature, catalyst deactivation could be caused
by the change of the Co oxidation state and deposition of
carbonate species.41,70−72 Because most reaction temperatures
in this work were higher than that of carbonate desorption
(∼100 °C),73 it could be ruled out in the current work.

3.6. In Situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (in Situ DRIFTS). In situ DRIFTS
was used to provide an insight into the intermediate species
during the NO reduction by CO reaction and possible reaction
mechanisms. Figure 8 shows the adsorption spectra during the
NO reduction by CO on the 2.7 Co/nm2 sample as a function
of reaction temperatures (25−400 °C). Several surface species’
bands due to NO and CO adsorption can be observed. In
Figure 8a, IR bands were observed at 844 cm−1 (from CO
adsorption76), 1013 cm−1, and 1612 cm−1 (O−N−O
symmetric vibration in the bridging bidentate nitrate

Figure 7. Time-on-stream results for NO reduction by CO reaction at
300 °C over the 7.1 Co/nm2 CoOx/CeO2 catalyst. Reaction
conditions: 50 mL/min (500 ppm) NO, 50 mL/min (500 ppm)
CO balanced with argon, total flow rate 200 mL/min. ∼40 mg of
sample was used.
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structure44), 1233 cm−1 (O−N−O asymmetrical vibration in
the linear nitrite structure77), 1545 cm−1 (bridging mono-
dentate nitrate78), 1266 cm−1 bands (monodentate nitrate79),
and 1358−1370 cm−1 (carboxylates80,81). Upon taking a closer
look, it can be noticed that most nitrate (1013 and 1612 cm−1)
and nitrite (1233 cm−1) species formed at lower than 250 °C
and then disappeared at higher temperature conditions (>250
°C). In addition to the nitrate and nitrite bands, from 150 °C,
carboxylate bands (1358−1370 cm−1) were observed and
disappeared at 400 °C. It can be hypothesized that at lower
temperature (≤150 °C), CO adsorption was not preferred due
to the lack of oxygen vacancies. At higher temperature
conditions, as the adsorbed NO started to decompose, they
could possibly produce more oxygen vacancies on CeO2 and
facilitate more space for CO adsorption which formed
carboxylates. The surface nitrates and nitrites, and carboxylate
bands were also observed on the bulk CeO2 spectra (Figure
S3a), but these bands still existed even at 300 and 400 °C,
respectively. The results clearly show that the supported CoOx
catalyst improved the ability for desorption and dissociation of
intermediate species at lower temperatures.
In addition to the surface intermediate species, the change of

band intensities of gas components is also shown in Figure 8b.
The intensity of both NO and CO bands decreased with
increasing reaction temperature. The N2O band intensity at
2150−2250 cm−1 increased with increasing temperature up to
250−300 °C and then gradually decreased as we further
increased the reaction temperature. The N2O band almost
disappeared at 400 °C and this also corresponded to our
findings in the activity test (Figure 6b), where we found that
N2O production increased up to 250 °C, then decreased to
almost none at 400 °C. In the case of CO2, the band intensity
continuously increased up to 400 °C, also agreeing with our
previous findings (Figure 6d). From the activity results (Figure
6a,c), bulk CeO2 showed very low catalytic activity for NO and
CO conversion. In situ DRIFT spectra of CeO2 (Figure S3b)
also supported the activity results. The bands of NO and CO
were observed up to 400 °C and peak intensities did not
change much from 50 to 400 °C. N2O and CO2 bands in bulk
CeO2 spectra were observed at a much higher temperature
(300 °C) than that of CoOx/CeO2 (200 °C). The band
intensity of N2O in bulk CeO2 spectra was also much lower
than that of CoOx/CeO2. The observed in situ DRIFT results

confirmed the critical role of surface CoOx and showed that
surface CoOx facilitated N2O decomposition at a lower
temperature compared to bulk CeO2.
In the case of bulk Co3O4, it can be noticed that there were

barely any surface intermediate species during the NO
reduction by CO, except for the bidentate nitrate at 1612
cm−1 (Figure S4a), which disappeared after 100 °C, this is also
in accordance with bulk CeO2 and the 2.7 Co/nm2 sample.
The difference amount of intermediate species on Co3O4 and
other tested samples was possibly because Co3O4 is not a
porous material like CeO2, resulting in less positions/vacancies
for gas adsorption. The bands of NO and CO were observed
up to 400 °C and peak intensity decreased slowly with
increasing reaction temperature. N2O and CO2 bands in bulk
Co3O4 spectra were observed from 200 °C which are similar to
that of CoOx/CeO2. The band intensity of N2O and CO2 in
bulk Co3O4 was much higher than that of bulk CeO2 and this
result matched the concentration results in Figure 6b,d.

4. DISCUSSION
The molecular and electronic structure−catalytic activity
relationship over a series of CoOx/CeO2 catalysts has been
investigated using both conventional (e.g., XRD and Raman)
and advanced spectroscopic techniques (e.g., in situ XAS).
Specifically, the comparison among all results obtained for
samples with different Co weight loadings from 0.2 to 31.3
Co/nm2, the fresh and used catalysts of 7.1 Co/nm2, as well as
the temperature-dependent data from 100 to 400 °C, revealed
one common property for all investigated conditions, that is,
the catalysts with a higher Co oxidation state (+3) have higher
catalytic activity in the NO reduction by CO reaction.
With ex situ Raman and XANES, we were able to identify

the molecular structure and the Co oxidation state (e.g., +2
and +2/+3) in CoOx/CeO2 catalysts with different Co
loadings. In both Raman and XANES results, the structure
of Co3O4 was clearly observed starting from the 2.3−2.7 Co/
nm2 sample (Figures 3 and 4a), which corresponded to the
activity results. Moreover, in the case of the 1.1 Co/nm2

sample, the XANES spectrum showed an intermediate state
between CoO and Co3O4, which explained its slightly lower
activity results than other samples from 2.3 to 31.3 Co/nm2. It
is worthwhile to highlight that the XANES provided more
precise information on monolayer coverage in this series of

Figure 8. In situ DRIFTS spectra of the 2.7 Co/nm2 sample. (a) 800−1800 cm−1 region and (b) 1800−2400 cm−1 region. Reaction conditions: 10
mL/min (5% CO in He balance) and 10 mL/min (5% NO in He balance), total flow rate, 20 mL/min. ∼50 mg of samples were used. For “after
pretreat”, the conditions were in Ar atmosphere and at room temperature.
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CoOx/CeO2 catalysts than Raman spectroscopy or XRD result.
XAS showed the strong feature of Co3O4 crystal formation in
the 2.3 Co/nm2 sample (Figure 4a), whereas Raman
spectroscopy results showed that the monolayer coverage for
CoOx/CeO2 is in between 2.3 and 2.7 Co/nm2 (Figure 3).
Recently, Peck et al.27 collected data from literature studies for
the surface density values of Co3O4 formation in the CoOx/
CeO2 catalysts and reported the onset of monolayer formation
using the XRD, Raman, and XPS. The authors concluded that
the Raman spectroscopy results are in good agreement with
the XPS (surface sensitive technique) data, and the monolayer
coverage is just below 2.58 Co/nm2, which matches well with
our Raman data. Although the inhomogeneity of the surface
(CoOx) on ceria support cannot be completely ignored, and
Co3O4 microcrystalline formation under the sub-monolayer
coverage may also exist, it is reasonable to say that XAS
showed a higher sensitivity in detecting the Co3O4 micro-
crystals than other spectroscopic techniques used in this work.
Moreover, samples with ≥2.3 Co/nm2 surface density

showed significantly higher NO and CO conversions in the
NO reduction by CO reaction compared to the lower Co
density samples, bulk CeO2, and bulk Co3O4 (Figure 6). To
understand the inherent activity of CoOx/CeO2, molar rates of
the reaction (moles of NO converted by each mole of Co in
unit time) were calculated at 150 °C where NO conversion is
<20% to satisfy the differential reactor conditions.
As shown in Figure 9, the molar rate increases monotoni-

cally with increasing Co surface density and then decreases at

higher than 2.7 Co/nm2 samples. As shown in the Raman and
XANES results (Figures 3 and 4), the samples with the surface
density between 2.3 and 2.7 Co/nm2 were believed to have
monolayer coverage of CoOx. Based on the molar rate and
spectroscopy results, it is speculated that increasing the
number of Co−O−Ce linkages (or higher dispersion of
CoOx) and the small size of the Co3O4 crystalline structure can
improve the inherent catalytic activity due to the electronic
metal support interaction.27 However, further increase of the
Co content (≥3.5 Co/nm2), which forms a large size of the
crystalline Co3O4 structure, will lead to a decreased catalytic
activity.
By comparing the N2O formation with different Co loading

samples as a function of reaction temperature, it was observed
that N2O formation had similar trends, although absolute
values depended on the Co surface density, that is, N2O

production increased up to 250 °C and then decreased at
higher temperatures (>250 °C) as shown in Figure 6b. Deng et
al.19,82 investigated the catalytic performance for the NO
reduction by CO reaction over a series of Ce20M1Ox (M = Zr,
Cr, Mn, Fe, Co, Sn; Ce/M molar ratio = 20:1) composite
oxides and Cu supported on composite catalysts. Although the
authors used different catalyst synthesis methods and co-
precipitation methods, N2O (or N2) selectivity result matched
well with our N2O formation trend and the highest N2O (or
lowest N2) selectivity was obtained at 200 °C. Based on the in
situ DRIFT spectroscopy data, it was observed that at lower
temperature (<275 °C) nitrite (NO2

−)/nitrate (NO3
−) species

were formed on the catalyst surface and transformed to N2O
and N2, whereas the adsorption of CO is limited. At higher
temperature, ≥275 °C, CO adsorption increases which
enhances the N2O decomposition. From the literature results
and the current study (Figures 6b and 8), it can therefore be
concluded that NO to N2 conversion is achieved through a
two-step process during the NO reduction by CO: (1) NO
converts to N2O and (2) N2O decomposes to N2 over both
supported and composite transition metal oxides.
In the case of the high Co loading sample, such as 7.1 Co/

nm2, the importance of Co oxidation state to NO and CO
conversions during the reaction has been noted. Both
conversion and in situ XANES results were taken into
consideration here. The results of NO and CO conversions
as a function of reaction temperature for the 7.1 Co/nm2

sample were compared to the percentage of CoO and Co3O4
species on the catalyst surface calculated from in situ XANES
(Figure 10). It is obvious that the Co3O4 percentage, NO

conversion, and CO conversion all shared the same trend,
suggesting that Co3+ sites should be the active sites in the
CoOx/CeO2 catalyst. This finding proved that the oxidation
state of Co species in the high loading CoOx/CeO2 sample
plays an important role in the NO reduction by CO reaction.
By comparing the stability test results (Figure 7) and in situ

XAS results (Figure 4b), we could reach similar conclusions as
well. It shows that catalyst deactivation was closely related to
the Co oxidation state. To be specific, the spectrum of the used
sample was a mixture of Co3O4 and CoO phases, whereas the
fresh 7.1 Co/nm2 sample spectrum only had Co3O4 features.
This finding again supported our speculation that during the
NO reduction by CO reaction, as reaction time increased, the
surface Co3O4 was gradually reduced to CoO by CO. The

Figure 9. Molar rate in the NO reduction by CO reaction with
CoOx/CeO2 catalysts at 150 °C. Figure 10. Relationship between surface species composition and NO

reduction by CO reaction activities under different temperatures for
the 7.1 Co/nm2 sample.
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reduction from Co3O4 to CoO was believed to be one of the
reasons of the decrease of NO and CO conversions.
Comparing the current studies with the results from

literature studies, the CoOx/CeO2 catalysts showed compet-
itive NO and CO conversions, although precious metal
catalysts (e.g., Pt and Pd) still showed higher activity during
the NO reduction by CO reaction (Table S1). The use of
supported CoOx (or other transition metal oxide) catalysts for
the NO reduction by CO was not investigated in this level of
detail before. To the best of our knowledge, CeO2 support
showed higher NO and CO conversion compared to other
supports like Al2O3, TiO2, and ZrO2. Although our finding
helps in explaining the relationship between the activity and
the structure/oxidation state of the CoOx/CeO2 catalysts,
further studies of the metal−oxide support interaction will be
required to not only understand but also control and, ideally,
improve the catalytic activity of the CoOx/CeO2 catalyst and
other transition metal oxides supported on ceria.

5. CONCLUSIONS
In this study, we have prepared a series of CoOx/CeO2
catalysts, investigated their catalytic activities and stabilities
during the NO reduction by CO reaction, and explored the
relationship between Co loading (0.2−31.3 Co/nm2), Co
oxidation state, and catalytic activities. The main conclusions
in the work are:
(1) Using several spectroscopic techniques, we were able to

identify the monolayer coverage of CoOx/CeO2 catalysts to be
∼2.7 Co/nm2.
(2) The surface structures of different Co loading samples

were very different, from CoO-like structures in low Co
loading samples to Co3O4-like structures in higher Co loading
samples.
(3) Molar rates were also affected by the Co loadings of the

CoOx/CeO2 catalysts, and we found that the molar rate of the
2.7 Co/nm2 (around monolayer) sample was the highest
among all of the prepared samples.
(4) We also identified the change of Co oxidation states

during the reaction process and the higher Co oxidation state
(+3) was more active than its lower counterpart (+2) in NO
reduction by CO reaction. The oxidation states of surface Co
species could play a very important role in determining the
catalytic activity in NO reduction by CO reaction.
(5) Intermediate species (nitrates, nitrites, carboxylates, etc.)

during the reaction process were noticed. A possible reaction
mechanism was proposed, where under low temperatures
(<250 °C), NO adsorption was favored over CO adsorption.
The adsorbed NO can then form nitrates or nitrites and
interact with each other or CO to produce N2O, CO2, and N2.
At higher temperatures, the oxidation state change of surface
Co species created more oxygen vacancies on the catalyst
surface, enabling nitrates/nitrites dissociation and CO
adsorption. N2 became the major product over N2O at this
temperature region also.
Overall, the obtained spectroscopic and activity results

provided a way of investigating the molecular/electronic
structure−activity relationship of a wide range of MOx/CeO2
(Mtransition metal) catalysts.
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(21) Yang, Y.; Ochoa-Hernańdez, C.; Víctor, A.; Pizarro, P.;
Coronado, J. M.; Serrano, D. P. Effect of Metal−Support Interaction
on the Selective Hydrodeoxygenation of Anisole to Aromatics over
Ni-Based Catalysts. Appl. Catal., B 2014, 145, 91−100.
(22) Kast, P.; Friedrich, M.; Girgsdies, F.; Kröhnert, J.; Teschner, D.;
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