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ABSTRACT 

Ceria is a common component of engine aftertreatment catalysts, due to its oxygen 

storage ability, redox properties and its role in stabilizing Pt against sintering. In order to 

better understand the role of ceria in oxidation reactions occurring over a diesel oxidation 

catalyst (DOC), in the reduction of NOx on lean NOx traps (LNTs) and in the selective 

catalytic oxidation (SCO) of NH3, the interactions between ceria and NH3 and/or NOx 

were investigated. Ceria proved active in NO oxidation, NH3-SCR and NH3-SCO 

reactions. Between 100-450
o
C, both NH3 and NOx adsorbed on ceria simultaneously. In 

the absence of NOx, NH3 was oxidized over CeO2 forming N2 via a two-step selective 

catalytic reduction mechanism at low temperature and NOx at high temperature. In the 

presence of NOx, NH3 reacted with adsorbed NOx species, again forming N2 at lower 

temperatures (250-450
o
C) while at higher temperature, a significant portion of the NH3 

was oxidized, with product NO formed. 

 

 

 

 

 

 

Keywords: ceria; selective catalytic reduction; diesel oxidation catalyst; selective 

catalytic oxidation 
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INTRODUCTION 

Diesel engines are increasingly popular because of their better fuel economy, 

relative to gasoline engines, high torque output, resulting in their typical use as freight 

carriers, and durability. However, reducing some of the diesel engine exhaust emissions 

is challenging, with particulate matter (PM) and nitrogen oxide emissions receiving the 

most attention
1, 2

. Currently, the diesel exhaust gas aftertreatment system is a combination 

of a diesel oxidation catalyst (DOC), a NOx storage/reduction (NSR or lean-NOx trap, 

LNT) catalyst and/or a selective catalytic reduction (SCR) catalyst, and a diesel 

particulate filter (DPF), to oxidize the CO and unburned hydrocarbons, reduce NOx and 

remove particulate matter
3
. In some cases, an NH3 selective catalytic oxidation (SCO) 

catalyst is also used to minimize NH3 slip resulting from overdosing urea
4
. In many 

aftertreatment system catalysts, ceria is added as part of the formulation due to its oxygen 

storage ability, redox properties and its role in stabilizing Pt against sintering
5-16

. 

Typically, the DOC is positioned upstream of the other catalysts to oxidize the 

CO and unburned hydrocarbon emissions and to oxidize NO to NO2. Engine out ratios of 

NO2:NO are typically low and a higher ratio of NO2/NO increases the low temperature 

NOx conversion efficiency of SCR and NSR catalysts and NO2 can oxidize soot at lower 

temperatures than O2
17-22

. In terms of DPFs, recently it has been reported that ceria as a 

support results in interesting properties for soot combustion catalysts, due to a high 

availability of surface oxygen and good surface redox properties 
8, 9, 11-13

.  

In addition, CeO2-based SCR catalysts, such as ceria supported Pt, Pd and Rh, 

Cu/Ag/CeO2-ZrO2, CeO2-MnOx, Ce/TiO2, and Ce promoted Fe-exchanged TiO2-pillared 

clay
5,23-29

 have been studied. It has been proposed that their NH3-SCR activities are at 
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least in part due to NO oxidation over, or associated with ceria
26, 30

. Also, a ceria-based 

catalyst has been studied for NH3-SCO 
31

, providing high activity at low temperature due 

to its oxygen adsorption capacity. Many studies suggest that ceria promotes activity 

through its oxygen storage and redox properties, however, the published literature mainly 

focuses on the role of other catalytic materials, typically the precious metal components 

when studying DOCs and NSR catalysts, with the ceria playing a supporting role.  

NOx is a primary diesel engine pollutant and NH3 is a reductant formed during 

NSR regeneration or added upstream of a SCR catalyst. Ceria is a common DOC and 

NSR catalyst component, and seems to be commonly added in new SCR formulations, 

thus it is important to understand the chemistry of NOx and NH3 on ceria. In this study, 

the interactions between ceria and NOx and/or NH3 were investigated using Diffuse 

Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) and reactor studies.  

 

EXPERIMENTAL METHODS 

The ceria used in this study was purchased from Sigma Aldrich. The BET surface 

area was measured after degassing at 350 °C using a Gemini VII 2390 instrument. The 

surface area was found to be 5.2 m
2
/g. 

The ceria particles were sieved to a particle size of 20-40 mesh and pretreated in a 

flow of 10% O2/N2 at 500
o
C for 1 h or pretreated in a 20% H2/N2 flow at 400

o
C for 1 h 

before testing. In the rest of this manuscript, the samples are labelled as fully oxidized 

ceria or reduced ceria, respectively, according to the pretreatment method. 

NH3-SCR and NH3-SCO tests were carried out in a fixed bed reactor with 1.0 g of 

sample (20-40 mesh). The reaction gas mixture, using MKS mass flow controllers to set 
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the flow rates, for NH3-SCR consisted of 500 ppm NO, 500 ppm NH3, 10% O2 and a N2 

balance. The total gas mixture flow rate was 200 cm
3
·min

-1
, resulting in a gas hourly 

space velocity (GHSV) of 18,000 h
–1

. The concentrations of NO, N2O, NO2 and NH3were 

measured using a MKS MultiGas 2030 FTIR spectrometer. Similar reaction conditions 

were used for the NH3-SCO test, but NO was not included in the feed. NO oxidation was 

also carried out in the fixed bed reactor, where the reaction gas mixture consisted of 500 

ppm NO, 10% O2 and a N2 balance. 

Reactions between NH3 and the fully oxidized or reduced ceria (i.e. in the absence 

of gas-phase O2) were also studied in the fixed bed reactor. The experiment was carried 

out in a 500 ppm NH3/N2 flow at 350, 400 and 450
o
C in the absence of gas-phase O2.  

Effluent gaseous NO, NO2 and N2O concentrations were monitored. NO interactions with 

the fully oxidized or reduced ceria were also monitored in the fixed bed reactor under 

similar conditions. Separate experiments were performed in order to quantify the surface 

oxygen available for reaction with NO and the formation of surface nitrates on ceria. The 

experiments were performed in a 125 ppm NO and balance N2 flow over 1.0 g of fully 

oxidized ceria. The available/reactive oxygen was calculated by measuring the difference 

of the known inlet concentration of NO from the amount of NO detected during the 

reaction and assuming that was used for NO2 and nitrate formation. The measurement 

ended when the outlet value reached within 2% of the inlet concentration value.  

Surface species formed during exposure of the ceria to NO and NH3 were 

characterized with in-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

(DRIFTS). A Nicolet 6700 FT-IR spectrometer equipped with a Harrick Scientific 

DRIFTS cell and a mercury-cadmium-telluride (MCT) detector was used. 200 mg of 
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sample was placed in a ceramic crucible. A feed gas mixture, controlled using MKS mass 

flow controllers, was supplied at a flow rate of 50 cm
3
·min

-1
. The samples were first 

treated in a flow of 10% O2/He at 500
o
C for 0.5 h and then cooled to room temperature. 

For the experiments characterizing the reduced surface, the sample was exposed to a H2-

pretreatment in a flow of 20% H2/He at 400
o
C for 1 h before being cooled to the desired 

temperature in a flow of He. At the temperatures used for analysis, a background 

spectrum was recorded in flowing He, and it was subtracted from the sample spectrum 

obtained at the same temperature. The DRIFTS spectra were collected from 4000 to 650 

cm
-1

, accumulating 100 scans at a 4 cm
-1

 resolution. Nicolet OMNIC software was used 

to convert the absorbance data into Kubelka-Munk (KM) format. 

Note, water was not included in these studies although admittedly it could have an 

impact on the relative amounts of adsorbed species observed upon exposure to NH3 

and/or NOx. However, to being to gain a fundamental understanding of ceria’s 

interactions with these species, water was excluded in order to simplify the analysis. 

Future work will include its impact. 

 

RESULTS AND DISCUSSION 

NH3-SCR and NH3-SCO 

The conversion results as a function of temperature obtained during NH3-SCR of 

NO over the fully oxidized ceria sample are shown in Figure 1. Appreciable NH3-SCR 

activity was observed between 270-420
o
C. The activity data for selective catalytic 

oxidation of NH3 over ceria and product selectivity are shown in Figure 2. Between 300-

450
o
C, NH3 was oxidized to mainly N2; while at higher temperature, the main product 
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was NO. With N2 as the product, it is likely that the NH3 is oxidized to NO, and then 

SCR occurs over the surface, since as shown in Figure 1, within this temperature range 

the SCR reaction readily occurs. A very small amount of N2O was formed in the 400
o
C 

range. These results also demonstrate that above 400
o
C, the SCR activity dropped due to 

NH3 oxidation leading to NO as a product. Thus there is not only the loss of the reductant 

but also formation of more NO. 

The interaction of NH3 with ceria’s surface oxygen was studied be exposing the 

ceria to an NH3/N2 mixture in the absence of gas-phase O2. NH3, NO and N2O 

concentrations as a function of time are shown in Figure 3. In this absence of gaseous O2, 

no NO2 was detected. With increasing temperature, there was increasing NH3 

consumption or adsorption, as shown in Figure 3a. During the approach to the inlet 

concentration, NH3 was oxidized to both NO and N2O, Figure 3b and c, respectively. The 

NO and N2O product concentrations increased as a function of time, and then decreased, 

with the rate of decrease higher with increasing temperature. NH3 was oxidized by the 

stored oxygen on ceria and as oxygen was consumed the NO and N2O concentrations 

dropped, indicating a limited supply of oxygen was available. The consumed NH3, and 

NO and N2O formed, were quantified and are listed in Table 1. A significant amount of 

N2 was produced in this reaction, as indicated in Figure 2b, resulting in the imbalance 

noted. Furthermore, surface N species formed, as will be discussed below. As 

temperature increased, more NH3 was consumed but more NO was formed, which is 

consistent with the results obtained in the presence of gas-phase O2 (Figure 2). 
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A similar experiment (results not shown), involving the interaction between NH3 

and reduced ceria, showed no NH3 oxidation, indicating that the reduction process 

removed any reactive surface oxygen. 

 

NO oxidation  

Many studies have shown that if a zeolite-based SCR catalyst can oxidize NO to 

NO2 in-situ, its low temperature SCR activity will be significantly enhanced, as the 

presence of NO2 allows the “fast SCR” reaction to proceed
21, 22

. In addition, if a DOC 

catalyst is active in NO oxidation to NO2, this can lead to a decrease in the temperature 

required for soot oxidation on a DPF
12, 19, 20, 32, 33

. NO oxidation conversion as a function 

of temperature over oxidized ceria results are shown in Figure 4. NO oxidation was 

observed above 200
o
C and increased with temperature to around 400

o
C, and then 

decreased with increasing temperature, due to thermodynamic equilibrium limitations.  

To further investigate NO oxidation over ceria, the interaction of NO with stored 

surface oxygen was studied. Fully oxidized ceria was exposed to 500 ppm NO/N2 at 350, 

400 and 450°C and the NO and NO2 concentration profiles as a function of time are 

shown in Figure 5. NO was oxidized to NO2, with the most formed at 400°C, which is 

consistent with the results shown in Figure 4. In the presence of gaseous O2, more NO2 

was formed as would be expected with ever diminishing oxygen reactant as a function of 

time in its absence. The higher NO oxidation activity at 400°C coincides with the best 

SCR of NO conversion being attained, suggesting that SCR of NO2 proceeds at a faster 

rate than NO SCR or that NO2 is a required intermediate, as has been proposed in 

previous studies
29, 34, 35

. Additionally, the same experiment was performed with reduced 
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ceria, however, NO2 was not detected (results not shown). This result, similar to that 

obtained with NH3 exposure to the reduced ceria surface, further confirms that the stored 

surface oxygen on ceria can play a role in NO oxidation. 

The amount of surface oxygen that reacted with NO, and the formed nitrates 

adsorbed on ceria, at various temperatures were quantified and the results are listed in 

Table 2. Although other surface NOx species formed, verified via DRIFTS as will be 

discussed below, nitrate formation was dominant and is assumed for quantification 

comparison. Adsorption was observed in the entire temperature range examined and with 

little NO2 produced, most resulted in nitrate formation. At lower temperatures, more 

surface NOx species formed, suggesting a higher level of oxygen availability, compared 

to that at higher temperatures. This is somewhat surprising as typically oxygen mobility 

would increase with increasing temperature and the results shown in Figure 5 

demonstrate NO2 formation increased at least from 350 to 400°C. The consumption trend 

is instead due to nitrate stability, with the surface NOx species decomposing and NO 

release occurring with increasing temperature, thus the lower levels measured. The total 

available oxygen, assuming CeO2, had a maximum utilized at 100°C, and was 17% of the 

total available oxygen in the ceria sample.  

 

NH3 adsorption  

DRIFTS was used to characterize the surface species formed during NH3 

adsorption on ceria. The DRIFTS spectra obtained during exposure of the fully oxidized 

and reduced ceria samples to NH3 at various temperatures are shown in Figure 6. During 

exposure of the fully oxidized sample at room temperature, bands at 1676, 1433 and 1394 
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cm
−1 

appeared and are assigned to Brønsted acid sites, i.e. NH4
+
 on CeO2 

6, 31
. The 

features at 1570, 1286 and 1147 cm
−1

 are attributed to NH3 coordinated to Lewis acid 

sites 
6, 36

 and at 1556 and 1261 cm
−1

 are assigned to amide species (–NH2) 
36-38

. The NH3 

coordinated Brønsted acid site and Lewis acid site features were less intense with 

increasing exposure temperature. However, NH3 adsorbed on Brønsted acid sites 

disappeared at a lower temperature, indicating that NH3 was more stable on the Lewis 

acid sites. In addition, the amide species bands (1556 and 1261 cm
−1

) evident with room 

temperature exposure, increased in intensity with temperature and then decreased in 

intensity at higher temperatures (>400°C). These results indicate that upon heating, some 

adsorbed NH3 on ceria formed –NH2 through abstraction of hydrogen likely in reducing 

the ceria. 

With increasing temperature, specifically in the 300-400°C range, new bands at 

1545, 1371, 1358 and 1305 cm
−1 

appeared, which are assigned to surface NOx species. At 

temperatures above 400
o
C, these bands disappeared and four new features (1560, 1523, 

1276 and 1220 cm
−1

), also associated with adsorbed NOx, appeared. Based on previous 

studies, these peaks are tentatively assigned to adsorbed monodentate (1523 and 1276 cm
-

1
), bidentate (1545 and 1305 cm

-1
) and bridging nitrate species (1560 and 1220 cm

−1
) 

6, 26, 

36, 39-41
. The assignment of the bands at 1371 and 1358 cm

−1 
is discussed in more detail 

below. According to the results shown in Figure 3, no NO2 was formed during NH3 

oxidation in the absence of gas-phase O2. As a result, the observed NOx ad-species must 

be a result of NO formation via NH3 oxidation with the participation of ceria surface or 

lattice oxygen, and further oxidation of this surface species via the available surface 

oxygen. 
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To further investigate the role of the surface or lattice oxygen on NH3 adsorption, 

a similar experiment was performed on the reduced ceria sample (H2 pre-treatment at 

400
o
C). Bands associated with Bronsted acid sites (1676, 1516, 1433 and 1394 cm

-1
) and 

Lewis acid sites (1570, 1286 and 1147 cm
-1

) were again observed following NH3 

adsorption (Figure 6(b)). These bands disappeared at a lower temperature (250°C) 

relative to those on the oxidized sample. In addition, all adsorbed NH3 band intensities on 

reduced ceria were lower than those on fully oxidized ceria, demonstrating that less NH3 

adsorbed and the NH3 that did adsorb was more weakly bound to the reduced ceria 

surface. While the intensity of these bands decreased with increasing temperature, bands 

corresponding to –NH2 (1556 and 1261 cm
-1

)
36-38

 again were evident at room temperature, 

but simply decreased with increasing temperature. No new bands associated with NOx ad-

species were observed, which indicates that the NH3 that adsorbed and further reacted on 

the reduced ceria mainly formed –NH2 and was not oxidized to NO. This is consistent 

with reactor experiments that showed no NH3 oxidation as mentioned above. 

 

NOx adsorption 

DRIFTS spectra obtained during adsorption of NO, in the absence of gas phase O2, 

on the fully oxidized and reduced ceria samples at different temperatures are shown in 

Figure 7. Based on literature studies, the peaks in Figure 7(a), obtained with the fully 

oxidized sample, are tentatively assigned to adsorbed bidentate (1575 and 1305 cm
-1

), 

monodentate (1535 and 1276 cm
-1

), water-solvated (1485 cm
-1

), and bridging (1608 and 

1230 cm
-1

) nitrate species 
6, 26, 36, 39-41

. The band at 1442 cm
-1

 is assigned to trans-N2O2

2-26, 

42
. With increasing temperature, the bridging, monodentate and bidentate nitrate species’ 
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concentrations gradually decreased. In addition, bands that appeared at 1371 and 1358 

cm
-1

 show similar trends, which are close to the reported cis-N2O2

2-
 band (1350 cm

-1
) of 

NOx adsorption on pure ceria 
26

. 

According to the results obtained during NH3 adsorption (Figure 6 (a)) on the 

oxidized ceria sample, the bands assigned to NOx ad-species appeared in similar regions 

as those associated with the NOx ad-species during the NO exposure experiment, which 

demonstrates that in the presence of surface oxygen, adsorbed NH3 was indeed oxidized 

to form intermediate surface NOx species at higher temperature. 

The DRIFTS spectra obtained during NO adsorption on the reduced ceria are 

shown in Figure 7 (b), with significant differences observed compared to those obtained 

from the fully oxidized ceria. Features at 1608 (bridging nitrates), 1442, 1385 (trans-

N2O2

2-
), 1371, 1358 (cis-N2O2

2-
), 1575, 1305 (bidentate nitrates), 1535, 1276 

(monodentate nitrates), and 1176 cm
-1 

were evident at room temperature. With increasing 

temperature (>100 
o
C), the adsorbed bidentate nitrates vanished, and the bridging  and 

monodentate nitrate bands shifted to lower wavenumbers (1558, 1230 cm
-1 

and 1523, 

1276 cm
-1

) due to the lower coverage. The band at 1176 cm
-1

 can be assigned to NO
-
 ad-

species (1180 cm
-1

) on ceria 
26

. The NO adsorption bands on reduced ceria were of lower 

intensity and thermal stability than those of the oxidized sample, thus the stored surface 

oxygen promoted NO adsorption as would be expected.  

With available/reactive oxygen, NO reacted with stored surface oxygen to form 

NO2 and surface nitrates. Previous literature density functional theory calculation results 

indicate that Ce (III) could be oxidized by NO2 to form Ce (IV) 
43

. However, 

experimental evidence regarding whether NO2 could oxidize ceria and how it interacts 
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with the ceria has not been reported. To characterize this interaction, DRIFTS spectra of 

NO2 adsorption on reduced ceria at various temperatures were obtained. As shown in 

Figure 8, similar species as those noted in Figure 7(a), bridging nitrates (1608 and 1230 

cm
-1

), bidentate nitrates (1575 and 1305 cm
-1

), monodentate nitrates (1535 and 1276 cm
-

1
), water solvated nitrates (1485 cm

-1
), trans-N2O2 (1442 cm

-1
) and cis-N2O2 (1371 and 

1358 cm
-1

), were observed. The band intensities during NO2 adsorption were larger in 

comparison to those associated with the fully oxidized or reduced ceria exposure to NO 

exposure (Figure 7), indicating more significant nitrate formation with NO2 as the inlet 

NOx species. Based on the results obtained during NO interaction with reduced ceria 

(Figure 5), no NO2 formed. For NO interaction with the fully oxidized ceria, the band at 

1176 cm
-1

, NO
-
, was absent, which indicates that adsorbed NO was oxidized to form NO2, 

or more highly oxidized surface species by the stored surface oxygen. In addition, bands 

at 1371 and 1358 cm
-1

, due to the N2O2
2-

 ad-species, were evident in Figure 8, likely due 

to NO2 oxidizing the reduced ceria and NO dimerization then following. These combined 

results all indicate that a larger extent of NOx adsorption on fully oxidized ceria can be 

realized with NO2 formation or availability.  

 

Reaction between NH3 and O2 

The interaction of NH3 and ceria in the presence of gaseous O2 was also studied 

with results shown in Figure 9. The bands attributed to NH3 coordinated on Brønsted acid 

sites (1676, 1433 and 1394 cm
-1

), Lewis acid sites (1570, 1286 and 1147 cm
−1

) and –NH2 

(1261cm
-1

) decreased gradually with temperature and were absent at temperatures higher 

than 350
o
C, similar to the trends observed in the absence of gas-phase O2. While these 
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band intensities decreased, features appeared at 1545, 1305 (bidentate nitrates), 1358 and 

1371 cm
-1 

(cis-N2O2

2-
) at temperatures above 300

o
C and disappeared at temperatures 

above 400
o
C. Above 400

o
C, several new bands appeared; at 1523, 1276 (monodentate 

nitrates), 1558, 1220 (bridging nitrates) and 1176 cm
-1 

(NO
-
). These spectra demonstrate 

that NH3 was oxidized to form NO at temperatures higher than 300
o
C, and the formed 

adsorbed NO was further oxidized to bidentate nitrates (1545 and 1305 cm
−1

) between 

300-400
o
C. At higher temperature (>400

o
C), the surface NO mainly formed monodentate 

nitrate (1523 and 1276 cm
−1

), bridging nitrate (1558, 1220 cm
−1

) and NO
-
 (1176 cm

−1
) 

species. The same trends were noted in Figure 6a, indicating the stability of these species 

and the surface reactions were surprisingly not influenced by gas-phase O2. 

 

Reaction between NH3 and NOx 

The interaction between NH3, NO and O2 on ceria was also investigated (Figure 

9(b)). Features assigned to NH3 coordinated on Brønsted acid sites (1676, 1516, 1433 and 

1394 cm
-1

), Lewis acid sites (1286 cm
−1

) and –NH2 (1261 cm
−1

) species were detected at 

lower temperatures (<200
o
C). A NO

-
 band (1176 cm

−1
) appeared at 100

o
C and decreased 

with increasing temperature, while bands assigned to other NOx ad-species (1545, 1371, 

1358 and 1305 cm
-1

) appeared at <200
o
C, increased significantly as temperature 

increased, and then decreased at temperatures above 450
o
C. According to the results 

shown in Figure 9 (a), some NOx ad-species (1545, 1371, 1358 and 1305 cm
-1

) appeared 

only between 250-350
o
C, and adsorbed NO

-
 (1176 cm

-1
) appeared at temperatures higher 

than 400
o
C during NH3 oxidation, which indicates that the same peaks appearing at low 

temperature (<200
o
C) in Figure 9 (b) were not due to NH3 oxidation, but specifically to 
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NOx adsorption. Combined with the results of NH3-SCR shown in Figure 1, NH3 reacted 

with the NO to form N2 below 350
o
C, further confirming these DRIFTS features are due 

to NO adsorption. These spectra show that ceria can adsorb NH3 and NOx simultaneously 

between 100-450
o
C. 

Separate experiments were run with pre-adsorbed NOx. As noted already, NO 

coordinated species (1560, 1535, 1371, 1358, 1280 and 1232 cm
-1

) formed on ceria upon 

exposure to NO (Figure 10(a)). With exposure to NH3 at 350°C, the NOx species 

adsorbed at 1371, and 1358 cm
-1

decreased gradually and then disappeared, which 

indicates that NH3 reacted with the adsorbed NOx. However, the intensity of the bands at 

1560 and 1232 (bridging nitrates) decreased slightly, and the features at 1280 and 1535 

cm
-1

, assigned to monodentate nitrate species, did not decrease. Therefore, we conclude 

that NOx adsorbed as cis-N2O2
2- 

reacted more favorably with NH3 than other nitrates ad 

species. The lack of any new features appearing demonstrates that NH3 readily reacted 

with the adsorbed NO at 350
o
C. 

These results suggest a reaction route for NH3 oxidation. NOx ad species (1371 

and 1358 cm
-1

) were observed during NH3 oxidation between 300-350
o
C (Figure 9 (a)). 

In addition, the results in Figure 10(a) demonstrate that the same surface NOx species 

(cis-N2O2
2-

at 1371 and 1358 cm
-1

) reacted with NH3, suggesting that the NO species 

formed during NH3 oxidation reacted with the NH3 to form N2. NH3 oxidation over ceria 

thus follows a two-step SCR mechanism; some NH3 is oxidized to form NO, which then 

reacts with the NH3 to form N2. At temperatures above 400
o
C (Figure 9 (a)), this 

intermediate NOx surface species was absent, with other surface NOx species observed: 

monodentate nitrates (1523 and 1276 cm
-1

), bridging nitrates (1558 and 1220 cm
-1

) and 
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NO
-
 (1176 cm

-1
), which are apparently not reactive with the NH3, or NH3 is too quickly 

oxidized to higher oxidation states, but they do decompose to form gas-phase NO. This 

conclusion is consistent with the reactor results (Figure 2). 

Ceria can catalyze NO oxidation (Figure 4) and thus the surface species formed 

via NO2 adsorption can also react with NH3; the DRIFTS results obtained during NH3 

exposure after a pre-exposure to NO2 are shown in Figure 10 (b). Features were evident 

at 1594 and 1207 cm
-1 

(weakly adsorbed NO2),
26

 and the other features had stronger 

intensities compared to those obtained during NO adsorption at 350
o
C (Figure 10 (a)). 

With the addition of NH3, the adsorbed NO2 (1594 and 1207 cm
-1

) and vis-N2O2
2-

 (1371 

and 1358 cm
-1

), decreased gradually. Also, the bidentate,
 
monodentate and bridging 

nitrate species were again not reactive with the NH3.  

 

CONCLUSIONS 

Ceria readily adsorbs NH3 and NOx. The adsorbed NH3 can be oxidized by ceria’s surface 

oxygen at higher temperatures, forming surface NOx species, and the NH3 and surface 

NOx species can in turn react to form N2. Upon NOx exposure, NOx adsorption on ceria 

was observed in the entire temperature range evaluated (30-500
o
C). At lower 

temperatures, more NOx adsorbed or surface NOx species formed, due to surface ad-

species stability, i.e. formed nitrates decomposed at higher temperatures. NH3 and NOx 

can adsorb on the ceria simultaneously, also leading to some SCR, but only certain 

surface NOx species participate. Furthermore, the stored surface oxygen on ceria induces 

more significant NH3 and NOx adsorption.  
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Figure captions 

Figure 1. NH3 and NO conversion over fully oxidized CeO2. Reaction conditions: 500 

ppm NH3, 500 ppm NO, 10% O2 and balance N2 with a total flow rate of 200 cm
3
·min

-1 

(GHSV = 18,000 h
-1

). 

Figure 2. NH3 conversion and products selectivity over fully oxidized CeO2. Reaction 

conditions: 500 ppm NH3, 10% O2 and balance N2 with a total flow rate of 200 cm
3
·min

-1
 

(GHSV = 18,000 h
-1

). 

Figure 3. Reactor outlet (a) NH3, (b) NO and (c) N2O concentration profiles upon 

exposure of 1.0 g fully oxidized ceria to 500 ppm NH3 and balance N2. 

Figure 4. NO2 formed during NO oxidation over ceria. Reaction conditions: 500 ppm 

NO, 5% O2 and balance N2 balance with a total flow rate of 200 cm
3
·min

-1
 (GHSV = 

18,000 h
-1

). 

Figure 5. Reactor outlet (a) NO and (b) NO2 concentration profiles upon exposure of the 

fully oxidized ceria to 500 ppm NO and balance N2. 

Figure 6. DRIFTS spectra obtained during exposure of the (a) fully oxidized and (b) 

reduced CeO2 to 500 ppm NH3 and balance He at room temperature and then the 

temperature changed in only a He flow; with a total flow rate of 50 cm
3
·min

-1
. 

Figure 7. DRIFTS spectra obtained during exposure of the (a) fully oxidized and (b) 

reduced CeO2 to 500 ppm NO and balance He at room temperature and then the 

temperature changed in only a He flow; with a total flow rate of 50 cm
3
·min

-1
. 

Figure 8. DRIFTS spectra obtained during exposure of the reduced CeO2 to 500 ppm 

NO2 and balance He at room temperature and then the temperature changed in only a He 

flow; with a total flow rate of 50 cm
3
·min

-1
. 

Figure 9. DRIFTS spectra obtained during exposure of the fully oxidized ceria to (a) 500 

ppm NH3 + 10% O2 and (b) 500 ppm NH3 + 500 ppm NO + 10 % O2 with He as the 

balance with a total flow rate of 50 cm
3
·min

-1
. 
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Figure 10. DRIFTS spectra obtained during exposure of the fully oxidized ceria to NH3 

after pre-adsorption of (a) NO and (b) NO2 at 350
o
C. Reaction conditions: 500 ppm NO 

or NO2 adsorbed over the sample at 350°C and then purged by He followed by exposure 

to 500 ppm NH3 with a total flow rate of 50 cm
3
·min

-1
. 
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Table1. NH3 consumed and NO and N2O formed during NO interaction with fully oxidized ceria 

at different temperatures. 

Temperature 

(
o
C) 

NO formed 

(µmol) 

N2O formed 

(µmol) 

NH3 Consumed 

(µmol) 

350 4.5 1.2 26.0 

400 14.6 2.8 38.8 

450 20.9 1.6 50.4 

 

Table 2. Surface oxygen uptake by NO and the adsorbed nitrates on the surface of ceria at 

various temperatures during the transient NO interaction with fully oxidized ceria at different 

temperatures. 

Temperature 
(˚C) 

Os 

(µmol) 

Nitrates 

(µmol) 

30 664 664 

100 1991 1991 

150 1580 1580 

200 1033 1033 

250 640 640 

300 363 363 

350 318 318 

400 292 288 

450 268 266 

500 223 219 
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Figure 1. NH3 and NO conversion over fully oxidized CeO2. Reaction conditions: 500 

ppm NH3, 500 ppm NO, 10% O2 and balance N2 with a total flow rate of 200 cm
3
·min

-1 

(GHSV = 18,000 h
-1

). 
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Figure 2. NH3 conversion and products selectivity over fully oxidized CeO2. Reaction 

conditions: 500 ppm NH3, 10% O2 and balance N2 with a total flow rate of 200 cm
3
·min

-1
 

(GHSV = 18,000 h
-1

). 
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Figure 3.  Reactor outlet (a) NH3, (b) NO and (c) N2O concentration profiles upon 

exposure of 1.0 g fully oxidized ceria to 500 ppm NH3 and balance N2. 

  

Page 28 of 36

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 4. NO2 formed during NO oxidation over ceria. Reaction conditions: 500 ppm NO, 

5% O2 and balance N2 balance with a total flow rate of 200 cm
3
·min

-1
 (GHSV = 18,000 h

-

1
). 
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Figure 5. Reactor outlet (a) NO and (b) NO2 concentration profiles upon exposure of the 

fully oxidized ceria to 500 ppm NO and balance N2. 
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Figure 6. DRIFTS spectra obtained during exposure of the (a) fully oxidized and (b) 

reduced CeO2 to 500 ppm NH3 and balance He at room temperature and then the 

temperature changed in only a He flow; with a total flow rate of 50 cm
3
·min

-1
. 
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Figure 7. DRIFTS spectra obtained during exposure of the (a) fully oxidized and (b) 

reduced CeO2 to 500 ppm NO and balance He at room temperature and then the 

temperature changed in only a He flow; with a total flow rate of 50 cm
3
·min

-1
. 
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Figure 8. DRIFTS spectra obtained during exposure of the reduced CeO2 to 500 ppm NO2 

and balance He at room temperature and then the temperature changed in only a He flow; 

with a total flow rate of 50 cm
3
·min

-1
. 
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Figure 9. DRIFTS spectra obtained during exposure of the fully oxidized ceria to (a) 500 

ppm NH3 + 10% O2 and (b) 500 ppm NH3 + 500 ppm NO + 10 % O2 with He as the 

balance with a total flow rate of 50 cm
3
·min

-1
. 
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Figure 10. DRIFTS spectra obtained during exposure of the fully oxidized ceria to NH3 

after pre-adsorption of (a) NO and (b) NO2 at 350
o
C. Reaction conditions: 500 ppm NO 

or NO2 adsorbed over the sample at 350°C and then purged by He followed by exposure 

to 500 ppm NH3 with a total flow rate of 50 cm
3
·min

-1
. 
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