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Abstract
Ce0.5Zr0.5O2, Ce0.5Zr0.2Mn0.3O2 and Ce0.5Mn0.5O2 were prepared by citric acid sol–gel method. The effect of manganese on the structural and

redox properties of ceria-based mixed oxides was investigated by means of powder X-ray diffraction, X-ray photoelectron spectroscopy,

Brunauer–Emmett–Teller analyses, temperature-programmed reduction and catalytic activity evaluation in the presence of excess O2. The

results showed that some Mn cations could enter into the ceria lattice to form solid solutions. Mn3O4 appeared due to the instability of the mixed

oxides with increment of the Mn doping ratio while another oxide Mn2O3 is detected in the physical mixture of ceria and manganese oxide. These

Mn-doped mixed oxides, especially Ce0.5Mn0.5O2, presented better catalytic activities than Ce0.5Zr0.5O2 and even Pt-loaded catalyst for total

oxidation of C3H8 and oxidative sorption of NO in the presence of excess oxygen. The oxidation ability of Mn and the strong interaction between

Mn and Ce were suggested to promote the oxygen storage/transport capacity of the mixed oxides as well as reactive adsorption of nitric oxide and

hydrocarbons.
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1. Introduction

Catalytic purification of diesel exhaust with excess oxygen

has been receiving considerable attention these years. There is a

strong demand for the development of new, high efficiency,

low-cost materials as active and efficient catalysts for the

total oxidation of hydrocarbon (HC) and partial reduction of

nitrogen oxides (NOx). Ceria-based mixed oxides, especially

CeO2–ZrO2, serve as key materials for the outstanding oxygen

storage capacity (OSC) and redox properties. They have been

widely used in three-way catalysts (TWCs) for removal of

emissions from gasoline engine [1–5].

One of the important routes to improve the catalytic

performances of ceria-based mixed oxides is by doping

and modification with other elements. Particular attention

is being paid to manganese oxides which present good

oxidation ability due to several oxidation states of man-

ganese species. CeO2–MnOx mixed oxides have been

investigated as catalysts in different fields, such as absorption
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and reaction of NOx [6–8], selective catalytic reduction

of NOx with NH3 at low temperature in the presence of

excess oxygen [7–9] and catalytic wet oxidation of organic

compounds [10,11]. The effect of doping a small quantity of

Mn (the doping ratio x = 0.05) into CeO2–ZrO2 on the total

oxidation of methane and light hydrocarbons has also been

investigated [12]. These researches show that ionic defects

are created by a charge compensation mechanism due to the

presence of Mnx+ (x = 2, 3, 4) with a different charge. In

addition, catalytic activity could take advantages from the

oxidation ability of Mn and their redox efficiency at low

temperature.

In order to study the possible synergetic effect of OSC of

ceria and oxidation ability of manganese oxides, we doped a

large quantity of manganese into ceria–zirconia mixed oxides

and analyzed in detail the catalytic behaviour in the oxidation

of C3H8 and conversion of NO. Special attention was paid on

the structural properties, redox performance and catalytic

activity of the mixed oxides. Powder X-ray diffraction, X-ray

photoelectron spectroscopy, surface area and temperature-

programmed reduction measurements were performed to

pursue this aim.
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Fig. 1. XRD patterns of the samples.
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2. Experimental

2.1. Catalyst preparation

The nominal Ce0.5Zr0.5O2 (CZ), Ce0.5Zr0.2Mn0.3O2 (CZM)

and Ce0.5Mn0.5O2 (CM) samples were prepared by citric acid

sol–gel method. The nitrates Ce(NO3)3�6H2O, Zr(NO3)4�5H2O

and Mn(NO3)2�6H2O were mixed according to the ratio of

Ce:Mn:Zr = 5:5–x:x (x = 0, 3, 5). Citric acid was added as the

complexing agent with a 1.3:1 ratio of citric acid to metal ions

including Ce3+, Zr4+, and Mn2+. Then an appropriate amount of

polyglycol was added. The blended solution was sufficiently

mixed in a magnetic stirrer and heated at 80 8C till forming

transparent gel. The resulting gel was dried at 110 8C to receive

the brown powders. The present powders were submitted to

decomposition at 300 8C for 1 h and calcination at 700 8C for

3 h under a static air in a muffle. The powders were cooled to

room temperature (RT) in the furnace. Comparatively, a

physical mixed sample was obtained by mixing CeO2 and

MnOx powders which had been prepared by the same citric acid

routine. The atom ratio of Ce:Mn was 1:1. 0.5 wt.% Pt was

loaded on the Ce0.5Zr0.5O2 powders by impregnation (Pt/CZ),

followed by calcination at 500 8C for 3 h in a muffle.

2.2. Surface characterization

The powder X-ray diffraction (XRD) experiments were

performed on a Japan Science D/max-RB diffractometer

employing Cu Ka radiation (l = 1.5418 Å). The X-ray tube

was operated at 40 kV and 120 mA. The X-ray powder

diffractogram was recorded at 0.028 intervals in the range of

208 � 2u � 808 with 3 s count accumulation per step. The

identification of the phase was made with the help of the JCPDS

cards (Joint Committee on Powder Diffraction Standards). The

specific surface areas of the samples were estimated using the

N2 adsorption isotherm at�196 8C by the one-point Brunauer–

Emmett–Teller (BET) method using an automatic surface

analyzer (Quantachrome NOVA instrument). The samples

were degassed in flowing N2 at 200 8C for 2 h. The X-ray

photoelectron spectroscopy (XPS) experiments were carried

out on a PHI-5300 ESCA system with Al Ka radiation under

UHV (1.33 � 10�8 Pa), calibrated internally by the carbon

deposit C1s binding energy (BE) at 285 eV. The temperature-

programmed reduction (TPR) was carried out on a HPR20

HIDEN catalytic surfaces analyzer. Typically 100 mg of

sample was employed. The flow of 5% H2/He passed through

the powders for 40 min at RT as the pre-treatment. The samples

were analyzed under flowing H2 (5% in Ar, 30 ml min�1) from

RT to 750 8C (10 8C min�1).

2.3. Activity measurement

The powder catalyst sample was weighed for 0.5 g and

mixed homogeneously with appropriate volume of coarse

quartz particles to 3 ml. The mixture was loaded in a quartz

reaction tube with the diameter of 10 mm. The catalytic activity

was evaluated in a tube micro-reactor by passing a gas mixture
simulated to exhaust from diesel engine. The simulated exhaust

contained a mixture of O2 (10%), C3H8 (0.02%), NO (0.05%),

CO2 (8%) and N2 (balance). The concentrations of C3H8 and

NO were determined on-line by a five-component analyzer

SIBENCH (SIEMENS, Germany) with infrared sensor for CO,

CO2, NO, HC and electrochemical sensor for O2. For the light-

off experiments, the reactor was heated from 150 to 650 8C in

the flow stream at a gas space velocity of 50 000 h�1.

3. Results and discussion

3.1. Structure and textural properties

Structural features of the mixed oxides were examined

by XRD and the result is shown in Fig. 1. All the ceria-

based materials crystallize in a fluorite-like cubic phase. No

peaks of zirconia are observed in the diffraction pattern of

Ce0.5Zr0.2Mn0.3O2 or Ce0.5Zr0.5O2. That means all the Zr

cations have dissolved in the ceria lattice. Weak peaks of

tetragonal structured Mn3O4 are detected in the diffraction

pattern of Ce0.5Zr0.2Mn0.3O2 while intensified peaks of Mn3O4

appear in the diffraction pattern of Ce0.5Mn0.5O2. It has been

reported in the literature [6,9,12] that part of Mn cations could

be incorporated into the ceria lattice to form solid solutions and

part of Mn cations have been left on the surface of the mixed

oxides as finely dispersed Mn3O4. This doping method

substantially affects the oxidation state of manganese since

only Mn2O3 phase is detected in the diffraction pattern of the

CeO2/Mn2O3 mixture. Thus it is concluded that there should be

some strong interaction between manganese oxide and ceria

both in the bulk and on the surface for the chemical mixed

oxides.

Table 1 gives the structural and textural properties of the

samples derived from the XRD, BET and XPS results. As we

know, the insertion of smaller cations such as Zr4+ (the ionic

radius, r = 0.84 Å), Mn4+ (0.56 Å) and Mn3+ (0.62 Å) into the

ceria lattice and occupation of the positions of Ce cations (0.97

and 0.114 Å for Ce4+ and Ce3+, respectively) results in a

contraction of the cell parameter. As reported in the literature



Table 1

Structure and textural properties of the samples

Sample a (Å) BET surface area

(m2/g)

Surface composition (at.%) determined by XPS

Ce Zr Mn O

Ce0.5Zr0.5O2 5.273 42.8 9.63 17.63 – 72.73

Pt/Ce0.5Zr0.5O2
a 5.275 36.4 / / / /

Ce0.5Zr0.2Mn0.3O2 5.334 10.8 12.93 7.23 7.51 72.37

Ce0.5Mn0.5O2 5.410 7.5 10.82 – 13.91 75.27

CeO2/Mn2O3 mixturea 5.414 23.6 / / / /

a XPS measurement was not performed on the Pt-loaded and physical mixed oxides samples.

Table 2

Surface composition of the Ce and Mn species derived by XPS

Sample Ce 3d5/2 (at.%) Mn 2p3/2 (at.%)

Ce3+ Ce4+ Mn2+ Mn3+ Mn4+

Ce0.5Zr0.5O2 28.7 71.3 – – –

Ce0.5Zr0.2Mn0.3O2 20.2 79.8 49.6 29.4 21.0

Ce0.5Mn0.5O2 18.1 81.9 47.5 17.4 35.1
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[9], the calculated lattice parameter of Ce0.5Mn0.5O2 and CeO2

was 5.412 and 5.418 Å, respectively. Similarly, the a value of

Ce0.5Mn0.5O2 and CeO2 in the physical mixture is 5.410 and

5.414 Å, respectively in this work, suggesting that some Mn

cations have been incorporated into the ceria lattice to form

solid solutions. However, there is a great difference of lattice

parameters between the Zr- and Mn-doped samples. It is most

likely caused by the different solid solubility of zirconia and

manganese oxide in the crystal cell of ceria. A cubic solid

solution can be maintained even up to 75 at.% zirconia [13]

while only a small part of Mn cations can dissolve into the ceria

lattice [12]. In addition, the lattice parameter of the Pt-loaded

sample is slightly larger than that of pure Ce0.5Zr0.5O2 support.

The occurrence of this expansion implies a strong metal–

support interaction (SMSI) between platinum and ceria–

zirconia solid solutions, causing conversion of the Ce4+ to

larger Ce3+ cations [14].

The surface area of the samples decreases as the Mn content

increases (Table 1). According to the literature [12], it is related

to the formation of the large MnOx particles whose surface area

is much smaller. Obviously, the contribution of small solid

solution crystals to the surface area is more significant than that

of MnOx particles. Similarly, the relative large surface area of

the physical mixed oxides arises mainly from ceria. The

decreased surface area of Pt-supported sample may be ascribed

to its additional calcination process after impregnation.

XPS measurements were performed to further study the

surface composition and oxidation states of cerium and

manganese in the mixed oxides. It is seen from Table 1 that

the Ce/Zr atomic ratios of Ce0.5Zr0.5O2 and Ce0.5Zr0.2Mn0.3O2

are lower than the theoretic values, which implies a formation

of Zr-rich phase at the periphery of the particles. On the other

hand, the Ce/Mn ratio of Ce0.5Zr0.2Mn0.3O2 is similar to the

theoretic value while that of Ce0.5Mn0.5O2 is much lower due to

the segregation of Mn3O4 on the surface.

In order to obtain information of oxidation states of the

surface elements, the Ce 3d, Mn 2p and O 1s XPS spectra were

analyzed, respectively. The Ce 3d spectrum can be resolved into

eight components [15]. The peaks are assigned for Ce4+ as v
(882.44–882.58 eV), v00 (888.97–889.21 eV) and v000 (898.35–

898.50 eV) for Ce 3d5/2, with the corresponding Ce 3d3/2 peaks

labelled as u (900.93–901.02 eV), u00 (907.79–907.93 eV) and

u000 (916.80–916.84 eV). An additional doublet is also observed

due to the presence of Ce3+ and is assigned v0 (884.59–

885.53 eV) and u0 (903.33–903.91 eV). It has been proposed

that the relative amount of Ce4+ can be calculated from the
percent area of the u000 peak in the total Ce 3d region [16]. It is

seen from Table 2 that the concentration of Ce4+ obviously

increases with increment of the Mn doping amount. It appears

that electrons are transferred from Ce to Mn [17], which is

confirmed by the appearance of Mn3O4 in the chemical mixture

instead of Mn2O3 in the physical mixture.

On the other hand, the concentrations of different Mn

species were calculated according to the relative area ratio of

the Mn 2p3/2 peaks assigned for Mn2+ (640.9 eV), Mn3+

(641.8 eV) and Mn4+ (642.5 eV) [18]. Fig. 2 shows the Mn 2p

region spectra for Ce0.5Zr0.2Mn0.3O2 and Ce0.5Mn0.5O2. Both

the Mn 2p1/2 and Mn 2p3/2 region were presented as

deconvoluted into all its components, and their relative atomic

ratios are listed in Table 2. It is interesting that the surface Mn4+

atomic ratio increases with increment of the Mn content, which

may be ascribed to the very top atomic layer of Mn under

oxidative calcination atmosphere. However, it should be taken

into account that XPS is basically a surface characterization

technique. The oxidation state of manganese in the bulk is

very important and remains to be investigated. A metal oxide

catalyst possessing numerous oxidation states to facilitate

electron transfer processes will be an efficient catalyst for

oxidation of hydrocarbon and reduction of NO.

To investigate the oxygen species on the surface, the O 1s

spectra were fitted in Fig. 3. The O 1s spectra are fitted with two

peak contributions. The primary band (529.4–529.7 eV) denoted

as Olatt represents the characteristic of lattice oxygen bound to

metal cations of the structure, while the additional band (531.6–

532.2 eV and 532.9–533.8 eV) belongs most likely to adsorbed

oxygen and hydroxyl group, referred to as chemisorbed oxygen

[14]. The relative percentages of these two oxygen species are

quantified based on the area ratios of Olatt and Oads peaks. The

proportion of Oads/(Oads + Olatt) of Ce0.5Mn0.5O2 (40.0 at.%)

is higher than that of Ce0.5Zr0.5O2 (37.4 at.%) and Ce0.5Zr0.2

Mn0.3O2 (29.0 at.%). This should be due to the high adsorption

ability of well-dispersed manganese oxides on the surface, which

play as active sites to chemisorb oxygen.



Fig. 2. XPS spectra of Mn 2p for the samples.

Fig. 4. TPR profiles of the samples.
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3.2. Redox and catalytic properties

Fig. 4 shows the TPR profiles of the samples. Typical TPR of

ceria usually shows two maxima at ca. 550 and 830 8C, which

are associated to surface and bulk reduction, respectively [19].

With the introduction of Zr into the ceria lattice to form

Ce0.5Zr0.5O2, the reduction of Ce4+ is significantly promoted

and it is observed at lower temperatures with a maximum at ca.

580 8C (bulk reduction) and a shoulder at ca. 540 8C (surface

reduction). The reduction process is further promoted by Pt

through the spillover of hydrogen from platinum species to

ceria–zirconia mixed oxides and the subsequent interaction

with the support. Its reduction peak is shifted to ca. 237 8C.

Besides the characteristic reduction peak at 580 8C, the

maximum peak temperature of Ce0.5Zr0.2Mn0.3O2 is remark-

ably reduced to ca. 450 8C compared with Ce0.5Zr0.5O2. This

phenomenon should be attributed to the introduction of Mn
Fig. 3. XPS spectra of O 1s for the samples.
which strongly modifies the reduction behaviour of CeO2–ZrO2

mixed oxides. As described in the XRD discussion, some Mn

species have been incorporated into the ceria lattice, which

create more defectives and bring a higher mobility and

diffusion of bulk oxygen. It is easy to find that the maximal

reduction peak of Ce0.5Mn0.5O2 is located almost at the same

position as that of Ce0.5Zr0.2Mn0.3O2, but its peak area is much

larger. One important factor is that the incorporation of more

Mn cations may create more defects in the ceria lattice of

Ce0.5Mn0.5O2. In addition, Mn element itself possesses active

redox behaviour since it exists in several oxidation states. Thus,

the shoulder peak of pure manganese oxide at ca. 430 8C or

even lower temperature can be ascribed to readily reducible,

highly dispersed, surface manganese species, i.e. the reduction

of Mn3O4 to MnO. For the CeO2/Mn2O3 mixture, there are two

major peaks. The former peak is centered around 410 8C and is

believed to be attributed to both reduction of Mn2O3 to form

Mn3O4, while the latter peak is centered around 495 8C and

may be attributed to the reduction of Mn3O4 to MnO and CeO2

to form Ce2O3. No peaks are found around 830 8C in the TPR

profile of the CeO2/Mn2O3 mixture (not shown), which implies

the bulk reduction of CeO2 is also significantly promoted by

mixing Mn species. Thus, some strong interaction is also

suggested to exist between manganese oxides and ceria in the

physical mixture, which is substantially different from that of

the chemical mixed oxides.

The catalytic activities of the samples under oxygen-rich

condition are shown in Fig. 5. None of these catalysts were pre-

treated before running the reaction. It can be seen that the

catalytic ability of total oxidization of propane is significantly

improved by doping Mn into ceria. The light-off temperature

T50 of the CeO2/Mn2O3 mixture (463 8C) is close to that of

Ce0.5Zr0.5O2 (470 8C). However, by doping Mn in ceria,

T50 is sharply decreased down to 342 and 335 8C for

Ce0.5Zr0.2Mn0.3O2 and Ce0.5Mn0.5O2, respectively. Even after

impregnated with a small amount of platinum (0.5 wt.%) on

ceria–zirconia mixed oxides, the T50 (374 8C) is still higher

than those of Mn-doped samples. In addition, propane is totally

oxidized over these Mn-doped samples after 450 8C while the



Fig. 5. Catalytic activities of the samples in the presence of excess oxygen.
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conversion rate cannot reach 100% over the other catalysts.

Thus the Mn-doped ceria-based oxides are suggested to be a

good oxidation catalyst for removal of light hydrocarbons.

Under diesel conditions, the reduction of NO is not

favoured. It is seen from Fig. 5 that a NO conversion window

is observed for all the samples between 250 and 500 8C,

especially displaying a maximal conversion rate of 37% at

370 8C for Ce0.5Mn0.5O2. The mixed oxides can be classified

in descending order of Ce0.5Mn0.5O2 (251 8C) > Ce0.5Zr0.5

O2 (257 8C) > CeO2/Mn2O3 mixture (305 8C) > Ce0.5Zr0.2

Mn0.3O2 (310 8C) > Pt/Ce0.5Zr0.5O2 (396 8C) when looking at

the onset temperature of NO conversion T10. It is noted that the

Pt-supported ceria–zirconia shows ‘‘the worst activity’’ for NO

conversion in the presence of excess oxygen, which may be due

to the sintering of Pt during the catalyst preparation and activity

measurement.

It is interesting to compare the activity of Ce0.5Mn0.5O2 with

that of the CeO2/Mn2O3 mixture. Propane conversion reaches

100% at 420 8C over Ce0.5Mn0.5O2 while it is still not

completed at 650 8C over the mixture. The reactive adsorption

capacity of organic deposits on the surface of mixed CeO2–

Mn3O4 phase has also been found to be substantially high [20].

The oxidative activity can benefit to a large extent from well-

dispersed surface manganese oxides which behave as active

oxidation catalysts. Both Mn3O4 and Mn2O3 can absorb oxygen

and act, in an oxidizing atmosphere, like p-type semiconductors

[21]. On the other hand, it has been suggested that the catalysis

for hydrocarbon oxidation is not exclusively surface sensitive,

but bulk effect has also much importance [22]. A bulk effect

such as bulk oxygen diffusion should be the main responsibility

for the enhancement in catalytic activity when Mn cations are

doped into ceria. O2
� (superoxide) and O2

2� (peroxide),

serving as strong oxidants, may be formed on Ce0.5Mn0.5O2 as

the result of activation of oxygen subsequent to O2 adsorption.

The interaction between Ce and Mn greatly improves the

oxygen storage capacity as well as oxygen mobility on the

surface of the catalyst. This can facilitate the reactive

absorption of nitric oxide and the oxidation of propane.

Thus, the better catalytic behaviour of Ce0.5Mn0.5O2 may be

ascribed to two major considerations: (i) the presence of CeO2–

MnOx solid solutions and (ii) the active redox properties of
well-dispersed Mn3O4 on the surface. The synergetic mechan-

ism may be explained by the following simplified reactions:

NOðgÞ�!O
�

NO2ðaÞ�!
O�

NO3ðaÞ (1)

C3H8ðgÞ ! C3H8ðaÞ (2)

NO2ðaÞ=NO3ðaÞ þ C3H8ðaÞ ! N2ðgÞ þ CO2ðgÞ þ H2OðgÞ
(3)

The incorporation of Mn within the ceria lattice may bring a

lot of lattice defects and enhance the mobility of lattice oxygen

to the surface to be activated. Gaseous NO may first react with

surface active oxygen species (O*) bound to Mn to form NO2 or

even NO3 adsorbates in the presence of excess oxygen [23],

which then coordinate to a Ce4+–O2� pair in an adjacent site.

The random distribution of Mn and Ce in the fluorite lattice

appears to be effective in producing a large number of pair sites

for oxidative sorption of NO. Soon after this, the nitrite/nitrate

species can be reduced by C3H8, which may be dissociatively

adsorbed onto surface Mn species and subsequently spills over

onto the adjacent ceria. In our study, a similar NO conversion

window has been observed in the gas mixture of NO + O2 +

CO2 + N2 but none in the reaction system of NO + CO2 + N2

(not shown), which confirms this oxidative sorption mechan-

ism.

4. Conclusion

The results show that, compared with Ce0.5Zr0.5O2 and the

corresponding Pt-loaded catalyst, Ce0.5Mn0.5O2 is a superior

catalyst for the total oxidation of C3H8 and oxidative sorption of

NO in the presence of excess oxygen. The catalyst yields a total

oxidation of C3H8 at 450 8C and a maximal NO conversion of

37% at 370 8C under a GHSV = 50 000 h�1. It can be attributed

to the synergetic effect of CeO2–MnO2 solid solutions and well-

dispersed Mn3O4 species, i.e. the activation of oxygen,

oxidative sorption of NO, reactive adsorption of C3H8 and

their interactions.
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