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A series of manganes&erium oxide composites with Mn concentrations in the range-tQ.mol
% in ceria was prepared by the solution combustion technique using urea as fuel. The nature, type, and
oxidation state of Mn species in ceria were investigated by X-ray diffraction (XRD), diffuse reflectance
UV —visible spectroscopy, electron paramagnetic resonance (EPR), X-ray photoelectron spectroscopy,
and temperature-programmed reduction techniques. The study reveals that the method of preparation
significantly influences the type of manganese species in ceria. Wet-impregnation, coprecipitation, and
solid-state synthesis techniques lead to clustered Mik® species in the ceria matrix, while the present
method of preparation (solution combustion route) yields a highly dispersed form of Mn species. In the
reported series of samples, Mn is present mainitand+3 oxidation states and there is no evidence
for the presence of Mt species. Powder X-ray diffraction studies at variable temperatures-(22#3
K) indicate the formation of Ge,MnO,—; solid solutions. No separate Mg®/pe phase was detected
even at 1323 K. EPR studies reveal that the isolatedNnd Mr#* species are present in at least three
different structural locations: species A, Mn ions in cetflizitice defect sites; species B, Mn ions in
framework Cé&' locations; and species C, Mn ions in interstitial locations and at the surface of ceria.
The Mr#t ions in ceria exhibit a facile reduction and reoxidation behavior when exposed to dry hydrogen
and subsequently to air at elevated temperatures. A highly dispersed staté'ofiMhMr#* in ceria,
facile redox behavior, and a synergistic Meceria interaction are some of the unique properties of this
material prepared by the solution combustion procedure.

1. Introduction tions in the future with environmental benefitd! In all these

) . ) applications, there are two unique features associated with

_ Cerium dioxide (Ceg) is probably one of the most well- - o a5 4 material of interest. One is the variable valence
investigated oxides among the rare-earth metal oxides. It hasState of Ce, the G& < Ce** redox couple (1.31.8 V) being

attracted considerable interest as a catalyst, more as @menable for a shift between Ce@nd CeOs under
promoter material in many catalyst formulations and as an oxidizing and reducing conditions, respectively. At low

electrode material in solid oxide fuel cells. The promoting oxygen partial pressures and elevated temperatures, ceria
influence of ceria in the alumina washcoats of three-way easily releases oxygen to form Ce® and the oxygen

catalytic converters (TWC) and in the spray-dried, zeolite- deficiency is charge-compensated by the formation 6f e
based fluidized catalytic cracking formulations is well- This gives rise to a second feature, which is the ease of

178 . .
known.™” Interestingly, ceria may form a part of SOme Very - ¢omation of labile oxygen vacancies and, associated with
successful formulations of catalysts in many catalytic reac- it, the relatively high mobility of bulk oxygen species. Ceria,
~ thus, acts as an oxygen buffer, by storing and releasing
*To whom corespondence should —be —addressed. E-mail: oyygen under controlled conditions, a unique property that
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itself, ceria has limited application as a catalytic material, order of metal ion dispersions and paved the way for the
rather a poor support compared to alumina, sttialumina, formation of solid solutions. The application of the solid
and others, both from the chemical nature of the material assolution on various catalytic reactions has been illustrated
well as from its textural properties. It has poor thermal in these report3®-28 An understanding of the structural and
stability and gets deactivated due to sintering at high spectral aspects of the system based on the method of
temperatures, thereby losing its oxygen storage capacity.preparation is of great importance for improving the ef-
However, the unique properties of ceria are retained and areficiency of these materials in many applications.

even enhanced by the formation of mixed oxides of ceria In the present study the solution combustion route was
with many cations, such as %Zr Sit, AI®t, La®", and chosen to incorporate Mn in the ceria lattice. The Mn/geO
others'314 In this context, transition metal oxides such as samples, with different Mn contents in the ceria matrix, have
MnO,, Mn;Os, CuO, CpOs, and W0Os, which themselves  been prepared and characterized by normal and high-
are active in many redox reactions, have been incorporatedtemperature X-ray diffraction (HTXRD) followed by Ri-

in the matrix of ceria as composites with additional advan- etveld refinement of the profiles to get structural information.
tages, and these have great potential as catalysts for low-Electron paramagnetic resonance (EPR) spectroscopy is used
temperature oxidation of CO and selective catalytic reduction effectively to study the environment and reversible redox

(SCR) of NQ.1522 property of Mn/Ce@samples due to its high sensitivity. The
With the possibility of multiple valencies for Mn and the  synergistic effect of C& and MrA™ that alters the redox
redox couple associated with Ce, the mixed MrOeG, properties of the metal ion is well-illustrated by temperature-

samples are interesting materials for further detailed inves- programmed reduction (TPR) and EPR techniques. We
tigations both from the structural and from the spectral highlight in this report some of the unique properties of this
understanding of the system as well as for further application material, while comparing Mnaceria samples of similar

of them in other oxidatiorreduction reactions. It is also  compositions prepared by coprecipitation and wet-impregna-
very pertinent to note here that the method of preparation of tion techniques.

almost all the mixed oxides is beset with uncertainties in

the resulting interaction between the two oxides, particularly 2. Experimental Section

when one of them is a minor component and is the active
phase for a particular catalytic reaction. The method of

preparation significantly influences the properties of the . . . .
. - . . solution combustion synthesis metAddising urea as fuel. In a

resulting materials, dut_e to dlffe_rences in thg Iong-ra_mge ordertyIOiCaI synthesis for the preparation of 1 mol % Mn/Ge€erous
as _vveII as molecular interactions, which in turn_ mfluen_ce nitrate (6 g), manganese acetate (0.0342 g), and urea (3.98 g) were
their application as sensors, catalysts, or electronic materials gissolved in distilled water (10 mL) taken in a 500-mL beaker.
While comparing the Mn@-CeQ, samples prepared by three  This was then introduced into a muffle furnace maintained at 723
different methods, namely, coprecipitation, impregnation, and K. The solution got ignited and burnt with a flame vyielding a
citric acid methods, Qi and Yahg@found that the sample  voluminous solid material within 5 min. The solid product was
having a definite concentration of MR@h CeQ,, prepared recovered immediately after the completion of the combustion
by the citric acid method and calcined at 923 K, was highly Process. 'I_'he ot_he_r compositions of Mn/_QeSDIid solutions were
active in SCR of NQ The high activity has been attributed Prepared in a similar manner. Pure ceria and pure Ms#nples
to the highly dispersed Mn species and more active oxygen'Vere so prepared by the same method. .
species that are formed. This is positively due to the different . For comparison, two samples of Mn/_Cg(B and 20 m_ol HMn
tvoes of Mn species present infon the ceria matrix. The recentm ceria) have been prepared by the incipient We_tness |mpregn§tlon
yp b P L procedure. Pure ceria prepared as above was impregnated with an
reports by Ber"f‘ et "’_‘I" on.the other hand, h!ghllght a ”O_VG' aqueous solution of Minacetate of appropriate concentrations, dried
route for metal ion dispersion, namely, “solution combustion 5t 383 K, and then calcined at 723 K in air for 6 h. Two more
synthesis™* 28 This route produced materials with a high  samples of similar compositions have been prepared by the low-

- - - temperature coprecipitation technique. Briefly, an aqueous solution
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14, 4118.
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the 2 range of 26-110° with a step size of 0.02and a scan rate 2000
of 0.5° min~L. The sample was rotated throughout the scan for better 8 CeyosMng 40,5
counting statistics. The observed interplashapacing was corrected I
with respect to silicon. Rietveld refinement of the PXRD profiles 1600
was carried out using the'XPert Plus software. I | cal

The high-temperature experiments (HTXRD) were carried out ‘
in static air using an Anton Paar high-temperature attachment (HTK-
16) to a Philips X Pert Pro diffractometer, equipped with an Fe
filtered Co Koo (4 = 1.790 31 A, 40 kV, 30 mA) radiation. The
sample was mounted on a platinum strip, which acted as the sampl
holder as well as the heating element. To the bottom of the platinum
strip was soldered a PtHPRh thermocouple. The data were
collected in the 2 range of 26-110° with a step size of 0.02and
scan rate of Imin—! at different temperature intervals in the range J j Jk - %
of 298-1323 K. The sample was heated at a rdt& & min—1, 20 30 40 50 60 70 80 % 100 110
and a soak time of 10 min was employed at each temperature before b 20°
the scan. 3

Diffuse reflectance UV-visible (DRUV-vis) spectra were
recorded on a JASCO V-570 spectrophotometer in the diffuse
reflectance mode. The reduction and reoxidation of the samples _ - ] i
were carried out at 773 K in a flow of dry hydrogen (20 mL miin Figure 1. Rietveld refinement profile of the 5 mol % Mn/Ce®@ample

. . . - prepared by the combustion routkys and lca are the observed and
and at 573 K in the flow of dry air (20 mL mir}), respectively. calculated intensities, respectively. The difference plot is given at the bottom.
TPR experiments were performed using a Micromeritics Au-

T
)
-3
@

1200 |-

(cps)

%tensity

Difference plot

tochem 2910 instrument. A weighed amount of the samptE26 Table 1. Crystallographic Data of the Pure Ceria and Mn/Ceria
mg) was placed in a quartz reactor, pretreated in a flow of Ar (99%) Sample$
gas at 773 K for 1 h (ramp rate of 10 K mi¥), and cooled to lattice parameter
room temperature. A gas mixture ob k6%)—Ar (95%) was then oxygen
passed (25 mL mirt) through the reactor. The temperature was  [Mn}/[Mn + Ce] a(A) volume &%  vacancy §)
raised to 973 K at a heating rate of 10 K min A thermal 0 5.4124 158.55 0.11
conductivity detector was employed at the outlet of the reactor to 0.01 5.4120 158.51 0.14
measure the volume of hydrogen consumed during reduction of 0.02 5.4118 158.50 0.16
the samples. 0.03 5.4111 158.44 0.17
0.04 5.4110 158.43 0.21
EPR measurements were conducted on a Bruker EMX X-band 0.05 5.4101 158.35 0.29
spectrometen(~ 9.4 GHz) operating at 100-kHz field modulation. 0.20 5.4059 (5.4120) 157.98(158.52) 0.43(0.13)

The' as-synthesized samples§0 mg) Was_ taken_in a specially aThe values in the parentheses correspond to the wet-impregnated
designed quartz EPR cell (0.k 4 mm) fitted with greaseless  sample.

stopcocks with provision for adsorption and desorption of gases.
Prior to EPR measurements, the samples were degassed at various
temperatures fa2 h (0.1333 Pa) and then treated with dry hydrogen
(20 mL min?) for 2.5 h at different temperatures. The reoxidation 1 4
of the samples was carried out at 573 K unless otherwise mentioned.g
The spectra were recorded at 298 K for all the samples. s 4127
The photoemission spectra were recorded on a VG Microtech
Multilab ESCA 3000 spectrometer using a nonmonochromatized
Mg Ka X-ray source (o = 1253.6 eV). Base pressure in the
analysis chamber was maintained in the8x 1078 Pa range. 8 411 S
The energy resolution of the spectrometer was set at 0.8 eV with § 158.40
Mg Ka radiation at a pass energy of 20 eV. Binding energy (BE) ]
calibration was performed with the Au{4) core level at 83.9 eV. o A
The BE of adventitious carbon (284.9 eV) was utilized for charge 5410 158.34
correction. The error in all the BE values reported here is within
0.1eV.
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Figure 2. Dependence of the (a) lattice parameter, (b) volume, and (c)
3.1. PXRD.PXRD data were collected for “pure” CeO  ©0xygen ion vacancy with [Mn}/[Mnt Ce].

and Mn/CeQ samples in the 2 range of 26-110° with a

step size of 0.02and a scan rate of Anin. Rietveld that Mn ions are possibly substituted forCén the fluorite

refinement analysis (see Figure 1, for example, for 5 mol % lattice. Although the absolute value of the oxygen ion

Mn/Ce(Q,) indicated that the XRD pattern could be indexed vacancy is not very reliable, a systematic increase in the

satisfactorily to the fluorite structure with a space group vacancy with Mn concentration can certainly be discernible

Fm3m. The values of the lattice parameters and oxygen ion from the Rietveld refinement analysis. A similar observation

vacancies for all the samples are listed in Table 1. Oxygen was also noted by Bera et &lfor their Cu/CeQ@ samples.

ion vacancies increased with Mn content (Figure 2) indicating If there is any incorporation of Mn ions in the €esite, the

3. Results and Discussion
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Figure 3. Rietveld refinement XRD profiles of 20 mol % Mn/CeGamples prepared by different methods and scanned at 298 and 1B23aKd| ., are
the observed and calculated intensities, respectively. The difference plot is given at the bottom of each XRD profile. The refinement couldenfiirbe don
the coprecipitated sample due to the broad nature of the peaks. Peaks arising fromy@goNase and platinum sample holder are indicated.

lattice parameter should decrease, because the ionic radius MnO
of Mn"™ (Mn2* = 0.83 A, Mr?* = 0.645 A, and MA* = | | Mn.O
0.53 A) is smaller than that of @& (1.01 A). Indeed, a
decrease in the lattice parameter from 5.4124 A (for “pure”
ceria) to 5.4101 A (for 5 mol % Mn/Cefis observed,
confirming that some MH ions are incorporated in the ceria
lattice forming homogeneous €eMn,O,_, solid solutions

(x = 0.01-0.05). There is hardly any change in the lattice
parameter of the Mn sample (20 mol % Mn/Cg@repared

by wet-impregnation of ceria. This indicates that there is no
Mn substitution in the cubic lattice of ceria.

The PXRD pattern (peak widths) indicated that the samples . R
are highly crystalline. The crystallite size of ceria is little 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115
influenced by Mn doping. The size increased marginally from 20°
41 nm for “pure” ceria to 51 nm for Mn-containing CeO Figure 4. XRD of MnOx prepared by the solution-combustion route. The
A further increase in the concentration of Mn did not affect dashed and solid lines mark standards®@nand MnO peaks, respectively.
the crystallite size. This suggests that Mn ions initially get
incorporated into the defect sites, which are the possible state. Pure manganese oxide prepared by the same urea
causes for the sintering of ceria. Above this critical concen- combustion method is composed of ¥ and MnO phases
tration, Mn occupies the lattice sites possibly at outer layers with Mn ions in+2 and+3 oxidation states (Figure 4). No
of the crystallites. Further evidence for this comes from X-ray MnO,-like phase (Mn oxidation staté¢ 4) was detected.
photoelectron spectroscopy (XPS) results discussed later on At this juncture, it may be noted that the method of
in this report. The presence of a separate Mhke phase preparation influences the nature of Mn species formed. We
was not detected even when the Mn/Geamples were  find considerable differences in the structural features of the
thermally treated at 1323 K (Figure 3). This observation samples prepared by coprecipitation and wet-impregnation
indicates that the Mn species are present in a highly dispersedrocedures. A comparison of the Rietveld refined XRD

Intensity (a.u.)
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thermal expansion of the Mn/Ce@amples prepared by the combustion
method as a function of temperature.

profiles of three Mn/Ce@samples (20 mol % Mn) prepared
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Figure 6. Lattice thermal expansion coefficient of Mn/Ce@amples
prepared by the combustion route as a function of (a) Mn concentration

and (b) oxygen vacancy)).

by different procedures is given in Figure 3. The coprecipi- --0--CeO,

tated Mn/CeQ@ sample is poorly crystalline, showing broad --0--Ce, , Mn O, . 0

XRD peaks due to very small particles. The sample prepared ~A--Cey Mn, O,
. . --v--Ce . Mn__ O /

by the wet-impregnation procedure showed narrower fea- 80+ 080" o023 ;

tures, and the XRD pattern could be satisfactorily refined to g

the fluorite structure (space gro&m3m). A distinct MnsO4 % 70 4

phase is detected in samples prepared by the wet-impregna-.g |

tion and coprecipitation routes. Such a phase is absentin all g :;;;g

Mn/CeQ, samples prepared by the combustion method, up § 80 :Efg;,fz;@;g:ggjjjfg?‘g'iff i

to a 20 mol % Mn concentration (Figure 3). The present £ ¥

method of synthesis, using urea as fuel, confines M#20 O 50- .0

and+3 oxidation states in Mn/Ce3amples. Spectroscopic /,,{j"

analysis of the samples, described in the subsequent sections, 4 | u-__ﬂ___-a——"D

indeed provides unequivocal evidence to this conclusion.

3.2. HTXRD. The thermal stability and thermal expansion 200 400 600 800 1000 1200 1400

of Mn/CeQ, solid solutions (combustion route) were inves-
tigated by in situ HTXRD analysis, in the temperature range
of 298—-1323 K. An analysis of the in situ HTXRD data for

Temperature (K)

Figure 7. Dependence of crystallite size with temperature of £aéd
Mn/CeQ, samples prepared by the combustion route.

the samples prepared by the solution combustion method

indicates that the unit cells of Ce@nd Mn/CeQ expand
linearly with temperature (Figure 5a,b). The thermal expan-
sion coefficient {¢,) decreases linearly with an increase in
the Mn concentration and oxygen ion vacanéy Figure
6a,b). This variation i, with Mn concentration is due to
partial Mn substitution in the ceria lattice. The M@ bond
is covalent while the CeO bond is ionic in nature due to
Ce being more electropositive. It is known that ionic solids
have highera, compared to covalent solid%.Thus, Mn
incorporation in the ceria lattice affeats. A large decrease
in o, with an increase in Mn loading reconfirms substitution
of Ce by Mn ions.

In situ HTXRD studies reveal that the crystallite size of
pure CeQ increases continuously (from 41 to 94 nm) with

wet-impregnation was investigated by subjecting these
samples (20 mol % Mn in ceria) to in situ HTXRD studies.
A comparison of the Rietveld refined XRD profiles of the
samples is presented in Figure 3. The samples prepared by
the coprecipitation procedure become highly crystalline due
to sintering of smaller particles, and Mdy phases become
apparent in samples prepared by wet-impregnation and
coprecipitation procedures. It is interesting to note that
incorporation of Mn in ceria through the solution combustion
technique prevents ceria from sintering at high temperatures
(Figure 7), while there is a continuous sintering of ceria
through the temperature range in the coprecipitated Mn{CeO
sample of similar composition.

3.3. DRUV—Vis Spectroscopy.Pure Ce@ and Mn-

an increase in the temperature from 298 to 1323 K. Such acontaining Ce@samples prepared by the combustion method

variation in crystallite size is only marginal in Mn containing
CeQ, samples (see Figure 7). The structural integrity at high

show partially resolved & — Ce*t charge transfer bands
at 266 and 345 nm. The former is a specular reflectance band

temperatures of the Samp|es prepared by Coprecipitation ancﬂriSing from the surface sites while the latter is a diffuse

(29) Ramaswamy, V.; Awati, P.; Tyagi, A. K. Alloys Compd2004 364,
180.

reflectance band originating from the bulk Ce@ repre-
sentative spectrum for 1 mol % Mn/Ce@ shown in Figure
8a. The Mn-containing samples showed additionally a broad
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Figure 8. DRUV—vis spectrum of the GedVing010--s sample prepared

by the combustion route. (a) Before reduction and (b) after reduction with
dry hydrogen at 773 K. All the other Mn-containing samples prepared by

the combustion route showed similar type spectra.

Murugan et al.

ions upon treatment with dry hydrogen/air at elevated
temperatures.

DRUV—vis spectra of Mn/Ce@ samples prepared by
coprecipitation and wet-impregnation procedures reveal some
interesting differences from those of the earlier samples with
respect to the type of Mn species and their interaction with
ceria. A comparison of the UVvisible spectral features of
Mn/CeQ, samples of similar compositions (5 mol % Mn in
ceria) prepared by the three methods is given in Table 2.
On the basis of a rough estimate of the intensities of the
bands in the region, 465495 (for Mr#*) and 605-647 nm
(for Mn?") for the three samples, we may note that the ratio
of Mn3* to Mn?* ions in the samples is in the order,
combustion synthesis coprecipitation> wet-impregnation
methods of preparation of the samples. Apart from the
differences in M&" and Mr#+ concentrations, a marked shift
in the band position is also observed. The shift of the bands
to the lower energy side suggests that dispersion of Mn
species and-Mn—0O—Ce— interactions increase in samples

feature in the visible region. Such a feature was observedmc different preparations in the order, wet-impregnatien

also in the case of MAMCM-4123%3! |t was attributed to
the presence of Mt species®3!The experimental spectrum

coprecipitation< solution combustion methods.
3.4. TPR. Figure 9a presents the TPR profiles of Mn/

of the ceria samples was fitted with the Gaussian curves toCeQ and MnQ samples prepared by the combustion

identify the component bands. The broad visible feature could
be deconvoluted into two bands with maxima at 497 and

procedure as a function of reduction temperature. Pure ceria
shows two reduction maxima at about 820 and 1100 K (not

647 nm, respectively. The former band could be attributed shown in the figure) associated with surface and bulk

to the 5, — 5T, transition of M#* specie® 3* as well as

to the®A; — “T, transition of Mri#* species® Mn3" in “pure”
Mn,O3; shows this band at a higher energy (475 nm).
Dispersion of MA" ions and Mn-ceria interactions are the

probable causes for the shift of the visible band toward lower

energy. Mi* ions in “neat” MnO showed a band 610 nm
which is due to théA; — *T; transition3® This band in the
Mn/CeQ, samples occurs at longer wavelengths (647 nm)
again due to strong-Mn—O—Ce— interactions. The Mn
concentration does not affect the band position, indicating

reduction, respectivel§f.*” The amount of hydrogen con-
sumption, Tmax andTonsetOF reduction of different samples
are summarized in Table 3. The peak reduction temperature
of MnOy prepared by the combustion method is about 737
K. The reduction onset temperature of the Mrn®around

620 K. The Tmax at 737 K for MnQ suggests that the
reducible Mn could be of type M,.383° However, the
amount of hydrogen uptake is calculated to be 43 mt, g
which is less than that required to reduce the*Mion in

pure MrsO,. This suggests that the Mp@ormed by this

that the Mn ions are highly dispersed through the concentra—rnethOd might be a mixture of M@, and MnO. The XRD

tion range studied.

Significant changes were observed in the tisible
spectrum when the Mn/Ce@amples were reacted with dry
hydrogen at elevated temperatures (e.g., 773 K). A typical
spectrum of hydrogen-treated 1 mol % Mn/G&® shown
in Figure 8b. On reduction with hydrogen, the band at 495
nm, which was attributed to MiW/Mn?" ions in the ceria
matrix, decreased in intensity (compare the curve in Figure
8b with the curve in Figure 8a) suggesting that3ions
get reduced to M# ions. It may be noted that the band for
Mn?* ions has a low extinction coefficient, because it is spin-

analysis of the samples has earlier arrived at a similar
conclusion (see Figure 4). The onset temperature of reduction
(Tonse) Of Mn/ceria was less than that of MROrhis can be
attributed to the presence of Ce, which can modify the redox
activity of Mn. The 1 mol % Mn/Ce@sample shows a broad
reduction profile starting from 414 K with a peak at 605 K.
This broad profile indicates a poor reduction process. This
may be due to most of the Mn ions being dissolved into the
ceria matrix in a difficult-to-reduce environment and a very
small amount being present in the reducible form (i.e.>Mn
state). The 3 mol % Mn/CeQOsample shows a peak

forbidden. The band reappeared on treating the reducedMXimum at 613 K. A significant decrease in the reduction

sample with air at 573 K, suggesting that the¥to Mn2*
conversion is reversible. EPR spectroscopy provides ad-
ditional evidence for the facile reduction/oxidation of Mn

(30) Aronson, B. J.; Blanford, C. F.; Stein, A. Phys. Chem. R00Q
104, 449.

(31) Maruyama, T.; Osaki, YJ. Electrochem. Sod.995 142 3137.

(32) McClure, D. S.J. Chem. Phys1962 36, 2757.

(33) Kijlstra, W. S.; Poels, E. K.; Bliek, A.; Weckhuysen, B.; Schoonheydt,
R. A. J. Phys. Chem. B997 101, 309.

(34) Shen, X. M.; Clearfield, AJ. Solid State Chen1.986 64, 270.

(35) Pratt, G. W.; Coelho, RPhys. Re. 1959 116, 281.

temperature of M# ions in CeQ at 613 K and below
compared to 737 K in pure MnClearly demonstrates the
absence of any large individual crystallites or islands of the
MnOy phase in this sample. Th&y. increases with an
increase in Mn concentration, and this may be due to the

(36) Terribile, D.; Trovarelli, A.; de Leitenburg, C.; Primavera, A.; Dolcetti,
G. Catal. Today1999 47, 133.

(37) Yao, H. C.; Yao, Y. F. YJ. Catal 1984 86, 254.

(38) Wolfovich, M. A.; Landau, M. V.; Brenner, A.; Herskowitz, Nhd.
Eng. Chem. Re004 43, 5089.

(39) Hussain, S. T.; Sayari, A.; Larachi, Appl. Catal. B2001, 34, 1.
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Table 2. DRUV—Vis Spectral Features of the 5 mol % Mn/CeQ Sample Prepared by Different Routes

specular diffuse 5E,— 5T, 6A1 — 4T,
method of reflectance band reflectance band transition transition Mn3*+/Mn2*t
preparation (nm) (nm) (nm) (nm) ratic®
combustion 264 343 495 647 6.9
coprecipitation 246 330 491 610 25
wet-impregnation 254 341 468 605 1.8

aThe Mr*-to-Mn2* ratio was calculated from the integrated area under the bands.

(a)

(b)
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Figure 9. (a) TPR profile of Mnr-ceria and MnQ@ samples prepared by

the combustion method. (b) TPR profile of the 5 mol % Mn/Gs@mple
prepared by different synthesis procedures.

Table 3. Reduction Properties of Ce-xMnxO,—5 Solid Solutions

Hz
consumed  Tonset Trax reducible
sample (mL/g) (K) (K) oxide (%)
Cep.gdMNg 010o—s 414 605 n.d.
Cey.gMng 0d0z-5 0.50 450 613 26
CQ)gd\ﬂﬂo,og,Oz—a 2.20 506 648 67
Cep.99VINg 060252 0.38 403 511, 647 12
Ce.9dVINg 002 6P 0.53 327 408, 511, 647 16
Cey.gdMng 1002-5 4.30 520 659 65
MnOy 43.0 620 737 66

a\Wet-impregnated samplé Coprecipitated sample.

formation of dispersed Mn oxides at higher loadings. Even
if the Mn loading was increased to 10 mol %, only a partial
amount of Mn gets dissolved into the ceria matrix. The

excess amount of Mn resides as dispersed oxide on the

surface of the ceria. The reducible Mn species in this oxide
island do not have a strong interaction with ceria as in the
case of samples with low concentrations of Mn in ceria.
Hence, there is an increase in fhgx value with an increase

in Mn concentration. The TPR study also indicates that™Mn
ions in Mn/CeQ samples can be reduced at a lower
temperature than that of the Mnion in MnQ,. This could

be possible when Mii ions are in the near neighborhood
of Ce** ions and there exists some interaction betweef™Mn
and Cé" ions. A synergistic effect between Mnand Cé*

ion pairs might promote M reduction at a lower temper-
ature than in the Mn@Q Even though a good correlation from
the hydrogen consumption could not be derived fof*Ce

A comparison of TPR profiles of Mn/Ced5 mol %)
samples prepared by the combustion, wet-impregnation, and
coprecipitation techniques is given in Figure 9b. From the
fingerprint reduction profiles of each sample, we find
considerable differences in the nature and reducibility of Mn
species in ceria. The sample prepared by the wet-impregna-
tion method is not constituted by a single Mpfhase but
apparently possesses a mixture of oxides. The reduction
profile is broad extending from 375 to 750 K. The shape of
the reduction profile and the observ@g.x suggest the
presence of both My®, and MnOs in ceria®® Further, the
reduction process suggests that one or more adlayers of
Mn,Os have been formed, which allows a two-step reduction
via Mnz0.5% On the other hand, the Mn/CgeGample
prepared by the coprecipitation procedure shows a sharp
reduction peak witi s« at 408 K, which could be ascribed
to the reduction of Mfi species. In addition, we also notice
the presence of My, and MnO; species. The amount of
hydrogen consumption for the 5 mol % Mn/Ce&amples
prepared by the three methods falls in the order solution
combustion> coprecipitation> wet-impregnation (Table
3). Hence, more reducible MrQas Mr#* species) is present
in the case of samples prepared by the combustion method.
These results are further supported by DRUXs and EPR
spectroscopic observations.

3.5. XPS.The XPS spectra of the core levels of Mn(2p)
and Mn(3s) in 1, 5, and 10 mol % Mn/CeQ@combustion
route) are shown in Figure 10. The Mng2p core level at
641.3 eV can be attributed to Mn 2 as well as in+3
oxidation states. Because the BEs of Wmand Mr#t are
very close to each othé?,a distinct identification of the
oxidation state is not possible. The BE of #r(642.4 eV)
is, however, significantly differefftfrom those of the MA"
(641.0 eV) and M#i" (641.4 eV) ions. Nonetheless, the Mn-
(3s) peak splitting widths for different Mn oxides (Table 4)
are helpful to find out the oxidation state*® The oxidation
states of the sample are identified through direct comparison
to standard values from literature. Accordingly, a Mn(3s)
splitting width AE of 5.6 eV (for 1, 5, and 10 mol % Mn/
CeQ) corresponds to a mixed valence-62 and+3. The
XPS results of Mn/Ce@do not provide any evidence for
the presence of M species. It may be recalled that MpO
too, prepared by the present method using urea as fuel, did

(40) Handbook of X-ray Photoelectron Spectrosgdfagner, C. D., Riggs,
W. M., Davis, L. E., Moulder, J. F., Mullerberg, G. E., Eds.; Perkin-
Elmer Corp.: Eden Prairie, MN, 1979.

(41) Djurfors, B.; Broughton, J. N.; Brett, M. J.; Ivey, D. Bcta Mater.
2005 53, 957.

reduction, in situ EPR investigations evidenced the signals (42) Chigane, M.; Ishikawa, MJ. Electrochem. So200Q 147, 2246.

for the Cé" ion in the temperature range of Mn reduction
in Mn/ceria samples.

Carver, J. C.; Schweitzer, G. K.; Carlson, T.JA.Chem. Physl972
57, 973.
(43) Toupin, M.; Brousse, T.; Banger, D.Chem. Mater2002 14, 3946.
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Figure 10. XPS spectra in the Mn(2p), Mn(3s), Ce(3d), and O(1s) core
level regions for samples prepared by the combustion route. (gsCe
Mno.0102-5, (D) C& .9dMNg 0502-5, and (c) CeodMNg 1d02-o.

Table 4. Mn(3s) Peak Splitting AE) of Mn/CeO, Samples and
Standard Oxides

Mn(3s)
peak surface
splitting, valence composition
sample AE (eV) of Mn phase (Mn/Ce)urt

Cey.9dMNnp 0102—s 55 2,3 0.49
Ce.99MNg 0025 55 2,3 1.53
Cey.99MINg 050262 5.6 2,3 2.85
Cep.odMNo.1d02-5 5.6 2,3 2.43
MnOx 5.6 2,3 MnO and Mg0,
MnQP 5.8 2  MnO
'\/|l"|304b 55 2, 3 MI'304
Mn203b 5.4 3 MnOs
MnOz° 4.8 4  MnQ

aWet-impregnated samplé Standard oxides of Mn from the literatufe.

not show reflections corresponding to Mn@ the PXRD
pattern (Figure 4).

Murugan et al.

(d)
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Figure 11. EPR spectra of the fresh samples prepared by the combustion
route recorded at 298 K. (a) €&Mno.0i02-s; (b) C&.9dVINo.0502-5; (C)
Zr9.99Mng 05025, and (d) MnQ.

—
2000

ionization cross section, and the kinetic energy of the core
levels® is found to be higher than that of the nominal bulk
composition (Mn/Ce),k (Table 4). This indicates a homo-
geneous distribution and surface segregation of Mn ions on
the CeQ surface.

The 5 mol % Mn/Ce®@ sample prepared by the wet-
impregnation procedure showed a distinct Mnygpcore
level at 641.2 eV and a Mn(39)E of 5.6 eV. This value
exactly matches with that of M®;.° The Mn/Ce surface
ratio of this sample is found to be higher than that of the
sample prepared by the combustion route of same concentra-
tion (see Table 4). This suggests that all the Mn species in
Mn/CeQ, samples prepared by the wet-impregnation method
are surface bound and do not form a part of the ceria lattice.
This is in conformity with the PXRD data presented earlier
(Table 1). However, the sample prepared by the combustion
method showed a homogeneous distribution and surface
segregation of Mn ions on the Ce@urface. The sample
prepared by the coprecipitation method, in contrast, does not
show any Mn core level features indicating a negligible
concentration of Mn ions on the surface.

3.6. EPR SpectroscopyThere are at least three types of
paramagnetic Mt species in different Mn/CeQsamples

The O(1s) spectra showed a main peak at 529.2 eV for prepared by the combustion method. These are isolat&t Mn

all the Mn/CeQ samples, which is attributed to lattice oxygen

ions in defect sites with a noncubic symmetry (zero field

(Figure 10) A small shoulder at 531.4 eV is attributed to Sp||tt|ng parameterD = 0, species A), isolated Mn
oxygen in hydroxyl and carbonate impurities. The Ce(3d) supstituting for C& ions in the lattice having a cubic

peaks obtained from 1, 5, and 10 mol % Mn/Gefamples

symmetry D = 0, species B), and interacting ¥mions

are also shown in Figure 10. The spectra with satellite located at the surface (species C) The 1 mol % Mn/CeO

features (marked in the figure) correspond to ¢a@h Ce
in the +4 oxidation staté* The surface composition (Mn/

Ce)urs calculated from the integrated peak area, the photo-

(44) Sarma, D. D.; Hegde, M. S.; Rao, C. N. R.Chem. Soc., Faraday
Trans 1l 1981 77, 15009.
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sample shqwed an _intense sextet line pattern and weak signals 723 K
on either side of this pattern due [th%/,(> |£3,0and| £/ —
200 |£Y,Cklectronic transitions (Figure 11). With increasing
Mn content, the intensity of the sextet line pattera’{(,>
|+1/,0transition) increased but that of the outermost weak
signals (due t¢4=5/,0< |4-3/,0and| 43,0 |£Y,transitions)
g i 573K =———"
did not increase beyond2 mol %. This indicates that there —
are two types of isolated Mh ions, one with a noncubic
(D = 215.3 G) environment (species A) and the other with
a cubic D = 0) environment (species B). The concentration

of the latter increases with the Mn content. The former-type M\/\/\/

isolated MA" ions (species A) are attributed to those residing 423K

at the defect sites in the ceria lattice, and the cubi¢™Mn /W
sites (species B) are those occupied in the substitutional sites.

Theg and hyperfine valuegy(= 2.0023 and\yn, = 93.6 G) lx 10

are consistent with the-2 oxidation state of Mn. Mt ions ,\/\/\/\/

show signals below the free spirvalue (Mrf+ in MgO: g 298 K

= 1.994 andA = 76 G at 290 KY® Hence, the EPR //fv“w
spectroscopy clearly reveals that ¥rions are not present }

in the samples prepared by the urea combustion synthesis zsloo ' 3o|oo ' 32|oo ' 34Ioo ‘ 35Ioo ' 3aloo ' 4oloo I 42|oo

method. A similar conclusion is drawn also from the XPS
and Rletve_ld refinement O.f the XRD pattern. At higher Mn Figure 12. EPR spectra of the GgdVing 0102-5 solid solution prepared
concentrations%5 mol %), in addition to the above resolved by the combustion route thermo evacuated at different temperatures and
spectral features a broad overlapping sigiged«(2) is also recorded at 298 K.

present. This corresponds to interacting¥species pos-
sibly located at the interstitial positions or at the surface

(species C). An increasing concentration of the surface Mn —‘MA/MMMVW 773K
ions (Mn/Ce ratio) with an increase of Mn content was also
noted by XPS measurements. The concentration of substi- MWW 723K -/W

tutional Mr?* sites increased by only 1.7 times (based on

the EPR signal intensity) as against the expected 5 times M’WWWM“‘ 573K W

increase in the 5 mol % compared to the 1 mol % Mn/geO

sample. This indicates that the remaining part of the Mn ions AVJWWWW,A 523 K ‘MA/WWWM_‘
form interacting MA" species or may be present as Wn

species. The Mit ions could be detected only at very low

temperatures and high frequencies (e.g., W band). Reduction #W 473K Wk

experiments, in fact, provided evidence for the presence of 423K
Mn3* ions in Mn/CeQ samples. In those experiments, the WA 208 K -
— M —

Mn3* was reduced to MiT ions and the latter were detected — ——, . —_——
by EPR spectroscopy. 2500 3000 3500 4000 4500 2500 3000 3500 4000 4500

Magnetic field (Gauss)

Ce,,Mn O Ce, Mn O

0.01 " 23 0.05 " 2-3

Figure 11 also presents the effect of support on the type Magnetic field (Gauss)
Figure 13. EPR spectra of GedVing 0i02-s and Ce@.9gMing 05024 solid

of Mn species formed' While the Mn{CQ@amples show solutions prepared by the combustion route treated with hydrogen at different
resolved narrow signals corresponding to dispersed Mn temperatures and recorded at 298 K.

species, Mn/Zr@ (prepared by a similar method using
glycine as fuel) exhibits a broad spectral feature (Figure 11, (indicated by arrow; species A) disappeared. This may be
curve c) corresponding to interacting Mn species. MnO  gypiained on the basis of the earlier reports on-WPO-5
prepared by the combustion method also shows a broadby Goldfarb et al. and Levi et &5 During high-
isotropic spectrum ag = 2.005 with a peak-to-peak  temnerature dehydration, the Ririons in the interstitial and
separation of 434 G (Figure 11, curve d). surface locations migrate toward the Mn sites substituted in
Evacuation of samples at elevated temperature has athe ceria matrix and form weak interactions. As a conse-
marked effect on the spectral features. Multiple EPR plots quence of spirrspin exchange interaction, the Ktrsignals
of 1 mol % Mn/CeQ evacuated at different temperatures broaden beyond detection. Similar results are observed in
are shown in Figure 12. No major changes were observedthe case of the 5 mol % Mn/Ce@ample.
until 523 K, and above that a significant decrease in the The effect of hydrogen treatment on the Mn species in
intensity of Mr#* signals was noted. The hyperfine splitting  the 1 mol % Mn/Ce@samples is shown in Figure 13. The
constant reduced from 93.6 to 84.6 G. The signals due tointensity of the EPR signals increased (by about 1.4 times)
|£%0 |£320and|£%,[0 |£*/-[fine structure transitions  ypon reacting with hydrogen at 473 K. The spectrum is very
much like that for MA" ions in a perfect cubic symmetry
(45) Henderson, B.; Hall, T. P. PProc. Phys. Sacl967, 90, 511. (species B). However, the EPR parameters are slightly
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Figure 14. EPR spectra of the GgdVing 0102-5 and C@.9dVINg,0502-5 solid
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symmetry Mn species (species B) overlaps with these
additional signals. As the temperature is increased to 573
K, more and more surface Mhspecies get reduced. At high
temperatures (above 723 K) a broad background signal also
appeared due to the formation of a higher amount of
paramagnetic Mn species. This is more evident in the case
of the 5 mol % Mn/Ce@sample (Figure 13). At 723 K, an
amount of Cé&" ions got reduced to Geand showed a weak,
overlapping signal aj = 1.965. At 773 K, weak, additional
multiplet hyperfine patternsiy, = 42.5 G) were observed
in the low field region ag = 3. These features are attributed
to formation of —Mn?"—O—Mn?"— dimeric species. At
higher temperatures the reduced¥ions migrate forming
dimers and interacting clusters of smallest size.

To confirm the reversible redox behavior, the samples,
which were reduced in hydrogen (773 K), were reoxidized

solutions prepared by the combustion route showing the reversible redox With air at 573 K (Figure 14). The reduced samples showed
behavior of the Mn species in ceria. (a) Fresh sample evacuated at 773 Kig multiplet spectrum, corresponding to ions in both high-

(b) reduced at 773 K; (c) reoxidized at 573 K; and (d) rereduced at 773 K.

The sample is reduced at 773 K in the flow of hydrogen, and oxidation is
done at 573 K in the flow of air and recorded at 298 K.

different @ = 2.0045 andA = 92.6 G) from those observed
for the untreated sampleg € 2.0023,Ayn = 93.6 G). The

and very low-symmetry octahedral environments, whereas
the oxidized samples showed mainly a cubic-type Mn
spectra. The M# ions could be reduced and reoxidized in
several cycles. The facile redox behavior of the’Mspecies

is an interesting property that could be exploited in many

increase in the signal intensity is confined to only the central oxidation—reduction reactions catalyzed by these Mn/geO
six-line hyperfine pattern and not to the signals due to speciessamples.

A. This suggests that some Rinspecies are also present in
the lattice substitutional locations, which get reduced td'Mn
upon reaction with molecular hydrogen.

At still higher reduction temperatures (523 K), additional
Mn?* signals corresponding to Mn ions in a very low-
symmetry octahedral environment were observgd=(
2.0024,A=83.6 G, andD = 424.2 G; see Figure 13). This
suggests that there exists some3\possibly on the surface

The EPR spectra of Mn/CeOsamples prepared by
different methods are significantly different as shown in
Figure 15. While the samples prepared by the wet-impregna-
tion method showed a broad signal attributable to clustered
Mn ions?¢47 those prepared by coprecipitation showed a
broad feature overlapped with six hyperfine features corre-
sponding to the presence of both interacting and distorted
Mn?* ions. The samples prepared by the solution combustion

that gets reduced upon reaction with hydrogen at 523 K method, on the other hand, showed a well-resolved six line

resulting in these types of species. The signal due to high-

Wet Impregnation

(b) (b)

@

Co-precipitation

pattern mainly due to highly dispersed Rinions; these

Combustion

(c)
—
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()
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Figure 15. EPR spectra of the GggVing 05025 solid solutions prepared by various methods showing the reversible redox behavior of the Mn species in
ceria. (a) Fresh sample evacuated at 773 K; (b) reduced at 773 K and reoxidized at 573 K. The sample is reduced at 773 K in the flow of hydrogen, and

oxidation is done at 573 K in the flow of air and recorded at 298 K.
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samples do not contain clustered Mn species unlike in the (a) In Mn/CeQ samples prepared by the solution combus-
wet-impregnated sample. The relatively weak intensity of tion synthesis method, the Mn ions are present mainly in
EPR signals for the samples by the solution combustion +2 and+3 oxidation states. The XRD, XPS, TPR, and EPR
method (see Figure 15) suggests, in agreement with the UV  investigations provide no evidence for the presence of
visible spectroscopy results (Table 2), that Mn is present manganese species in thel oxidation state (Mng).
mainly in the+3 oxidation state in these samples. (b) A progressive decrease in the unit cell parameter with
The Mre™ species could be reversibly reduced and Mn concentration in ceria and the absence of a separate
reoxidized. The sample prepared by wet-impregnation upon manganese oxide-like phase (large crystallites) reveal the
reduction with hydrogen, at 773 K, showed a broad signal formation of homogeneous €eMn,O,_s solid solutions in
corresponding to clustered Mnspecies. The reduced sample the concentration range ®f= 0.01-0.20. (Mn/Ce), values
prepared by the coprecipitation method showed a broadalso support the uniform distribution of Mn in these samples.
feature with overlappingMn hyperfine features. The sample (c) Sintering of ceria is attenuated by incorporation of Mn
by solution combustion synthesis, on the other hand, showedions through the combustion procedure. The study reveals
a spectrum enriched with well-resolved fine structure and that the Mn ions occupying the ceria lattice defect sites are
hyperfine features, of a highly dispersed Mn species. The responsible for controlling the sintering process.
comparative study, thereby, clearly indicates that the method (d) DRUV—vis and EPR spectral observations of the
of sample preparation influences the Mn speciation and its samples reveal that the predominating Mn species are in the
oxidation state. Samples by the wet-impregnation method +3 oxidation state and that Mn dispersion and thién—
contained clustered MnGurface species, and those by the O—Ce— interactions are high in these samples.
coprecipitation method contained isolated Mn species along (e) EPR spectroscopic studies also point out the presence
with the clustered species. Interestingly, the samples preparedf three different types of Mn species with respect to their
by the solution combustion method using urea as fuel containlocal environment and coordination.
highly dispersed Mn species in ceria. Earlier reports showed (f) Reduction followed by reoxidation experiments with
that the solid-state synthesis method yields only the clustereddry hydrogen and air, respectively, at elevated temperatures
Mn specieg® Qi et al. in their findings showed that samples revealed that the M species in the CeQmatrix exhibit
prepared by using the citric acid method gave a high NO facile redox behavior.
conversion, irrespective of the surface at€@his enhance- (9) The reducibility of the manganese species is enhanced
ment in activity was attributed to dispersed Mn species. On when it is present in the ceria lattice. The temperature
the basis of our spectral results, it appears that a Mn maximum for the reduction procest.{) for Mn occurs at
dispersion of much higher order is possible in the samples a lower temperature in Mn/Ce@ompared to MnQ due to
prepared by solution combustion synthesis than in samplesa synergistic effect between the Mrand Cé* ions in these

prepared by other known methods. samples.
. The method of preparation (wet-impregnation, coprecipi-
4. Summary and Conclusions tation, solid-state synthesis, and citric acid and solution

combustion syntheses) influences the type of Mn species
(dispersed versus interacting manganese ions) formed and
their oxidation state. Samples prepared by the wet-impregna-
tion method contained clustered Mp8urface species with

(46) Abi-Aad, E.; Bennani, A.; Bonnelle, J. B. Chem. Soc., Faraday little interaction with ceria. Those prepared by the copre-

The following conclusions can be drawn from the struc-
tural and spectroscopic characterization studies of MnO
Ce(, samples prepared by the solution combustion route:

“ 'T:ran_s #ﬂ995B 91|% 99-K DSolid State Ionic@001 141 512 cipitation method contained isolated Mn species, including
Igaj, M.; becker, K. Oll ate lonic. . A+ . . .
(48) de Biasi, R. S.; Grillo, M. L. NJ. Phys. Chem. Solid003 64, 1365. ~ Mn*" oxide along with other clustered Mn oxides. These
(49) Goldfarb, D.Zeolites1989 9, 509. samples sinter substantially on thermal treatment. The
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