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Synthesized via a Novel “Redox-Precipitation” Route
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A novel synthesis route driving redox-precipitation reactions amon'M@€e", and M precursors
in basic aqueous solution yields MnCegatalysts (Mg/Cey, 0.33—2.0) with a (quasi)molecular dispersion
of the active phase and enhanced textural properties in comparison to the conventional coprecipitation
method. The basic characteristics of the redox-precipitation process leading to a solid architecture missing
a substantial “long-range” crystalline order are discussed. With an excellent reproducibility and irrespective
of the Mn,/Cey ratio, the redox-precipitation method also ensures unchanged textural, structural, and
chemical properties of the MnCg@atalysts. As a much improved dispersion of the active phase, the
redox-precipitation route greatly promotes the redox behavior and the surface affinity toward gas-phase
oxygen of the MnCeQsystem.
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Table 1. List of the Studied Catalysts
Mna/Ceu
catalyst design experimental [Mn] (wt %) preparation method Tead (K) SAget (M?g) PV (cn¥/g) APL* (A)
M1C3-R 0.33 0.33 9.1 red.-prec. 244 0.31 32
M1C3-R4 0.33 0.33 9.1 red.-prec. 673 143 0.20 33
M3C4-R 0.75 0.71 16.7 red.-prec. 255 0.53 63
M3C4-R4 0.75 0.71 16.7 red.-prec. 673 169 0.47 70
M1C1-R 1.00 0.95 20.5 red.-prec. 219 0.61 84
M1C1-R4 1.00 0.95 20.5 red.-prec. 673 154 0.49 85
M3C2-R 1.50 1.44 26.7 red.-prec. 208 0.62 96
M3C2-R4 1.50 1.44 26.7 red.-prec. 673 157 0.45 79
M2C1-R 2.00 2.13 32.8 red.-prec. 244 0.59 74
M2C1-R4 2.00 2.13 32.8 red.-prec. 673 140 0.50 105
M1C1-PC4 1.00 1.00 21.2 co-prec. 673 101 0.24 94
M1C1-PN# 1.00 0.94 20.4 co-prec. 673 72 0.31 162

a Atomic ratio from design and XRF measurements, respectiféalcination temperature (6 ) Average pore diametet.From CeC—MnCl, precursors.

e From Ce(NQ)s—Mn(NOs), precursors.

are very crucial issues for improving the reactivity of the
title system.

step size of 0.0%s using a Philips X-Pert diffractometer operating
with a Ni g-filtered Cu Ka radiation at 40 kV and 30 mA. The

Therefore, this paper aims at showing that a new synthesisceria average particle size was calculated by the Sherrer’s equation.

route, driving redox-precipitation reactions among various

Transmission Electron Microscopy. Transmission electron

Mn and Ce precursors in basic aqueous solution, leads tomicroscopy (TEM) analysis of the catalysts was performed using

molecularly dispersed MnCeg@atalysts in a very wide range
of the Mn loading (9-33 wt %). With an excellent
reproducibility, the new synthesis method allows improving

the structure, the morphological properties, and the redox

behavior of MnCeQcatalysts in comparison to the conven-
tional coprecipitation method.

Experimental Section

MnCeOy Catalysts. MnCeQ; catalysts with different chemical
composition (Mp/Cey, 0.33-2.10) were prepared via the new
“redox-precipitation” route, according to the following proce-
dure2425 An amount of the KMnQ precursor, in a 10% stoichio-
metric excess, dissolved in deionized water was titrated at 333 K
under vigorous stirring with a solution of Ce(N@and Mn(NQ),
precursors, keeping constant the pH (&©.3) by the addition of
a 0.2 M KOH solution. After titration, the solid was digested for
30 min at 333 K and then filtered, repeatedly washed with hot
distilled water, and dried overnight at 373 K. Aliquots of the dried
samples were further calcined in air at 673 K (6 h).

For the sake of comparison, reference Mn¢e&alysts (Mg/

Cey, 1.0) were prepared by the coprecipitation routes, using Mn-
(NO3),—Ce(NG;); (M1C1-PN4) or MnCj—CeCk (M1C1-PC4)
precursors and, in both cases, a 10%,0&; solution as
precipitantt—1014.23The solids were dried at 373 K (16 h) and then
calcined in air at 673 K (6 h).

The list of the studied samples and the relative physicochemical
properties are presented in Table 1.

Surface Area and Pore Size Distribution Surface area (Sér)
and the pore size distribution (PSD) were obtained from the nitrogen
adsorption/desoprtion isotherm at 77 K using a fully automated
ASAP 2010 (Micromeritics Instruments) gas adsorption system.

The isotherms were elaborated according to the BET method for

calculation of the surface area, while the Horvalkkavazoe and
BJH methods were employed for “micro-" and “meso-" PSD
evaluation, respectively.

X-ray Diffraction. X-ray diffraction (XRD) analysis of pow-
dered samples was performed in therange 26-75° with a scan

(24) Arena, F.; Trunfio, G.; Negro, J.; SpadaroMater. Res. Bull2006
submitted.

(25) Arena, F.; Negro, J.; Parmaliana, A.; Spadaro, L.; TrunfioJr@.
Eng. Chem. Re007 submitted.

a PHILIPS CM12 microscope (point-to-point resolution, 3 A) on
catalyst samples ultrasonically dispersed in isopropanol and de-
posited over a thin carbon film supported on a standard copper
grid.

X-ray Photoelectron SpectroscopyX-ray photoelectron spec-
troscopy (XPS) data were obtained by a Physical Electronics GMBH
PHI 5800-01 spectrometer, using a monochromatized Al K
radiation at power beam of 350 W and pass energy of 60 eV. The
binding energy regions investigated were 6880 eV (Mn 2p),
280-300 eV (C 1s), 525540 eV (O 1s), and 870935 eV (Ce
3d) using the C 1s line (284.8 eV) of adventitious carbon as
reference.

Temperature Programmed Reduction. Temperature pro-
grammed reduction (TPR) measurements in the range-2033
K were carried out using a 6%l#\r mixture flowing at 60 stp
mL min~! into a linear microreactordf, 4 mm) containing a
catalyst sample of approximately 30 mg heated at the rate of 12
K-min~1. TPR measurements were performed without any pre-
treatment of the “as-prepared” samples or after an in situ pretreat-
ment at 673 K for 30 min in a pure oxygen flow (30 stp mL miin
Micro-Raman Spectroscopy.Micro-Raman spectra were ob-
tained at room temperature in back scattering geometry. The
excitation source was a HdNe laser (632.8 nm line) focused on
the sample with a microscope (s0magnification objective) with
an incident power of approximately 3 mW. The scattered light was
collected by the same microscope, dispersed by a HR460 mono-
chromator (Horiba-Jobin Yvon), and detected by a charge-coupled
device array sensor at 77 K. The spectral resolution in the
experiments is 3 cri.

Results and Discussion

(1) Aims and Strategy for Design of the New Synthesis
Route. The aim of maximizing the dispersion of the active
phase to enhance the redox activity for getting an improved
CWO performancE?!® has necessitated the design of an
alternative synthesis route of the MnCge®ystem ac-
complishing a mix of the oxide components at an “atomic”
level. This is to overcome the major drawback of the
conventional coprecipitation technique leading, as a rule, to
mixtures of “monophase” precipitate particles because of
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different precipitation kinetics of each catiétiTherefore, a
“selective” cogeneration of the precipitating phases to further
control “specific” interactions among proper precursors was
the main objective of the new synthesis design. Preliminary
experiments allowed that the precipitation ofCand Cé"
cations (10% M) as hydroxide/oxides occurs at pH values
of 8.4 and 3.1, corresponding Ky values of 1.6x 1020

and 2.5x 10% for Ce(OH)} and Ce (OH,, respectively,
while a Kys value of 1.5x 10712 has been found for the
Mn(OH), species to be ascertain&dlhen, redox reactions
of MnO4~ with C&"—Mn?* ions in basic solution were
devised to attain a simultaneous precipitation of the MnO
and CeQ species and a “molecular mixing” of the oxide
species. Namely, the KMnQOprecursor £10 g/L) was
titrated with a solution of C& and Mr?* ions at constant
pH (8.0+£ 0.3), to drive the following reactions:

MnO,” +3€ + 2H,0—MnO,() + 4HO™ (1)
Mn*" 4+ 4HO™ — MnO,(}) + 26 +1H,0 (2
Ce" +4HO —CeQl) + & + 2H,0 A3)

Considering the concentration of the MQMn?*, Ce*,
Ce*t, and OH species and abowé,s values for a catalyst
with a nominal Mn/Cey ratio of 1, the redox potentials of
the above reactionsH0.57 V (eq 1);—0.39 V (eq 2); and
—0.255 V (eq 3)) confirm that the oxidation of the Te
and Mrf* cations by Mn@~ precursor should proceed owing
to a “cell-concentration” effect. This approach matches the

Chem. Mater., Vol. 19, No. 9, 22971
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Figure 1. XRD patterns of the dried (A) and calcined (B) MnGefatalysts.
similar systemd, 12.18.20.23%the “redox-precipitation” process
moreover ensures a solid texture not depending on thg Mn
Cey ratio, while this is a very critical parameter for any other
preparation methods10.18-23
Then, the XRD technique was used to attain comparative

core issue of design’ as the formation of the precipitated information on the structural characteristics of both dried

species occurs only further to “direct” and “selective”

(Figure 1A) and calcined (Figure 1B) catalysts. Irrespective

molecular interactions between the oxidant and the reducing®f composition (e.g., MgCey, 0.33-2.0) and calcination

species.
With a lower limit in terms of the Mg/Ce, ratio equal to
0.33 (e.g., mal," = 0), the designed catalyst was obtained

treatment (673 K), the XRD patterns confirm the peculiarity
of the MnCeQ catalysts synthesized via the “redox-
precipitation” route. The diffractograms of the dried samples

by dosing the amount of the various precursors (see |00k in fact quite atypical (Figure 1A), consisting of a broad

Experimental Section) according to the quantitative relation-
ships provided by the following equation system

3molywvi = 2moly,, + Molqy, (a)
Mol + Mol (Mng

MOlegn B (C%t)design ()
MOl + MOl + Mol =1 (c)

and “smoothed” component spanned in therange 26-

38° and another less intense signal in the range 610,
denoting the lack of a significant “long-range” crystalline
order. Even if the uncalcined systems are characterized by
analogous, very high surface area values (Table 1), such
peculiar XRD patterns mirror a “disordered” arrangement,
consequent not only to the “soft” thermal treatment (e.g.,
drying at 373 K). Indeed, despite an evident decrease in
surface area (Table 1) indicating some incipient structural

referring to electron (a) and mass (c) balances and therearrangement, the XRD patterns of the calcinexCyiR4

designed catalyst composition (b), respectively.

(2) Structural Properties. A first preliminary evidence
of the peculiar structural features induced by the “redox-
precipitation” technique stems from a comparison of the

surface area values (Table 1), because all the “redox-

samples (Figure 1B) are practically identical to those of the
“dried” ones (Figure 1A). A systematic decrease of the
intensity with the Mp/Cey ratio suggests that these com-
ponents are mostly related to the ceria carfiéf;?527.28
according to the fact that similar diffractograms have been

precipitated” samples are characterized by a much largerrecorded for extremely dispersed ceria systéi§2 char-

surface exposure in the calcined (3160 nt/g) and mostly
in the dried form (226-250 nt/g) than the coprecipitated
ones (76-100 nt/g). Favoring a remarkable development

of surface area, even larger than that so far reported for

(26) Kolthoff, 1. M.; Sandell, E. B.; Mehan, E. J.; Bruckenstein, S.
Quantitatve Analytical ChemistryPiccin Edition: Padua, Italy, 1973;
Vol. 1, p 268.

acterized by a surface-to-total cerium ions ratio close to
100%2° Therefore, the diffractograms of “redox-precipitated”
catalysts monitor a high spatial anysotropy, resulting from

(27) Cracium, RSolid State lonic4998 110, 87.

(28) zZheng, X.; Wang, S.; Wang, X.; Wang, S.; Wang X.; WuMg&ter.
Lett. 2005 59, 2769.

(29) Tsunekawa, S.; Sivamohan, R.; lto, S.; Kasuya A.; Fukuda, T.
Nanostruct. Mater1999 11, 141.
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Figure 2. Comparison of the Raman spectrum of a crystalline ceria sample 320 420 520 620 720
with that of the M1C1-R4 catalyst. The solid line is the fitting curve from R hift -1
the model reported in the ref 36. aman shift (cm™)
“sticking” of MnOy and CeQ species at a (quasi)molecular X / {1 B)

level, whereas the inadequacy of the conventional copre-
cipitation route in getting an effective mixing of the oxide
components is confirmed by different XRD patterns, denoting
the presence of crystalline phases in both M1C1-PN4 and
M1C1-PC4 samples (Figure 1B). Besides the typical dif-
fraction lines of the cerianite, small resolved reflexes at 37.3 < | 1
and 42.4 signal in fact an incipient crystallization of the [ ] i
MnOy mostly in the form of pyrolusité:816.17.2530Then, a |
mean ceria particle size of 5:6.5 nm is calculated from
the 200 Jpeak for the M1C1-PC4 and M1C1-PN4 systems,
in agreement with the surface exposure (Tablé 153 25

The Raman spectrum of the representative M1C1-R4 diameter (nm)
sample is compared with that of the Ge€ingle crystal in Figure 3. (A) Raman spectra normalized to the cerig fode recorded
Figure 2. According to literature data®? the Raman at several points of the M1C1-R4 and M1C1-PC4 samples. (B) Ceria particle
. . . . . size distribution of the M1C1-R4 and M1C1-PC4 samples obtained by the
spectrum of a fluorite ceria structure is domlnat_ed by a main analysis of the spectra in part A according to ref 36.
band centered at 462166 cnm? due to the Ky active mode

(triply degenerate), which is very sensitive to the crystal and intensity of this band allow the small component at 590
symmetry. This scattering contribution can be viewed as a cm-2 of the ceria lattice to be hardly, if at all, detectable.
symmetric breathing mode of oxygen atoms around cerium  Then, Raman spectra were recorded at several points to
ions® A much smaller component at approximately 590 test the “local” homogeneity of the M1C1-PC4 and M1C1-
cm, due to the nondegenerate Raman inactive LO mode, R4 samples, their comparison being shown in Figure 3A.
can be recorded for microcrystalline ceria samples, theseThe M1C1-R4 sample features a rather constant position (440
being caused by a perturbation of the loca-M bond cmY) and line width (41.5+ 2.0 cntl) of the ceria k
symmetry which leads to the relaxation of the symmetry Raman peak, while the component relative to Msfecies,
selection rules-*> Mostly generated by oxygen vacancies though keeping unchanged its center posite830 cnt),

in the ceria lattice, this band increases as the ceria particlenas a relative intensity variable between approximately 4 and
gets smalle?}~* its absence in the spectrum of the ceria 300, The M1C1-PC4 sample presents the same main
sample accounting for the high degree of crystallinity of the features at 440 and 630 cfp as a result of the & mode of
reference material. On the other hand, thgrRode of the  ceria and MnQspecies, respectively. Although the position
M1C1-R4 sample is strongly shifted to lower frequency (peak of the former band indicates the presence of nanosized ceria
position at ca. 440 cn) and slightly asymmetric (Figure  domains also in this sample, the line width is much more
2), accounting for a very small size of crystalline domains. yariable (42+ 7.5 cnt?), and also the relative intensity of
I\/IatChing with the Symmetric MnO vibrations of the Mn@ the MnQ( Component varies in a much greater range (5
group?*3*the peak centered at approximately 630" ¢ns 80%). Despite similar spectral features, Raman data indicate
instead the Raman contribution of the Mrgpecies. Position  that the “redox-precipitated” sample has a much more
homogeneous chemical composition and ceria particle size
(30) Arena, F.; Torre, T.; Raimondo C.; ParmalianaPAys. Chem. Chem.  distribution than the coprecipitated one.

MI1C1-R47

N
"\

4.0

Phys 2001, 3, 1911. It is well-known th veral factors can contri h
(31) Reddy, B. M.; Khan, ACatal. Sup. Asia2005 9, 155. tis well-known that several factors can contribute to the
(32) McBride, J. R.; Hass, K. C.; Poindexter, B. D.; Weber, WJHApp!. change in Raman position and line width of thg fode,

Phys.1994 76, 2435. including grain size and morpholog¥%?In general, inho-

gig ﬂ;ﬁuﬁage“nceéﬁagﬁ'gcg?g'.'.n?'sl':ﬁfae,\g%ﬁ('azn?hl'H'. Raid. mogeneous strain and phonon confinement are responsible

J. Phys. Chem. B999 103 5175. for the broad and asymmetric character of the band as the
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particle size gets smaller. In an ideal crystal, the translational R
symmetry leads to an infinite spatial correlation function of y
the phonon and, as a consequence, to plane wave phonoi
eigenstates; the momentum selection rules allow only the
phonons withq = 0 to be active in first-order Raman
scattering, whereg is the phonon wave vector. In the
presence of strains, defects, and “finite size” effects, however,
the selection rules can partially relax; in nanocrystals, in fact, P
also the phonons witly = 0 can give contribution to first-
order Raman scattering, causing the broadening and the rec
shift of the Raman band. A phenomenological model to
deduce the nanocrystals sid8 from the Raman spectrum
was developed by Richter et®&land subsequently improved

by Campbell and Fauchet for the case of strongly confined
phonons®® This model takes into account a Gaussian spatial E)|
correlation as the weighting function for the amplitude of
the wave function of the off-center phonons in low-
dimensional materials. We used this approach to fit our
experimental data, and we expressed the Raman intensity
I(w) as follows

3 2 2 | : G
1 exp( qL /4) d3q Figure 4. TEM micrographs of the M1C1-PC4 (A, B), M1C1-R4 (C, D),

2 2 and M1C1-R (E, F) catalysts at low (A, C, E99 000) and high (B, D, F,
=1 [o = 0@ + (T'y2) %920 000) magnification.

I(w) O

whereq is in 27/a (with the lattice constard = 0.541 nm randomly dispersed into a prevalently “amorphous” matrix,
for cerium oxide) L is in units ofa, andl'o = 10 cm! (the renders ceria poorly evident at high magnification (Figure
“natural” line width of the ceria jy mode). In the relation,  4D,F). Considering a very irregular shape of such domains,
the sum over the three branches of phonon dispersign ( a rough size on the order of a few-8 nm) nanometers
(0))%" is due to the loosening of the triple degeneration of can be estimated.

the g mode wherg = 0. The good agreement between the  Therefore, the basic information of characterization finding
fitting curve and the experimental data is evident from Figure is that the MnQ and CeQ phases in “redox-precipitated”

2. The negligible variations of the,fline width for the catalysts are mixed at a quasi-molecular level, forming a
M1C1-R4 sample (Figure 3A) results in a very narrow prevalently amorphous structure “embedding” small con-
Gaussian particle size distribution centered at 3.25 nm centrations of nanosized ceria domains, whereas the copre-
(Figure 3B), while much stronger changes of that component cipitated catalysts mostly retain the typical features of a
for the coprecipitated sample (Figure 3A) account for a “conventional” (micro)crystalline material.

featureless size distribution spanned in the range-2.6 (3) Textural and Morphological Properties. The “stick-
nm (Figure 3B), in satisfactory agreement with the size value ing” of the MnO, and CeQ molecules, selectively prompted
(ca. 5 nm) previously quoted by XRD analysis. by the electron transfer between MjOand Cé&"/Mn?*

Further insights into the influence of the preparation species (see supra), leads to a very reproducible solid
method on the structural features of MnGegatalysts are  “architecture”, peculiar characteristic of the “redox-precipita-
available from TEM images of the representative M1C1- tion” technique. In fact, a mechanism of solid formation fairly
PC4 (A, B), M1C1-R4 (C, D), and M1C1-R (E, F) catalysts different from that occurring in any other synthesis routes
shown in Figure 4. The coprecipitated system consists of could allow a catalyst texture independent from chemical
large and “closely packed” agglomerates of “stepped” composition (Table 15:101226-23 |n fact, the PSD curves in
particles (5-10 nm) with an irregular morphology (Figure Figure 5 show that the dried M3C4-R (Figure 5A) and
4A). At high magnification (Figure 4B), the sample appears M1C1-R (Figure 5B) samples have an analogous PSD,
as an intricate array of randomly and “stepped” crystalline almost entirely spanned in the range-1®0 A, with a
domains (5-10 nm), characterized by the presence of ordered pronounced maximum between 60 and 100 A. These account
fringes with an estimated interatomic distance of 3.2 A, for analogous cumulative curves and pore volume values
typical of crystalline cerid® Although the morphology of  (Table 1). Such a “constant” texture stems from the “same”
aggregates is not too dissimilar from that of the coprecipitated interaction path of precursors generating composite MRCeO
sample, the dried (Figure 4E) and calcined (Figure 4C) nangarticles which, aggregating, form a porous network
“redox-precipitated” samples look less densely “packed”. with a size distribution comparable with that of the same
Moreover, a sporadic presence of small crystalline domains, particles. In spite of the surface area decrease, the calcined
samples retain an analogous porous structure as indicated

ggg (Féichtetr), w':|V\|f|an|g:' Z. E-: Lgy,“g?_lidd SState gommudﬂ_ggé gg, %g- by the PSD of the M1C1-R4 sample (Figure 5C) showing
ampbell, I. H.; Fauchet, P. Oll tate Commu 3 . . . . ")
(37) Patil, S.; Seal, S.; Guo, Y.; Schulte, A.; NorwoodAgpl. Phys. Lett. only a slight shift of the maximum position (7110 A).

2006 88, 243110. With a “regular” weight loss €20%) in the range 293873
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Figure 5. PSD of the M3C4-R (A), M1C1-R (B), M1C1-R4 (C), and M1C1-PC4 (D) catalysts.
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Figure 6. TGA-DSC data of the M1C1-R sample in air. 0. ® MIiCIiPCa
K, mostly due to an ongoing dehydroxylation process, the TS0 30
thermogravimetric analysis/differential scanning calorimetry (Mn./Ceaxar

(TGA-DSC) cur\'/es. of the MlCZ'I.-R sample (Figure 6) Figure 7. Surface manganese-to-cerium atomic ratio from Mn 2p/Ce 3d
confirm that calcination does not yield any important phase- signals (XPS) ratio vs the bulk (X-ray fluorescence, XRF) atomic composi-
reconstructuring (Figure 1) and, thus, the surface area andtion of the calcined “redox-precipitated®j and “coprecipitated” M1C1-

pore volume decrease is due to a closer “packing” with minor 74 @) catalysts.

effects on PSD and APD (Table 1). Furthermore, XPS measurements have been carried out
On the contrary, the coprecipitated M1C1-PC4 sample, to shed light into the effects of the preparation method and
characterized by much lower surface area (1Flgjnand manganese loading on surface composition and dispersion
pore volume (0.24 cifg) values, features a “flat” PSD  of the calcined catalysts. In particular, the XPS data of the
spanned in the whole range of 4800 A with a sharp “redox-precipitated” catalysts in terms of the surface Mn/
maximum at the highest end, accounting for approximately Ce atomic ratio (e.g., Mn 2p/Ce 3d) are compared with the
30% of the total void fraction (Figure 5D). This different bulk composition data (Table 1) in Figure 7. A very accurate
texture is a consequence of the “chaotic” proceeding of straight-line relationship is diagnostic of a constant degree
nucleation-growth processes in the coprecipitation réute, of dispersion of Mn ions and, although a slope value (1.26)
leading to formation of fairly different sized “mono-oxide” larger than one could signal some surface segregation of the
particles which, aggregating, form a porous structure with a active phase, this finding is consistent with a “monolayer”
broad random size distribution. dispersion of the active phase. Considering the wide range
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Figure 8. (A) Influence of the preparation method on the TPR profile of M1C1-R4 and M1C1-PC4 catalysts (Mn/Ce, 1.0). (B) Effect of the Mn/Ce atomic
ratio on the TPR profile of the calcined “redox-precipitated” catalyst.

Table 2. TPR Data of the Calcined (673 K) MnCeQ Catalysts

Hz consumption

sample Tored(K) Two (K) T (K) Tz (K) T (K) Twa (K) (mmol/gea)® (mmol/ga)° Hz/Mn®

M1C3-R4 390 586 673 1023 2.30 1.94 1.16
M3C4-R4 375 540 591 989 3.52 2.95 0.93
M1C1-R4 365 545 501 998 3.60 3.27 0.85
M3C2-R4 365 568 599 1050 3.94 3.78 0.77
M2C1-R4 375 550 573 645 1035 5.27 4.60 0.79
M1C1-PC4 400 588 673 1000 331 271 0.70
M1C1-R4 290 422 545 581 1000 4.58 4.08 1.06
M1C1-PC4 400 588 663 996 3.83 3.25 0.85

a|n the range 2731073 K.?In the LTR (273-723 K).¢In the LTR (273-723 K) 9 Pretreated in situ at 673 K for 30 min in oxygen flow (30 stp
cmé-min1).

of variation of the Mn loading (933 wt %), this represents  consumption atT > 773 K, with a maximum at ap-
a very remarkable characteristic of the new synthesis route.proximately 1000 K (HTR), is typical of the reduction of
On the other hand, with a Mn/Ce surface value (0.42) subsurface C& ions5 710.11162025The total hydrogen con-
threefold lower than the counterpart M1C1-R4 sample sumption equals approximately 3.3 mmol/g, while that in
(Figure 7), XPS analysis provides evidence of a much lower the range 273723 K accounts for a #Mn ratio equal to
dispersion of the active MnQOphase in the counterpart 0.70. Markedly shifted to lower temperatur® (eq 365 K),
M1C1-PC4 system, a consequence of deeply differentthe reduction profile of the “redox-precipitated” M1C1-R4
structure and morphology. system (Figure 8A) shows in the LTR a “narrower” band of
(4) Redox Properties.According to literature findings  H, consumption, bearing two close and poorly resolved
indicating close relationships among dispersion, AON of Mn maxima at 545 and 591 K, respectively, and a slighter
ions, and catalyst reducibilit}-8111321.2530TPR results reduction peak of the ceria matrix (HTR). Overall, a larger
collected in Figure 8 and Table 2 confirm that the preparation hydrogen consumption (3.60 mmol/g) mirrors an increase
method accounts also for evident changes in the redoxof the H/Mn ratio (0.85), consistent with the enhanced MnO
behavior of the MnCesystem. Because all the TPR profiles  dispersiorf8.10.12
are characterized by two regions of hydrogen consumption Analogous structural properties account for a minor
spanned in the ranges 27323 K (LTR) and 7731073 K influence of the manganese loading on the reduction features
(HTR), relative to the reduction of active phase (MA&MnO) of the “redox-precipitated” system (Figure 8B). The hydrogen
and ceria carrier (Ce©-Ce03), respectively, :10-12.16.20,25,30 consumption rises regularly with the Mn/Ce ratio from 2.3
these data provide evidence of the fact that the preparationto 5.27 mmol/g,, while a steady decrease of the/Mn ratio
method (Figure 8A) has also a relevant influence on the (Table 2) signals a decrease in the extent of reduction of
reduction of the active phase in qualitative and quantitative cerium ions in the LTR:8 Overall, these data indicate an
terms. The spectrum of the coprecipitated system consistsenhanced mobility and availability of catalyst lattice oxygen
of two resolved peaks in the LTR centered at 588 and 673 due to a high dispersion of active ph&se&!® Hence, the
K with an onset temperature of reduction of 400 K (LTR), “redox-precipitated” catalysts miss the component at ap-
associated with the reduction of poorly crystalline Mradd proximately 670 K relative to MiD; species while, associ-
Mn,0Os species, respectivefy:3° A quite smaller band of K ated with the reduction of “isolated” Mh ions, the peak at
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differences in the LTR, as only an increased intensity of the
same reduction components (see difference spectrum) signals
a bigger consumption and a moderate increase of tiie H
Mn ratio to 0.85 (Table 2).

M1C1-PC4

| F,| aerencespecrum These findings denote a quite different surface affinity
........ L = toward molecular oxygen, still related to the different
__.-_‘!7(61 structural and textural properties. In fact, the new component
wicl indicates the formation of huge amounts of quite “reactive”

surface oxygen species (i.e.; Q0,>, O, etc.), markedly
enhancing the oxidizing strength of the system in a temper-
ature range suitable for many catalytic applicatiér3:?>
This can be explained taking into account that the oxidative
treatment prompts the removal of water molecules from the
coordinative shell of “isolated”, highly unsaturated (CUS)
----- Mn** ions enabling the adsorption/activation of molecular
oxygen at the surface of “redox-precipitated” catalysts.
Figure 9. Influence of the pretreatment in situ (black lines) in oxygen at Evidently, this effect is almost neg“glbl,e for the C(?preCIpI-
673 K on the reduction pattern of the M1C1-R4 and M1C1-PC4 catalysts. tated system because of two concomitant negative effects
Gray lines are the profiles of untreated samples (see Figure 8A), while the |inked to a much lower dispersion of the active phase.
O e seneasct Hone s S, (8. 1P e of ' Namely, low “exposure” of manganese ions in MiiPeces
and a much lower degree of surface coordinative unsaturation
545 K is nearly absent in the spectrum of the coprecipitated depress the affinity of the coprecipitated system toward gas-
system owing to a much lower active phase disper&igh®  Phase oxygen.
Catalyst treatment in a pure oxygen flow (673 K) before Conclusions
TPR analysis enhances further the different redox behaviors - . - -
of the MnCeQ systems obtained via the above synthesis An original synthesis procedure, driving redox-precipita-

routes. The TPR profiles of the “pretreated” M1C1-PC4 and t|ort11.rehellct(|jqns amc()jng \éa;:ous Mn and CMe preg;rlsors, leads
M1C1-R4 samples, compared in Figure 9, display in fact to highly dispersed and homogeneous Mniedalysts.

; . 0 )
that the rate of hydrogen consumption of the “redox- Irrespective of manganese loading(B wt %), the redox

precipitated” catalyst increases markedly in the LTR due to precipitation route ensures invariable larger surface area
the appearance of a new reduction band in the range 323-6)(29:5”8 alnd d,l’sg_ersmn_ of thfetﬁctlvet_phasr?. h

423 K (see difference spectrum), lowering the onset tem- h n(;onobayher . |spe33|:)hn 0 fe ac '\;f? F: a;se en ance:
perature for reduction (290 K) by approximately 100 K with edre X _e_ta:n(;,r, ?/T c € sutr ?C? amnity to o_xygert1 0
respect to the untreated sample (Table 2). The new reduction re ox—|tqreC|||0| ated” _tnted(()catayss N companson 1o
component(s) Two, 422 K) along with a slightly larger co$;]/en 'Ta copreciprtated sys emlj id

intensity of those relative to the reduction of the active phase, . e redox-precipitation route could provide new perspec-
corresponds to much larger overall consumption (4.58 mmol/ tives on the synth_eS|s of molecularly structured materials for
Oca) @nd H/Mn (1.06) values. The profile of the coprecipi- catalytic applications.

tated sample displays instead minor, if any, qualitative CM070198N

rate of H, consumption / a.u.

difference spectrum

Temperature / K



