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N>O decomposition over (Mgg_xA,) MnOg
(A = Li, Al)
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Two different murdochite-type mixed oxides, (Mges_xLix)MnOg (x=0, 0.1, 0.2 and 0.3) and
(Mges_xAl,)MnOg (x=0, 0.2, 0.4, 0.6) were examined for the catalytic decomposition of N,O
in order to make clear the effects of mixed valencies of pairing manganese ions and oxygen
vacancies. The valence of manganese ions and the amount of surface oxygen vacancies
have been examined with X-ray photoelectron spectroscopy (XPS). (Mge_xLix)MnOg had
mixed valence manganese ions and oxygen vacancies on the surface after the substitution.
The substituted (Mgs_xAl,)MnOg had a mixed valence state but oxygen vacancies decresed
with x and excess oxygen over stoichiometry was observed at x=0.4 and 0.6. The reaction
rate of N,O decomposition increased after substitution with lithium but hardly increased
after the substitution with aluminum in (Mge_xAx)MnQOg. We assumed that the presence of
oxygen vacancies on the surface along with pairing altervalent manganese ions affected
strongly to enhance the reactivity of N,O decomposition. © 2000 Kluwer Academic
Publishers

1. Introduction activity was 2.3 ax =0.5. They explained the varia-
Since NO has been identified as a contributor to thetion of catalytic activities by a Ctr/Cu** redox mech-
destruction of ozone in the stratosphere and recognizeahism.
as arelatively strong greenhouse gagONas been fo- Murdochite-type MgMnOg is derived from the
cused intensively [1, 2]. PO decomposition has been rock-salt structure of MgO by the replacement of one-
studied over metals, metal oxides and some zeolitesighth with vacancies [9, 10]. In the previous paper,
[3-7]. Pure oxides have been examined and the transwe synthesized (Mg xAlx)MnOg (0.0 < x <0.6) by
tion metal oxides of group VIII (Rh, Ir, Co, Fe, Ni) and substituting A#* ion for Mg?* ion in MgeMnOg [11].
CuO and LaO3 showed high reactivities [4]. In these From the variations of the cell constants and the mag-
experiments, the variations of the valency of active el-netic properties, we reported that (MgAlx)MnOg
ements affected strongly on the reactivities. Yamashitéad the mixed valencies of Mh and Mrf* ions. We
et al. examined the decomposition of,® over four synthesized also (MgxLix)MnOg (0.0<x <0.3)
different manganese oxides but stable behavior was oland examined the crystal structure and the magnetic
served only for MaOs and MOy [7]. The activity of  properties [12]. We assured the coexistence of-Mn
Mn,0O3 was higher than that of My©, at 350°C. and MrPt ions from the variation of the effective
Perovskite-related structures which are controllablenagnetic moments.
with oxygen defects and valencies of metal ions have In this study, the variations of reactivities of
collected many studies [5, 6]. Rat al. examined (Mgs_xAx)MnOg (A = Al or Li) for N,O decomposi-
the substitution effects on JO decomposition with tion were examined in order to clear the effects of coex-
La;_xSrkMnOj3 [8]. They examined the variation of ap- istent mixed valencies of manganese ions. The valence
parent activation energy and that of ffratomic % as  of manganese ions on the surface was examined with
a function of the fraction of Srin LiaxSKMnO3. The  XPS because the decomposition gi\was suggested
optimal activity was found where the MiVMn“** ratio  to be a suprafacial reaction [6]. The effects of presence
was 1:1. Waret al. examined the catalytic decompo- of oxygen vacancies onthe surface of (MgAx)MnOg
sition of NbO over La_«SrkCuQO; (x=0-1) [5]. The (A=Al or Li) for N,O decomposition will be also
optimum average oxidized number of copper for thediscussed.
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2. Experimental TABLE | Crystallite size Dsog) and specific surface are)(of
2.1. Materials (Mgg_xLix)MnOg and (Mg_xAlx)MnOg

(M96,X Li X)MnOBZ Mg(CHgCOO)Z4H20, Mn- X in (Mge—xLix)MnOg Dago (nm) S(mZ/g)
(CH3COO)-4H,0, Li(CH3COO)2H,O were
weighted in the appropriate proportions and mixedo.0 76.7 14.7
with acetone. The mixed powders were dried anoo'; 123 2'%
calcined at 400C for 2 h in the flow ofpure oxygen 5 128 5o

gas, then calcined at 70Q for 6 h in the flow of
pure oxygen gas. X in (Mge—xAlx)MnOg Daoo (nm) S (m?/g)
(Mge_xAlx)MNnQOg:  Mg(CH3COO)-4H,0, Mn-

0.0 76.7 14.7
(CH3COOk-4H20 and Al(NQ,)g-gHzO were 0.2 61.0 26.6
weighted in the appropriate proportions and dis-0.4 49.7 34.9
solved in distilled water at room temperature. The0-6 471 35.0

solution was mixed and evaporated in a rotary
evaporator at 40-6@, and the obtained gel was

calcined at 400C for 2 h in the airthen calcined at .
200°C for 6 h in the air. the result was shown in Table I. TH®409 value of

(Mgs_xLix)MnOg increases from 76.7 nnx & 0.0) to
128 nm & =0.3). The specific surface are8)(of the
sample was also shown in Table I. The specific surface

2.2. Characterization o area decreases from 14. %/ (x =0.0) to 5.2 m/g
The phases of the samples were identified with a POWry — 0.3) with x.

der X-ray diffractometer with monochromatic Cy, K The temperature dependence of the rate 50 Me-
radiation. The crystallite sizéXyq0) of the samples was composition for (Mg_yLi,)MnOg is shown in Fig. 1.
calculated from the half-width of a diffraction peak at Thea activities increased in the range over 660and
(400) with Scherrer’s equation [13]. BET spe_cific SUr- each rate fromx =0 to x = 0.3 increased in propor-
face area of the samples was measured wighat o 19 the substitution quantitk. We examined the
sorption at 77 K. XPS experiments were performedy, i and the surface composition of a sample with ICP-
with ESCA 3200 spectrometer (Shimadzu Co.). MgAES and XPS respectively. The results were shown in
Ko (1253.6 €V) X-ray source was used for the excita—rape |, The results of measured bulk composition re-
tion. Thg spectrometer worked under a base pressure gfq,ced well our expected values on the preparation.
1x10° Pa in a chamber. The sample was indirectlycgncerning a sample treatment for XPS measurements,
heated by aresistivity heater. Binding energy (BE) washe sample was heated at 4@for 1 h in a \acuum
calibrated with respect to the value of the C 1s level.pamber for removing hydroxyl ion species and con-
of a contaminated carbon as 285.0 eV. Photoelectrog, ninations from the surface. XPS measurements were

was detected at the angle of*4% the surface of & 4rried outatroom temperature. No other elements than
sample. The treatment of acquired spectrum was Cakypected ones (Mg, Li, Mn, O) and a slight carbon

ried out with the software “Vision” produced by Kratos \yere ghserved in every spectrum. In the previous paper,
Analytical. The atomic ratio was calculated from each,, reported that the manganese ions in the bulk of

spectrum area with its sensitivityfa(:torbyWagner[14].(,\/|967X|_iX)Mno8 coexisted as MH and Mré+ from

Pass energy was 75 eV. , , the variation of effective magnetic moments. We exam-
_ The bulk composition was measured with an induc-ineq the valency of manganese ions on the surface of
tively coupled plasma atomic emission spectroscop)(MgG_X|_iX)Mno8 with XPS because manganese ions

(ICP-AES). The amount of oxygen in a sample was\yere assumed to be active sites. The values of peak
calculated from the differences between total sample

weight and measured total weight percentages of other

elements. o (Mg, Li )MnO,

l,E 8 Ty Yy T rrrrrrrer TrTrrvrr ooy LA B L ]

- L | 0 x=0.0 J
2.3. Test reaction E I
The catalytic activity for NO decomposition was mea- « 6 | | # X=0.1 :
sured at 400-70C with a conventional flow system. E | | ® x=0.2
The samples (0.10 g) were preheated at8@ apure ¢ | 4 xe03
oxygen gas for 2 h. The mixed gas oj® (3.0%) and £ 4 | — )
He (balance) was fed in the flow reactor at the flow rate § L
of 150 cn¥/min. The product was analyzed with a gas % s |
chromatography (molecular sieve 5A) kept at&0 e

i

0 ot

3. Results
Powder X-ray diffraction patterns of (MgxLix)MnOg
were completely indexed as a cubic murdochite type

strL_Jctur_e in the range ok=0.0 to 0.3. The Crys- Figure 1 The reactionrate of ND decomposition for (Mg Lix)MnOg
tallite size Da4o0) of the samples was calculated and fromx=0tox=0.3.

350 400 450 500 550 600 650 700 750
Temperature /°C
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TABLE Il The observed bulk composition of (MgxLix)MnOg and (Mg_xAlx)MnOg measured with ICP-AES. The observed formal surface
compositional formula and surface oxygen vacancy)(Méasured with XPS

X in (Mge—xLix)MnOg Bulk Composition Surface Composition ov”
0.0 M%MI’IOgA MgeMnO7_5 0.4
0.1 Mgs.9Lio1MNnOg 4 Mgs 4Li0.01MNo.606.0 0.6
0.2 M%_gLio_zMﬂOgA Mg5_8Lio_2Mn1_oo7_o 1.0
0.3 Mgs.gLio.3sMnOg 3 Mgs 6Lio.1MnpgOag 25
X in (Mge—xAlx)MnOg Bulk Composition Surface Composition ov”
0.0 Mgs_oMn08_4 MgeMnO7_5 0.4
0.2 Mgs.9Al0.2MNO100 Mg4.3A136Mng.60108 0.2
0.4 M%_6A|0_4Mn010_7 Mg4_3A| 3_8Mn0_605_4 —2.2
0.6 Mgs 4Al06MNO110 Mg3.4Al 4,6Mng,606.2 —-1.8

*: Minus represents excess oxygen over the stoichiometry.

position of the Mn 2p/, level and the full width at

half maximum (FWHM) are listed in Table I, and the
spectra for the Mn 2p level are shown in Fig. 2. TheTABLE . oot 4 FWHM values of Mngplevel

peak position of Mfi* ions in MnG; for the Mn 2p2 € peak positions an values of Mngpieve

level has been reported as 642.4—-642.8 eV. [15, 16 r;,eswa for (M- L1x)MnOs and (Mgs-xAl,)MnQs meastired with
The observed peak positions of (MgLix)MnOg were

642.9-643.1 eV. The values of FWHM were 2.4-3.1 eV Mn 2pz/>

and 'Fhese values seem to be Iarger than that for onge, (Mds_xLix)MnOg Peak position (eV) FWHM (eV)
species. Our observed peak positions of the samples

were a little bit higher than the reported ones for#in 0.0 643.1 31
in MnO,. The observed peak position of every sample0-1 642.9 2.4
for the Mn 2, level is almost the same, and the valuesg'2 ng'g 3'2
of FWHM decreased slightly after substitution with Li. ™ ' '
We therefore assumed the valency of manganese ions Mn 2pz/2
on the surface was a mixed valency state. One of the, w5, Al )MnOs Peak position (eV) FWHM (eV)
mixed valency could be MiT but other valencies of
manganese ions were not clear whethePMobserved 0.0 643.1 31
in the bulk presented on the surface or not. 0.2 643.2 3.5
Fig. 3 shows the spectra for the O 1s level. Every®# 6428 35
640.9 36
spectrum could be resolved to two peaks. The resolved
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Figure 2 The Mn 2p level spectrum for (Mg xLix)MnOg from x =0 tox =0.3.
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Figure 3 The resolved O 1s level spectrum for (BigLix)MnOg from x =0 tox =0.3.

peaks were adjusted to fit the original one with the soft- (Mg, AL)MnO,
ware. The oxygen species around about 530.0 eV i 8 [ : " : ]
the lattice oxygen & on the surface [17]. The peak -~ L | ©x=00 1
positions of the chemisorbed oxygen species such E'E A x=0.2 T
O-, and Q- and (i‘ have been reported as around""E )
531-533 eV [17]. The peak of the hydroxyl ion species € L | @04 ]
appears at the same region [17], however, the contribt A x=0.8 ]
tion of that could be small because every sample wa
preheated at 40CC for 1 h in a \acuum chamber. We
considered that the chemisorbed oxygen species wi
desorb from the surface under a high temperature re
gion of the reaction. We therefore calculated the atomi(
concentration of lattice oxygen with the sensitivity fac- 0 b
tor, and we showed the calculated formal surface com 850 400 450 500 580 600 650 700 750
positional formulae in Table Il. The obtained formula Temperature /°C

at x =0.0 is MggMnOy ¢, and this is close to its bulk
composition. The quantity of the surface oxygen va-
cancy (W) was calculated from the obtained formal
surface compositional formulae. The calculation was
carried out as follows:

ate of reaction

Figure 4 The reaction rate of pO decomposition for (Mg-xAlx)-
MnOg fromx=0tox=0.3.

dependence of the reaction rate glON\decomposition
o _ for (Mge_xAlx)MnQg is shown in Fig. 4. The reaction
VO=2x Cug +4x Cim —2x Co (1) rate gradually increases in the range over°@@and

] N _ . the differences among=0.0-0.6 are quite small.
whereC is each observed compositional proportion in - The observed proportions among Mg, Al and Mn
Table Il. Manganese ion was calculated as*MiThe iy the bulk were in accord with the proportions on

results are shown in Table Il. The values oxygen vacang,q preparation as shown in Table II. Concerning the

cies on the surface increased with amount of oxygen, excess oxygen over stoichiometry
was observed after substitution.

We examined the valence state of manganese ions
3.1. (Mge_xAl,)MnOg (0.0 < x <0.6) and the amount of oxygen vacancies on the surface of
Powder x-ray diffraction patterns of (MgxAlx)MNOg  (Mgs_xAlx)MnOg as shown in Table Il. The samples
were completely indexed as the cubic murdochite-typevere preheated at 40Q for 1h in the vacuum chamber.
structure in the range at=0.0 to 0.6. The calcu- XPS measurements were carried out at room temper-
lated crystallite size@490) of the samples decreased ature. Any other elements except for Mg, Mn, Al, O
as shown in Table I. The specific surface ar8pif-  and a slight carbon were not observed in every spec-
creased as opposed to the case of Li. The temperatuteum. Fig. 5 shows the spectra for the Mn 2p level. The
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Figure 5 The Mn 2p level spectrum for (Mg xAlx)MnOg from x =0 tox =0.3.

observed peak positions and the FWHM values for thébecause the peak position of the O 1s level of the lat-
Mn 2p3,> level are listed in Table Ill. The peak posi- tice oxygen for AYO3 was reported as 531.2 eV [19].
tion of the samples for the Mn 2p level decreased We assigned each resolved peak to the lattice oxygen
from 643.1 to 640.9 eV at =0.6. We previously re- species of murdochite-type mixed oxide (530.0 eV)
ported that (Mg_xAlx)MnOg had mixed valencies of and AbO3(531.5eV) and chemisorbed oxygen species
Mn3t and Mrft ions in the bulk from the results of (533.5 eV). We showed the calculated formal surface
the variations of the cell constants and the magneticompositional formulae in Table Il. The surface oxy-
properties [11]. We examined the valency state of mangen vacancies were calculated from the formal surface
ganese ions on the surface. The binding energies afompositional formulae, and listed in Table Il. The cal-
peak positions of the Mn 2p level ofa-Mn,Oz and  culation of amount of surface oxygen vacancies were
B-MnO, were reported to be very close such as 641.%arried out as follows:

and 642.2 eV [16]. The splitting between the Mrs2p

and Mn 2p, levels of these oxides was reported to Vo =2 x Cug+4 x Cun+3x Ca —2 x Co (2)

be the same value, 11.6 eV [16]. Therefore it seems to

be difficult to discern between Mnh and Mr#* ions  whereC is each observed compositional proportion in
in the Mn 2p level spectra. The peak position of theTable Il. Manganese ion was calcualted as*MriThe

Mn 2pz/» level of MnO is 640.6 eV. One feature of oxygen vacancies were decreased witdnd excessive
the spectrum of MnO is the satellite peaks associatedxygen on the surface composition was observed at
with Mn 2p; /> and Mn 2/, peaks [16]. MRt ionsin  x =0.4 and 0.6 as shown in Table II.

MnCr,0O4 has the same satellite peaks associated with

Mn 2pz/2 and Mn 2/, peaks [18]. We assumed the

presence of mixed valence state among"MMn®** 4 Dbiscussion

and even MA* ions from the shift of the peak posi- e catalytic decomposition of 4D starts from the ad-
tion from 643.2 to 640.9 eV and the appearance of th%orption of NO on the active center, usually a coordi-

satellite peaks associated with Mnszpand Mn 2p,2  patively unsaturated surface transition metal ion, fol-
peaksinthe spectragf= 0.2 and 0.3. Furthermore, the lowed by a decomposition giving formation o nd
large values of FWHM suggest the presence of mixed, g rface oxygen. This surface oxygen can desorb by

valence state. combination with another oxygen atom or by direct re-

The observed formal surface compositional formulagction with another MO. These four steps are written
of (Mgs_xAlx)MnOg are listed in Table 1l where the as follows:

oxygen atomic concentration was calculated from the
resolved spectra of lattice oxygen of the murdochite "
type mixed oxide and ADs; because the segregation N20 +x < N0 )
of aluminum on the surface was clearly observed for N,O* — N, + O* 4
the every substituted samples. Fig. 6 shows the spectra "

for the O 1s level of (Mg_xAlx)MnQOg. We resolved 20" < 02 +2 )
every spectrum to three peaks except for that-at0.0 NoO 4+ O* — Ny + Ox+* (6)
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Figure 6 The resolved O 1s level spectrum for (B1gAlx)MnOg from x =0 tox = 0.3.

where * represents an active site on a surface. Equaasier the optimal charge transfers, from a metal ion to
tions 3 and 5 may be reversible, while Equations 4 andN,O upon facilitation of N-O bonding and back from
6 may be irreversible. Concerning active element fora formed surface oxygen to active metal ion upon des-
the NbO decomposition over Mg x(Li or Al)xMnQg,  orption by the exchange of an electron between two
manganese ion is assumed to be active element amouwiifferent oxidized metal ions through the O 2p orbital.
the compositional elements [3]. The start of reaction ofHowever, the reactivity of (Mg_xLix)MnOg which has
N,O decomposition on the active centers of a catalyst isnixed valency on the surface was hardly enhanced even
generally envisaged as a charge donation from the catafter the substitution at=0.6. We therefore assumed
lyst into the antibonding orbitals of XD, destabilising the presence of anion vacancies along with the pairing
the N - Obond and leading to scission. Metal oxides cations was important to enhance the reactivity ¢®N
with some local charge donation properties and isolatedecomposition.
transition metal ions with more than one valency can
actas such centers. In Table Ill, we assured the presence
of mixed valence of manganese ions on the surface d&. Conclusions
(Mgs_xLix)MnOg because the values of FWHM were We prepared two different murdochite-type mixed ox-
comparatively larger such as 3.1-2.4 eV. The presenceles, i.e. (Mg_xLix)MnOg and (Mg_xAlx)MnOsg. The
of Mn** ions was assumed but that of Rnobserved activities of NO decomposition were examined. The
in the bulk was not clear. valence state of manganese ion on the surface and
We carried out the estimation concerning the oxygersurface oxygen vacancies were examined with XPS.
vacancies from the observed formal surface compositMges_«xLix)MnOg had the oxygen vacancie and the
tional formula measured with XPS as shown in Table Il.amount of those increased with The valence state
The surface oxygen vacancies of (MgLix)MnOgin-  of manganese ions are assumed to be a mixed va-
creased witlx. The reactivities of (Mg_xLix)MnOgin-  lency state from the value of FWHM. The presence
creased withx as shown in Fig. 1. Contrary to this, the of mixed valence state of M, Mn®+ and Mr¢+ for
reactivity of (Mg_xAlx)MnOg was hardly increased the surface manganese ions in @MgAlx)MnOg was
with x and the difference of reactivities was small atobserved from the spectra of the Mrng2plevel and the
even 700C as showninFig. 4. (Mg xAlx)MnOghasa values of FWHM. Oxygen vacancies on the surface of
mixed valence state of manganese ions as assured frofllgs_xAlx)MnOg were not observed after the substitu-
the values of FWHM and the Mn 2p level spectra. Thetion. The presence of pairing cations along with the sur-
oxygen vacancies on the surface of @MgAl)MnOg  face oxygen vacancies in (MgyLix)MnOg enhanced
decreased witlx. Even excess oxygen over the stoi- the reactivities of MO decomposition. However, the
chiometries were obtained for the samplexat0.4  presence of the mixed valence manganese ions without
and 0.6 as shown in Table Ill. The pairing of different oxygen vacancies in (MgxAlx)MnQg affected little
valencies on the surface manganese ions was observed the reactivities. We assumed that the presence of
for both (Mgs_xLix)MnOg and (Mg_xAlx)MnOg. The  oxygen vacancies along with pairing cations with dif-
pairing site was assumed to constitute an active site foierent valencies affected strongly on the reactivity of
the reaction because the pairing site seems to makg,O decomposition.

4036



Acknowledgements

This work was financially supported by the New Energy
and Industrial Technology Development Organizationil'

(NEDO, Japan).

References

1

2.

.J. C. KRAMLICH andw. P. LINAK , Prog. Energy Combust.

Sci.20(1994) 149.

M. A. WOJTOWICZ J. R. PELSandJ. A. MOULIJN,

Fuel Proc. Technol34(1993) 1.

. F. KAPTEIJN,J. R. MIRASOL andJ. A. MOULIJN, Appl.
Catal. B9 (1996) 25.

. G. |. GOLODETS, Stud. Surf. Sci. Cal.5(1983) 200.

. J. WANG,H. YASUDA,K. INUMARU andM. MISONO,
Bull. Chem. Soc. Jpis8(1995) 1226.

.C. S. SWAMY andJ. CHRISTOPHER Catal. Rev. -Sci. Eng.

34(1992) 409.
. T. YAMASHITA andA. VANNICE, J. Catal.161(1996) 254,
.S.L.RAJ,B. VISWANATHAN andv. SRINIVASAN, ibid.
75(1982) 185.

9

12.

13.

14.
15.

16.

17.
18.

19

. J. S. KASPERandJ. S. PRENER Acta Crystallogr.7 (1954)

246.

0. P. PORTAandM. VALIGI,J. Solid State Chen.(1973) 344.

.H. TAGUCHI,A. OKAMOTO,M. NAGAO andH. KIDO,
ibid. 102(1993) 570.

H. TAGUCHI,A. OHTA,M. NAGAO,H. KIDO,H. ANDO
andK. TABATA, ibid. 124(1996) 220.

B. D. CULLITY, “Elements of X-ray Diffraction” (Addison-
Weley, London, 1978) p. 102.

C. D. WAGNER, Anal. Chem49(1977) 1282.

Idem, “Practical Surface Analysis” (John Wiley & Sons, New York,
1995) p. 595.

M. OKU, K. HIROKAWA andS. IKEDA, J. Electron Spec-
trosc. Relat. Phenont. (1995) 465.

M. CHE andA. J. TENCH. Adv. Catal.32(1983) 1.

M. OKU andK. HIROKAWA, J. Electron Spectrosc. Relat.
Phenom8 (1976) 475.

.T. L. BARR, “Modern ESCA” (CRC Press, Boca Raton, 1994)
p. 186.

Received 27 August 1999
and accepted 22 February 2000

4037



