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The catalysis of N,O decomposition has been studied over MgALO, and a com- 
plete range of solid-solutions MgCr,AL,Oa (5 = 0.02 + 2). The activity of MgALO, 
is low but is considerably enhanced by the addition of Cr3+. The samples dilute in 
chromium display a high activity per chromium ion. There is a minimum in the 
variation of activity with chromium content at z = 0.7; thereafter activity rises again, 
though the activity per chromium ion never reaches the value obtained in the dilute 
samples. The results are interpreted in terms of the variation of the type of adsorp- 
tion site with chromium content. 

INTRODUCTION the very concentrated. In this way we can 

There has been considerable interest in investigate not only the activity of isolated 

recent years in the catalytic activity of ions but also the changes in activity which 

transition metal ions in solid solution in occur with their increasing interaction. 

oxides which are themselves catalytically Studies of N,O decomposition over 

rather inert (1-S). In such oxide systems it chromia-magnesia-lithia catalyst (4) and 

is possible t’o control the interaction of the Hz-D, exchange over chromic-alumina 

transition metal ions in a fairly precise solid solutions (5, 6) have already been 

manner, and hence to study the electronic reported. Both t,hese studies involved 

structure of the ion in some detail using chromium contents of less than 10%. In 

X-ray and magnetic techniques. The in- this paper we report a study of N,O de- 

formation so provided can then be used to composition over a complete concentra- 

gain an insight into the surface properties tion range of spine1 Folitl solutions 

and catalytic activity of the transition MgCr,zAl,~,O,. 

metal ions. To date, systems in which the 
transition metal ion concentration is rather METHODS 
low have received most attention (2, 4-6). 
However, industrially important cat’alysts Materials. A series of spine1 solid solu- 

are generally rather concentrated in the tions of MgCr,O, in MgAI,O, have been 

active atoms, and it is of great interest to studied. They have been prepared at 
study the variation of catalytic activity 1350°C according to procedures described 
over a much wider range of transition metal elsewhere (7). The chromium content of 
ion concentration, from the very dilute to the samples is designated by the nomencla- 

ture SMAC AT, i.e., a magnesium spine1 

* Present address: School of Chemical Sciences, (SM) having a chromium (C) content of 
University of East Anglia, Norwich, NOR 88C, N atoms of chromium for 100 atoms of 
England. aluminium (A). The catalysts arc listed 

f Department of Chemistry, University of in Table 1: the surface areas were measured 
Manchester Institute of Science and Technology. by the BET method with Kr at -196°C. 
Manchester, England. A detailed study of the solid state proper- 
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ties of the solid solutions was carried out 
and is reported elsewhere (7). 

Gases. Cylinder N,O was purified by 
double distillation from a -196°C trap into 
a -78°C trap, only the middle fraction 
being collected. Oxygen-free nitrogen was 
dried by passing through several liquid 
nitrogen traps. Spec-pure krypton was used 
for the BET measurements. 

Apparatus and Procedures 

N,O decomposition was studied in a cir- 
culation system of volume 650 ml, at a 
pressure of about 30 Torr (1 Torr = 133.3 
Nm-2) in the temperature range 450°C + 
620°C. Approximately 0.5 g of catalyst was 

contained in a silica vessel, through which 
N,O was circulated by means of a recip- 
rocally acting Toepler pump. The catalyst 
was protected from mercury contamination 
by acetone-solid CO, traps. The extent of 
reaction was followed by continuous sam- 
pling of Nz and 0, via a capillary leak to 
the head of an A.E.I. MS10 mass spec- 
trometer which had been calibrated for 
sensitivity to N, and 0,. Unreacted N,O 
was trapped by means of a liquid nitrogen 
trap before the sampled gases reached the 
mass spectrometer head. 

Catalyst pretreatment consisted in out- 
gassing the oxide initially for h-18 hr at 
850°C and 10es Torr. Outgassing at 850°C 
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FIG. 1. Plot of absolute rate constant against lOOO/T”K: El, MgALOa (SMA); A, SMACl; 0, SMAClO; 
(>, SMACSO; n , SMAClOO; & SMAC300; 0, MgCnOd (SMC). 
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for 30 min between each reaction gave re- TABLE 1 
producible results. APPARENT ACTIVATION ENERGIES AS A FUNCTION 

OF CHROMIUM CONTENT 
RESULTS 

From the initial rates, the Liabsolute 
velocity constants” were derived using the 
following equation (5) : 

k ah = PN,Ve P&-l cm mirr’, 

where PN2 = total pressure of nitrogen gas 
(Torr) ; V, = volume of reaction vessel 
(cm3) ; PN = initial N,O pressure (Torr) ; 
A = area (cm2) ; and t = reaction time 
(min). The results are presented in Fig. 1 
as an Arrhenius plot. The activation ener- 
gies obtained from these plots are shown 
in Table 1. It can be seen that there is a 
minimum in the activation energy at 
SMACl.0 followed by a large rise at 
SMACXO. From SMAClOO to SMC the ac- 
tivation energy of 21-25 kcal mole? is 
relatively constant. It is significant to com- 
pare the variation of activity with the 
chromium content of the catalysts at 

Cat,alyst 
Surface area 

W/d 

Apparent 
activation 

energy 
(kcal/mole) 

SMA 0 0.64 32.6 
SMACl 0.019 0.68 27.6 
SMAClO 0.182 0.73 22.x 
SMAC50 0.667 15.0 29.6 
SMACIOO 1.000 10.1 21.4 
SMACYOO 1 ,500 1.40 24.2 
SMC 2.000 1.60 23.3 

a MgCr, Alz-,Oa. 

560°C. Figure 2 shows this variation, 
which correlates well with the variation of 
activation energy. 

The addition of Cr”+ ions to MgA1,04 
clearly enhances the activity for N,O de- 
composition and decreases the apparent ac- 
tivation energy. There is, however, a limit 

6 

FIG. 2. The absolute rate constant, at. 2’ = 560°C as a function of the chromium content of the catalysts. 



to the effectiveness of increasing the CY+ high k&[Cr] ; increasing the interaction 
concentration in the MgAl,O1. The rate of of Cr”’ ions results in significant, changes 
increase of activity with [CP+ 1 falls off in k+/[Cr]. 
between SMACK and SM,4ClO. Further 
addition of Cr?+ ions results in a large dc- The ATy/02 Ratio 

crease in activity at SMAC50. Activity The N,/O, ratio was measured throughout 
thereafter rises again with further addition t.hc COUI’S:L’ of all reactions. The t,heoretical 
of C?+ ions, but only at, EXC does the ac- value of 2 was reached fairly rapidly in 
tivity rise above that attained on S,1IAC10. the case of SJIA, WAC1 and SMACIO at 
This variation of activity with C?+ con- high temperature. Samples SMAC50 to 
tent is emphasized if we consider the vari- SMC maintained values in excess of 2 at, 
ation of catalytic activity per chromium all temperatures throughout the period of 
ion. In order to obtain kilt,* IQ-’ it is as- reaction. As the temperature of reaction 
sumed that, the surface molar fraction of was reduced the N,/OL’ ratio rose. Figure 
chromium is the same as the bulk molar 4 shows the variation of the N,/O, ratio 
fraction. The regular variation of lattice with time for all the catalysts at a reaction 
con&ant with chromium content (7’) in- temperature of 560°C. It is interesting to 
dicat’es that deviations from this assump- note the WAC100 and SAL4C300 show 
tion arc small. Figure 3 dcmonst,rates the largest deviation from 2. 
clearly that the observed variation in ac- In view of the wide variation in the sur- 
tivity can bc related to the environment of face areas of the catalysts it is more sig- 
the Cr”+ ions in the different catalysts. Iso- nificant to consider the surface coveragcs 
latJion of Cr”+ ion.< in SlllACl results in of oxygen which these N,/02 ratios imply. 

IO 20 30 40 50 60 

FIG. 3. The absolute rate constant per chromium ion at 1’ = 560°C as a function 
of the catalysts: 0, absolute rate constants per chromium ion; 8, modified value 
centration of isolated chromium ions. 

of the chromium content 
using the estimated con- 
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FIG. 4. Variation of Nz:Ox ratio with time at 560°C: 0, SMACl; 0, SMAClO; n , Sb:IACBO; 0, SMAC 
100; 8, SMAC300; & SMC. 

In this respect it should be noted that due value of oxygen atoms on the cations of 
to the low surface areas of the specimens spine1 is then 0.14 cm3 at STP. Table 2 lists 
SMA to SMAClO, computation of surface these coverages for a reaction time = 50 
coverages will be subject to a relatively min at T = 490 and 560°C. The coverages 
large error. Coverage values are computed given correspond to a rather wide variation 
on the basis of equal areas of the [lOOI, of the extent of reaction over the different 
PlOl, and [ill] planes; the monolayer catalysts but two points are clear. Firstly 

TABLE ‘2 
NITROGEN:~XYGEN RATIOS OF PRODUCT AFTER 50-MIN REACTION 

T = 490°C ‘1’ = 560°C 

Catalyst 
% % 

Reaction NdOz 0% Reaction Nz/Oz 0% 

SMA 0.1 3.35 4.6 0.5 2.10 0.7 
SMACl 0.2 2.80 4.0 0.5 2.10 2.9 
SMAClO 0.3 3.20 4.0 2.1 2.10 1.4 
SMAC50 0.6 3.50 0.9 1.7 2.20 0.9 
SMAClOO 1.5 3.47 4.6 3.4 3.18 4.6 
SMAC300 0.1 3.90 5.6 0.5 2.60 5.6 
SMC 1.2 2.43 14.0 5.9 2.10 14.3 
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the coverages decrease from SMACl to 
SMAC50 and then increase again; secondly, 
and perhaps of more significance, the cov- 
erages for SMAC50 to SMC remain con- 
stant with temperature. The value of 
14.3% found for oxygen coverage on SMC 
is in good agreement with 15.4% found by 
Cimino and co-workers (4). 

An electron spin resonance study (7) of 
the solid state propertics of thrse spine1 
solid solutions hay gircn an insight into the 
iucrcasing electronic intrraction of the Cr”+ 
ions as a function of chromiun~ content,. 
The esr data clearly indicate that the 
Cr”+ iollr in ShfACl are isolated from one 
another by rclativcly large distances. In 
SMACIO the appearance of an additional 
broad rc8oi~aiicc (AH z 1400 G) indicative 
of Cr-Cr interaction indicates that a frac- 
tion of the ions have at lcast one chromium 
ion as a nearest, neighbor. ilt S?tIAC50 the 
broad resonaucc is the only signal. The line 
widt’h is reduced (AH + 600 G’) indicating 
increasing interaction of the Cr ions. Sta- 
t’istically it is expected that each W+ ion 
in SRIAC50 will hnrr brtwcc~n 2 and 3 
ot.her chromiums as nearest neighbors. For 
KVIC all six ncarc,+ neighbors will hc 
chromium ions. These changes iu the cx- 
tent of interaction of Cr ions in the bulk of 
the solid solutions will bc mirrored iu the 
surface iu a qualitative if not quantitativc 
mnnuer. 

It is clear from the catalyt’ic data pre- 
sented above that the variation of Cr ion 
interaction from catalyst to catalyst has 
an important’ effect on the activity of the 
Cr ion in the catalysis of N,O decomposi- 
tion. Activity on SMACl confirms yet 
again t,hc well established observation that 
isolated transition metal ions arc particu- 
larly active in catalysis (2, 4). Although 
the activity increases from SNACI to 
SlllAClO the activity per ion rlwxeases 
(Fig. 3). This reduction can be attributed 
t,o the appearance of Cr ion interactions. 
The eer data (7) and statistical consider- 
ations suggest that ~7070 of the Cr ions 
in SMAClO have one chromium ncarcst 
neighbor. The large decrease in act’ivity 

and large rise in apparent activation energy 
over SMAC50 appears to support the idea 
that interacting ions are far less active for 
catalysis. In this connection it is interesting 
to calculate the k,/[Cr] for SMAClO as- 
suming that “paired ions” make a negligible 
contribution to the activity, that is, only 
30% of t.he Cr ions at the surface are active. 
This results in a k/[Cr] for SMAClO 
which is 90% of the IG/[Cr] for SMACI , 
whereas previously it was only 25%. Tenta- 
tive support is thus provided for the con- 
tention that, it is (“isolated”) single ions 
that arc’ of primary importance in SMACIO. 
The reduced activation energy for activity 
on EXACIO can probably be attributed to 
an increased number of active sites. 

Turning to a consideration of the ac- 
tivity over specimens SMAC50 to SMC, 
t,he most. obvious fcaturc is the reduction in 
k/ [ Cr] compared with SAIACl and 
S1IACIO of betw-ccn 10 and 100-fold. In 
previous &dies of the chromia-magnesia 
and nickel oxide-magnesia systems, it has 
hccn suggcstetl that the high activit,y on 
dilute catalysts may bc correlated wit’h 
the ability to form IT-cakly adsorbed oxy- 
gen species of the O- t,ype. The reduced ac- 
t’ivit’y on concentrated catalysts has been 
attributed to poisoning by a strongly ad- 
sorbed spclcirs of the 0’. type (4). The 
hTs//Or ratio and coverage data indicate t,he 
prcscnce of a strongly adsorbed species on 
the catalvsta S1\2AC50 t’o SMC since the 
covcragc “is unchanged with temperature. 
These adsorption sites are unlikely to be 
involrcd in the catalysis of E‘,O drcom- 
position. These sites, however, account for 
only 14% of the Cr sites on SMC and only 
2% of the Cr sites on PML4C50. There are 
clearly additional reasons for the reduced 
activity over these catalysts. 

In order to gain an understanding of 
what t,hesc reasons may be it is relevant 
to consider t#he possible configurations of 
the R-site cat,ions at, the surface of 
MgCr,O,. It is reasonable to assume that 
t,he [loo], [llO] and 11111 planes will be 
equally represented in the formation of 
the total surface. On the [IO01 plane the 
chromium ions will form rows of adjacent 
ions. These rows are separated from each 
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other by a distance equal to t.wice the dis- 
tance between adjacent ions due to the 
intervention of a row of A-site cations and 
two rows of anions. The [llO] plane has 
two possible structures. The first ([ llO]a) 
consists of rows of adjacent cations sepa- 
rated by a distance approaching three 
times the adjacent cation distance due to 
anions and A-site cations. The second 
([ llO]b) plane consists of lines of rela- 
tively isolated ions separated from each 
other by a distance of about twice the ad- 
jacent cation distance. The final plane 
[ill] also has two possible structures. The 
first ( [ lll]a) consists entirely of R-site 
cations in consecutive rows, every other 
row having alternate cations missing. The 
other [ill] plane ([llllb) is similar to 
the [llO] b plane. Table 3 list’s the approxi- 

TABLE 3 
ENVIRONMENT OF THE R-SITE CATIONS AT THE 

SURFACE OF A SPINEL 

Plane 

B-Site surface 
catSions (%.) 

(approx)* Remarks 

[1001 46 Rows of adjacent ions 
[llO]a 11..5 Rows of adjacent ions 
[llO]b 11.5 “Isolated ions” 
[lll]a 23 Rows of adjacent ions 
[lll]b 8 “Isolated ions” 

u Assumes slwface is composed of equal areas of 
the three planes and that the [IlO] and [Ill] planes 
have equal areas of (a) and (b). 

mate relative populations of B-site cations 
due to each plane. It can bc seen that on 
this basis the “isolated” cations amomlt 
to ~20% of the total surface cations. It 
is, however, unlikely that t,he [IlO] b and 
llll]b planes will have an equal contri- 
bution with the [llO]n and [lll]a planes. 
They will probably merely form steps on 
these latter planes. We can speculate, 
therefore, that “isolated” cations will con- 
tribute say 10-15s of the surface chro- 
mium ions in SMC. 

The postulate can now be made that 
even in the catalysts which have a high Cr 
content. it is the relatively isolated surface 
Cr ions which are the active sites. This 
suggestion can be supported by the low 

E, found on all samples except SMAC50. 
If we apply this assumption to the calcu- 
lation of 12/ [Cr 1 for SMC we obtain a 
value close to that for SMACIO. This would 
suggest that the reasoning is not without, 
foundation. It will be noted (Fig. 3)) how- 
ever, that the values of k/[Cr] obtained 
in a similar manner for SMAC50 to 
SMAC300 arc still a factor of 10 lower 
than for SMAClO. 

Consideration of the electronic state of 
the Cr ions in these samples may provide 
a further explanation for their lower ac- 
t’ivity. Isolated Cr ions at the surface will 
strive to complete their octahedral coordi- 
nation by adsorption. Although crystal 
field stabilization energies (CFSE) would 
favor this, electrostatic considerations may 
result in this being a rclativcly weak ad- 
sorption. However, it seems likely that 
surface Cr ions, whose electrons arc cor- 
related with those of nearest neighbor Cl 
ions on the surface or even in the bulk, will 
have a reduced drive, in terms of CFSE, 
towards a full anion octahedron. As a rc- 
sult surface sites involving pairs of Cr ions 
will be less willing to give up electrons in 
adsorption and may be inactive as adsorp- 
tion sites. Even Cr ions isolated on the sur- 
face will be coupled with one or more Cr 
ions in the bulk. This would result in a 
decreased activity in N,O decomposition. 
This effect tnay well be most important for 
SMAC50 since here the electron exchange 
between the Cr ions will be strongest for 
two reasons <; firstly, each Cr ion has only 
2 or 3 Cr neighbors and supcrexchange 
between individual Cr ions will be highest, 
and secondly, their separation is less than 
in samples SJIAClOO to SRIC. The solid 
state studies (7) suggested the existence 
of short range order in SXIAC300 and in 
t,hc light of the above discussion this may 
explain the lower activity on this ratalyst. 
Thus it has been suggested that the active 
sites for N,O decomposition on the oata- 
lysts are predominantly isolated surface Cr 
ions. The variation in the activity of these 
sites over the catalyst series can be attrib- 
uted to the varying degrees of electron 
correlation between the surface Cr ions and 
its Cr nearest neighbors. The stronger this 
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Fm. 5. The variation of oxygen adsorption with chromium cont,ent for reaction at 1’ = 500 and = 560°C: 
0, 0 calculat,ed with respect, to all the B-site surface cations; q , 0 calculated with respect t,o t)he R-site 
surface chromium ions. 

interaction is. the less active is the surface a%CKh-OWLEDGMENTS 

ion in N,O decomposit.ion. 
Finally we turn to a consideration of the 

identity of the strong oxygen adsorption 
sites. Figure 5 shows t,hat oxygen coverage 
varies in an approximately linear fashion 
with ]Cr] for SMAC50, SMAClOO, 
SMAC300, and SMC. It would appear that 
the site consists of a group of Cr ions whose 
frequency increases rapidly with ] Cr ] For 
a ]Cr] increase of 2.5 the surface coverage 
increases 14 times. Any suggestion as to 
the identity of this site is sprculat,ire; how- 
cvcr, earlier workers (41 hare emphasized 
t,hat a site which has relatively high clec- 
tron accessibility is necessary. Thus a site 
whcrc clusters of Cr ions occur would seem 
to be most preferred. Such clusters are 
most abundant on the [ 1111 plane where it 
is possible to envisage an oxygen ion being 
coordinat~ctl to three cations at once. 
Clearly one cannot dismiss the possibility 
of surface-defects and vacancies playing 
an important role in the adsorption but 
further study will be necessary to discover 
the extent. of their influence. 
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