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The infiuence of preparation atmospheres and doping of metal ions on the 

catalytic activity of a-FezO, on the thermal decomposition of KCIO, was investigated 

by means of DTA and X-ray techniques. Oxygen, air and nitrogen were used as prepa- 
ration atmospheres, and Li+, MgZi, Cu2*, Ti3+, B3’, A13+ and Si4’ were doping 

agents. The catalytic activity, which was indicated with the initial decomposition 
temperature (T’, of KClO, -z-Fe203 mixture (1: 1 by wt), was increased by preparing 
the oxide in oxygen atmosphere rather than in air or nitrogen and by doping of Lii, 
Mg’i and Cu2+_ The tri-valent ions showed no effect and Si*’ showed the inhibition 
effect on the activity. The specific surface area and the crystalline size of ?r-Fe203 
were found to have no relation to Ti value. It was considered that the enhanced 
activity results from the p-type semiconductivity of the oxides prepared by ealcination 
in oxygen atmosphere and by doping of Iower valent ions_ 

It had previously ken reported’ - ’ by the present authors that the catalytic 

activity of z-Fe203 for the thermal decomposition or’ KCIO, mainiy depended on the 
preparation temperature of the oxide rather than the starting material; the low 

preparation temperature resulted in the high catalytic activity, the large specific 

surface area, and the small crystalline size of the oxide. From these results, z-Fe203 
prepared in air at low temperatures was presumed to have a low crystallinity and a 
high concentration of Fe’*-donor center with l Jle low ionization energy. The catalytic 
effect u’iis discussed, therefore, on the basis of the electron transfer and the oxygen 
abstraction models. 

On the other hand, it has been reported 3p + that the catalytic activity of _%I# 
and Mn2q on the decomposition is enhanced by being doped with lower talent meti 

ion&i+). The enhanced activity was interpreted on the basis of the positive hole 
theory_ However, the influence of doping on the catalytic activity of rr-Fe,O, has not 
been reported_ 
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TABLE 1 

PREPARATWE SEt?UbW OF a-FeG 

a-Fe03 Smrhg 
-p&s mcrcrIb5 

Armospli TURp. 
(4 =- 100 ml mifrlj (‘Cj 

Group 1 

Group 2 

Group 3 

Group 4 

Group 5 

a-F* 

FdOHXCHaCOO): 

FcSOs - 7Ht0 

u-Fe02 

FcO;= 

o=>gcn 
air 
nitrm 
oxygen 
air 
nitrogen 
air 
air 
air 
air 
air 
air 
air 
air 
air 
air 
air 
air 

.- 
- 
- 
- 
- 
_- 
- 

LiOH - Ha 
h¶g(OH)z 
- 
MdOH)z 
AKOWz 
SiOi 
- 

Li- 
Cl+ 
T,3’ 

BfT 

s Prepared by ulcinatioa of FcC=O: - 2H:O in a strum of oxygen (100 ml mix+) at 450’C for 1 h 
b FVqxu-4 by calcinarion of FCC=04 - 2H=0 in a strum of air (100 ml min-I) at ,yx)‘C for 1 h. 
c Prepaxd by pracipirslion from the equimolar aqueous solution of FeSOa and F&SO& cm&king 

various metal ions_ 

in this work, z-Fc,O, samples were prepared in different atmospheres and 

diKerent met4 ions were doped in the oxides, in order to investipte the influence of 

preparing histories on the catalytic activity of the oxides. 

Materiak 
Five groups of cr-Fe,O, samples shown in Table 1 were prepared by the calcina- 

tion of various iron compounds to compare the iofiuence of preparation atmospheres 
(Group 1 and 2 samples) and of doping of metallic ions (Group 3,4 and 5 samples). 

Group i sampks were obtained by the preliminary decomposition of FeC#* - 

2H,O in a stream of oxygen (100 ml min- ’ ) at 45o’C for i h, and the subsequent 
cakiuation in a stream of oxygen, air or nitrogen (100 ml min- I), respectively, at 
temperatures of 5OCMOO’C for 1 h. Group 2 samples were prepared by the decomposi- 
tion of Fe(OH)(CH,COO)l in a stream of oxygen, air or nitrogen (I00 ml min- ‘), 
respectively, at temperatures of XKL120O”C for I h. 

Group 3 smples were obtained from the mixtures of FeSOd - 7Hz0 and 



LiOH - H,O or Mg(OH), (M/Fe = 1 mol%; M = Li, Mg) by the decomposition 
in a strea,in of air (100 ml min - ‘) at temperatures of 70&9OO’C for 1 h. The mixins 
was carried out in an agate mortal for 90 min. In order to remove residual sulfate ion 
in z-Fe,Os, the samples were washed with hot water until no BaSO, precipitate was 

observed in the filtrate, and then dried in air at 110°C for 8 h_ Group 4 samples were 

obtained from the mixtures of z-FezOx and Mg(OH)2, AI( or Si02(amorphous) 
(M/Fe = I mol %) by the calcination in a stream of air (100 ml min- ‘) at temperatures 
of 6W-900°C for 1 h. z-Fe20, employed for making the mixture was prepared by 
decomposition of Fe&O, - 2H,O in a stream of air (100 ml min- ‘) at 500°C for I h. 

Group 5 samples were obtained from FezO, samples’ which were precipitated from 
the equimolar aqueous soIution of FeS04 and Fel(SO& containing LiN03, Cu(iiO&, 
Ti2(S0J3 - 8H20 or NatB,OT - IOH, (M/Fe = I mol%) by use of 6M NaOH_ 

Fe304 sampIes were oxidized to give z-Fe,03 in a stream of air (IO0 ml min- ‘) at 

600°C for 1 h. 
All samples were ground to pass 200 mesh sieve. KCIO* and other materials 

used were GR reagents from Kanto Chemical Co. KCIO, and z-Fe20s (weight ratio 
= I : I) were mixed in an agate mortal for 20 min. 

Dr.4 and X-ray diflracrion 
DTA apparatus and X-ray diffractometer employed were the same as those 

previously described _ I. * DTA experiments were carried out at a heatins rate of 
5% min- 1 in air atmosphere, and a chromel-alumel thermocouple was used for the 
temperature measurement, The reference material was z-AlzO, prepared by calciniq 

of AI,O,(Merck) in air at 1330°C for 3 h. The wei@s of the sample and reference 
material were I g_ 

7he initial decomposirion remperature T;) 

?-he value of Ti of the KClO,+-Fe,O, mixture was determined by measuring 
the onset temperature of exothermic de.Iection of the DTA curve, and confirming the 
existence of the decomposition proJuct (KCI) in the X-ray diffraction puttem of 
DTA sampie heated up to the onslzt temperature. The accuracy of Ti was f 5°C 

Specijic surface area and crystaliine sire 

The specific surface area and the crystalline size of rr-Fe,O; were estimated by 
the BET method6 and the X-ray diffraction method’, respectively. 

REsUL3-s 

The thermal decomposition of KCIO, and KCI0,++Fe203 sysfems 

Figure I shows the typical DTA curves of KClO, with a-Fe,03 of Group I 
prepared in a stream of oxygen. The arrow in the figure indicates the initial decomposi- 
tion temperature !Ti)- Curve(a) of KC104 alone shows two endothermic peaks at 
310 and 570°C and an exothermic peak at 6OO’C. These three peaks correspond to 
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Fig. I. MA CLIMES of KCIOl with a-Fe& of Group I prrpycd bu cd&ah of c-FeO* in = 
strum of oxygen. 10 KCIOI (b) KCIOI + a-Fez03 <prepared at 500°C): (c) KQOI i a-FeOa 
{prrparrd at ax~~c’); (d) KCIOi f a-Fe=03 (prcgzwzd at 7CWc); 63 KCiOr -i- a-F=& @rrparcd 
at SOO’C). i: Initial da;omposition ~CIIIPCITI~I.WC (TI). 

the solid-phase transition from the rhombic to the cubic form, the fusion of solid 
KCIO, and the txothermic decomposition in the liquid phase. respectively*‘. Curves 

(b)-(e) correspond to KCIO, with cr-Fe203 prepared at 500, 650, 700 and NKPC, 
respectively_ In curve(b), the exothermic reaction starts at about 460°C before the 
be@nnin_e of the fusion of KC104. The X-ray diffraction patterns of the sample heated 
to 460°C indicated the presence of KCI. Accordingly, the exothermic peak of curve(b) 
is conside=d to be due to the solid-phase thermal decomposition before the fusion, 
The endothermic fusion peak and subsequent liquid-phase decomposition peak are 
relatively smaller than those of KCIO, alone(Curve(a)). It is presumed, therefort, 
that the addition of the oxide leads to a considerable extent of the solid-phase thermal 
decomposition of KCIO,. Curves (c)-(e) show that the thermal decomposition also 
takes place in the solid-phase, and Tj and the shape of the peaks of fusion and decom- 
position depend on the preparation temperature of a-Fe=O,_ 

The influence of prepration atmospheres of z-FezOr, on the rhermai decomparirrbn of 

KCIO, 

Figure 2 indicates the nhtion between Ti and the preparation temperature of 
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~g. 2. Ution bcrwocn hithI dazomposition taxqmatcrc (T;) of Kc1Oa and prrparathn tam- 
turc of u-Fe&, (Group 1). a. a-F&OS (prepma in 0-r); C. a-F& (~warcd in 2;); 0. Q- 
F&h (prqmred in nitrogen). 

fig. 3. Relation between crystalline size and prepamtion temperature of a-FezOt (Group 1). 
l , a-F&h Qmwrai in owsn); C. a-F& (prepared in air); S, a-Fez03 (prepared in ni:rogen); 
x , a-Fe&j. 

fig. 4. Rdatim bctwccn initial dsamposition tanpcraturc (Z) of KClOa and preparation tanpaa- 
ture of a-F& (Group 2). 0, a-Fe&h (prcparai in orygcm); C. a-FcAYh (prepwed in air); C. a- 
Fa w in nitr~). -, !&Aid-phase decomposition; - - -, mohcn-phase deawnposition. 

three series of a-Fe,O, of Group 1. All Iz-Fe,O, pre_pared at 500 acd 600°C show the 

same Ti value in spite of the differences in the preparation atmospheres. Ic ‘the 
temperature range above 650X, a prominent decrease in Ti can be ObSXVed for all 
a-Fe203 prepared at 700°C apd the oxides prepared in oxygen have a lower Tg than 
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those prepared in air and nitrogen_ Both z-Fe=O, prepared in air and in nitrosen 
show the same catzlytic activity on Ti_ Figure 3 shows the relation between the crystal- 
line size and the preparation temperature of three series of z-Fe,O,. The crystalline 
size slightly increases above 7OO”C, however, it is not influenced by the preparation 
atmosphere. There is no co.rrelation between the crystalline size and Ti value shown 

in Fig_ 2. 
Several investigators have re_ported’= lo the change in the reactivity of z-FelOB 

prepared at about 700’C on the formation reaction of CdFe20,, the catalytic 
decomposition of H20L and the solubility in HC19, and the charge in e!ectricai con- 
ductivity of z-Fe,O, lo_ It may be considered that these phenomena are the Hedva!! 
etiect since both the Curie temperature and the Tammann temperature are near 
700°C 

Figure 4 shows the relation between ri value and the preparation temperature 
of z-Fe,O, of Group 2. In the case of s-Fe,O, prepared in air ( 0 ), Ti increases almost 
linearly with increasing of the preparation temperature of z-Fe,O, up to 1 IOO’C, 
and then shows a similar value at 1100 and 12OO’C A!! z-Fe,O, prepared in air 
resulted in a solid-phase decomposition_ In the case of s-Fe,O, prepared in oxygen 
(a), 7-i of z-Fez0 3 prepared at temperatures below SOO’C is s!ight!y lower than those 

in air. However, Ti incrcascs steeply from 450 to 490°C at preparation temperatures 
between 800 and 900°C. Above !OOO”C, the solid-phase decomposition has dis- 
appeared and ri has similar value to that for KCIO, alone (530GC)_ On the other hand, 
the oxides prepared in a stream of nitrogen (0) were found by X-ray diffraction to be a 
mixture of z-Fe203 and Fe,O,_ ‘Ihe oxides prepared in nitrosen indicate low Ti 
values at 5MI and 600°C in a similar manner to the oxide prepared in oxygen atmos- 
phe:e, but 7i increases suddenly at 6OO-SOO”C and the solid-phase decomposition 
disappeared at 800°C. Table 2 shows the specific sudace area and the crystalline size 
of z-Fe,O, prepared in o?cysen and air_ The surface area of two series of z-Fe103 
decreases with increasing preparation temperature, but the values are little afkted 

by the differences in the preparation atmosphere. The crystalline size is also little 
affected by the differences in the preparation atmosphere, and it increases with an 
increase in the preparation temperature- From the results mentioned above, the 

TABLE 2 

CHASGE IS SPECIFIC SURFACE ARE-A (S) .tS;D CRYSTAUISZ SIZE (a) OF a-Fe&s OF GROUP 2 

~repararkim temp. (‘C) I 

500 6w 700 8w SW lam Ii00 i-m, 

a-Fe& SCmYd 13.5 11.6 99 8.0 3.5 1.5 1.9 2-o 
(lJm==diQC) d (A) 710 880 Ii10 1420 1750 3360 3950 4110 
a-Fe&s SOn%3) 15.8 13.1 10.3 6.7 4.8 19 1.7 0.6 
@reparrdina) d(A) 730 854) 1100 1600 2100 3010 2910 3770 
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Fig. 5. Relation bet- initial daomposicion tanpcrzture (7,) of KQOz and prcpsAon !empua- 
ture of a-F& (Group 3). 0, pure a-Fe=Os; C, u-F& + Lir (I m~iy~); 0, a-F-* + %I@* 
(1 mol:& 

differences of the catalytic activity caused by the change in preparation atmospheres 

and temperatures are not explicable from the difierences in the specific surface area 
and the crystalline size of the catalysts. 

7he injibence of doping of various nreral ions on ihe cataiytic activity of z-Fe203 on 
the fhermnl decomposition of h’CIO* 

Figure 5 shows the relation between Ti and the preparation temperature of 
z-Fez03 of Group 3, which were prepared by the decomposition of mixtures of 

FeS04 - 7H,O and metai hydroxides. The presence of I mole per cent of lower valent 
metal ions, such as Li’ and Mg’ +, leads to an increase in the catalytic activity of 
z-Fe,03; Ti of the doped oxides are II-25’C lower than that of undoped oxide. 

Figure 6 shows the relation ~~hveen T; and the preparation temperature of 
a-Fei03 (Group 4) doped with MgzOH),, Al(OH), and SiO,. Only SiO, shows a 

considerable increase in Ti compared with that of undoped oxide. On the other hand, 
M_g(OH), and AI( give slight influence OII Ti- 

Figure 7 shows DTA curves of KCIO, with z-FezO, (Group 5) prepared in air 
by the cakination of coprecipitated Fe,O,. The shape of the decomposition peak of 
KCIO, and its Ti value depend on the kind of doping metal ions. Comparison with 
Fig 1 shows that the fusion peak of KCIO, shown at about 500°C disappears except 



fis 7. DTA CUT\~S of KCIOI with a-Fe-&s (Croup 5) conttining xzriolu metal ions. (a) KClOa f 
pure Q-F&&; (b) KQOI f a-Fe42 (2-1~~; I rnolo& (c) KC304 i a-Fed% (B3*; I m~l?iJ; 
(a) ~~10~ ? u-F&r (C&l; I mole,); (c) KClOs i u-Fez03 (LP; 1 mol”6): (r) KCIOI + u-Fedh 
(Li-: s moP&): &) KCIOI 7 u-l%Oa (tie; 10 molQ_ i: Ini&tl docomposition temperatirre (7r). 

TABLE 3 

IsFUAXCE OF DoF’ISC OF VARIOLS MITAL IOSS OS ISI7IAL DEClJMF’OSIllDS TE!MFI3A-I-LZtE (71) OF KClOa 
AXD CR~-~~ALLISE 52z (CT) OF a-Fe_ 

a-Fe:03 prepared by dcination of F-O< conlaining serious rrztil ions in &r at 6OD’C for 1 h 

fcr the cuzs of dopins of 5 and 10 mole per cent of Li+ (Curve(f) and (g))_ Table 3 
summarizes the crystalline size of z-Fe203 (Group 5) and Ti, in which the relationship 
between cqstalline size and Ti is not observed. Doping of lower valent metal ions, such 
as Li’ and Cuzc, vaulted in a lowering of 15°C of Ti in comparison with mdoped 
I-Fe203. Furthermore, if’ was lowered wilh an innease in amounts of Li’ ion doped- 
On the other band, the tri-valent metal ions such as Ti3’ and B’+ do not afiix~ the 
Ti Vdut- 
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‘Kl.ze influence of rhe prepararion ormospheres on zhe caraiyfic aclivify of +Fe,O, 
In previous papers2’ ’ ‘, the promoting action of the oxide on the thermal 

decomposition of KCIO, was considered according LO the following scheme; 
For n-type semiconductive oxides, 

where, e- - electron of conduction band of oxide. O&dc,: oxygen ion abstracted loride)- 

by oxide_ 
For ptype semiconductive oxides, 

%aGfc, -i- ao, --+ O<ori&, + CIO, + l/202 i ClO, i @<mi&) (2) 

when=, C+oridcB: P ositive hole of vaknce band of oxide. O~oridc): oxygen atOm abstracted 
by oxide. CIOs: radical. 

z-FelOs is usuaIIy classified as an n-type semiconductor” with Fezi ion in 
siight excess+ but some authors have reported the oxide being an intrinsic type*‘- I*, 
and others king n- or p-type conductor’ ‘. ’ 6_ Solymosi et aLT measured the electric 
conductivity of a-Fe203 under various partial pressures of oxygen and found that rhe 
conductivity showed the n-type character in partial pressure of oxygen below 10-l 
torr and the p-type character in higher oxygen pressure_ They concluded that the 
p’ype conductivity w-as a consequence of oxygen excess in oxide and the conductivity 
could be ascribed to the foIlowing reaction; 

3/N& -, fea” +- 38 + 1/2Fez0, (31 

where, Fen -: vacancy. 8: positive hole. 
Consequently, it is considered that z-Fez03 prepared in oxygen, in this study, 

will probably be p-type se,miconductive oxide and eqn (1) may, therefore, be applicable_ 
On the other hand, s-FezOs prepared in air or nitrogen is n-type and eqn (1) may be 

applicabie. 
It is found from Fit 2 that the catalytic activity of z-fe,O, with p-typechancter 

is higher than that of the oxide with n-type charaarr_ This result agnzes with an earlier 
investigation by Rudloff et al_ ” that ptype se.miconductive oxides generally show 
the higher catalfiic activity on the decomposition than n-type oxides_ The reason for 
the superiority of p-type character may be considered as follows. 

Gardner et al. ’ ’ reported that the positive hole in z-Fer09 is less mobile than 

the electron at the temperatures below 330°C, and reversely at hi&er temperatures 
the hole becomes more mobile than the electron, Therefore, in the temperature range 
where the catalytic thermai decomposition of KCI04 occurs, the mobility of hole is 
presumed to be higher than that of electron_ Accordingly, the differences in catalytic 
activity shown in z-Fe203 samples prepared in oxygen and air or nitropn may 
probably be interpreted on the basis of the mobility of char-e carrier. 

On the other hand, z-Fez03 of Group 2 showed a very complex behavior 
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(Fig_ 4)_ in the case of z-Fe20, (Group 2) prepared directly from Fe(OH)(CH,COO), 
by its thermal decomposition, it is csnsidered that the mechanism of catalysis is 
really complicated because the concentration of holes or electrons, their ionization 

ener_gy, etc_, may vary with the preparation temperature and the preparation atmos- 
phere_ 

TIIe influence of doping of variou metal ions on rlxe caiaJylic activity of z-Fe20, 
It is found from Figs_ 5 and 7 that the catalytic activity of z-FelO, in&eases 

by doping of 1 mole per cent of Li’, M$ i and Cu’ i ions. In the preceding section, 
it is presumed that the enhanced catalytic activity caused by calcining in oxygen 
may be attributed to the role of positive holes with higher mobility than electrons. 

Simiiarly, the influence of doping of metal ions with a lower valency than the Fe3+ 
ion is al_- anticipated to be due to the action of positive holes in the oxide_ 

On the basis of the principIe of controlled saIency‘ ‘, it can be assumed that 
the positive holes may be generated by doping of the lower valent ions in the oxide. 
For example, the case of doping of Mg 2t ion could be considered as follows; 

2&I_@ f 1/20,(g) + ~&MS,,- + 2@ + FelO, (4) 
where, MsFc,-: Mg” ion situated in the lattice point of Fe3’ ion_ 81 positive hole. 

Gardner et al_ I ’ and Lessoff et al_ *’ have reported that the Saebeck voltage of 

z-Fe103 doped with di-valent metal ions such as lMg’*, Kizi, etc. showed the ptype 
semiconductive character_ Consequently, it can be considered that positive holes 
introduced by doping of lower \=lent metal ions contribute to the increase of catalytic 

activity of z-FezOX in a similar manner as in the case of z-Fe,O, prepared in oxygen_ 
This assumption is supported by the fact that the catalytic activity of z-Fe103 of 
Group 5 is increased with an increase in amounts of Li* ion doped, and reversely 
una_Kected by doping of tri-valent metal ions. 

On the other hand, it is found from Fig. 6 that the catalytic decomposition was 

inhibited byz-Fe,O, doped with Si&. This is not explicabIe on the basisofthe principle 
of controlled valency ‘I, since if SP+ ions are introduced in the oxide lattice, the 
concentration of Fezi ion, i-e., electron, would increase and thus the catalytic 
activity would be increased in terms of the mechanism shown in eqn (I)_ In the previous 

paper’ ‘, it was found that DTA of KCIO,-SiO1 mixture showed the liquid-phase 
decomposition and Ti of SOT. Consequently, the inhibition by doping of SiOz is 
presumed to be due to the coating effect of SiOr on the surface of zc-Fe103. 

This research has been partially supported by the Government Science Research 
Grant of the Ministry of Education Japan. 
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