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The reduction of cadmium oxide and zinc oxide mixtures of various compositions 
with hydrogen at 410- 450 ~ was studied with thermogravimetry. The reduction kinet- 
ics, which depends markedly on the composition in the whole composition range, 
can be described by the equation (e -I- 0.3)/(1 -- ~) = A �9 e kt. Preliminary irradiation 
of the samples with 6~ 7-rays (applied dose D~ = 105 Gy) causes an increase in the 
rate of reduction of samples containing an excess of CdO and decrease in the rate of 
reduction in the region with excess of non-reducible ZnO. Fast neutron irradiation 
with a flux density of 1.18 �9 1017 n/m 2 (total dose D n = 4.5 �9 102 Gy) from a 252Cf 
source retards the reduction in the whole range of composition. The probable mecha- 
nism of mutual interaction of both components and of the applied ionizing radiation 
is discussed. 

Verhoeven and Delmon studied the hydrogen reduction of  cadmium oxide [1] 
and other oxides of  volatile metals [2]. They found that the small amounts of  cop- 
per (2.8 ~o) and nickel (3 .2~)  introduced by the decomposition of  formates "in 
situ" do not affect the reduction of  CdO. Pronounced changes in the kinetics of  
reduction of CdO have been found when In s+ (1.43 at. ~) ,  Li + (2 at. ~ )  and Be z+ 
(0.74 at. ~ )  are incorporated into its lattice [3]. In the two-component N i O - C d O  
system, the initial temperature of  measurable reduction of CdO was lowered by 
about 150 ~ in samples containing more than 24.85 mol. ~ NiO [4]. The kinetics of  
reduction of  this system was markedly dependent on its composition. The reduction 
of  pure oxides and multicomponent systems can also be influenced by various sorts 
of  ionizing radiation [5, 6]. The resulting effect can be positive (acceleration of the 
reaction) or negative (a slowing-down), depending on the sort of  radiation and the 
applied dose. We were therefore concerned with the reduction of  the two-com- 
ponent system of  ZnO and CdO under conditions when only one component  is 
reduced. 

Experimental 

Preparation, analysis and physicochemical measurements 

Oxide mixtures of  varying composition were prepared by thermal decomposition 
of the mixed nitrates. Solutions of  both nitrates (of reagent grade) in 1 M concen- 
tration were mixed in the required ratios, evaporated to dryness on a water bath 
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and heated in an electric furnace in the air, first for 1 h at 200 ~ and then for 3 h at 
400 ~ The product was ground and the fraction with grain size 0.05-0.165 mm 
was separated by sieving. 

The contents of both metals were determined complexometrically, using selective 
precipitation of Cd with diethanoldithiocarbamate [7]. The specific surface area 
was measured by nitrogen adsorption at low temperatures. The samples were ex- 
amined by X-ray powder diffraction techniques (Debye-Scherrer), using a TUR M 
62 generator (Zeiss) with a goniometer. Nickel-filtered Cu radiation was used 
(2- = 1.54178 .A). The extents of the coherent regions were calculated for the two 
oxides in the system from the diffraction line half-widths. The morphology of the 
initial mixed oxides and of the reduced samples was investigated with JSM-50 
scanning electron microscope (Jeol). 

Irradiation 

The samples were divided into several fractions. The first fraction was irradiated 
with ~~ 7-rays at a dose of 10 ~ Gy; the second was irradiated with fast neutrons 
in a commercial source of 252Cf (Radiochemical Centre, Amersham) with a flux 
density of 1.18 �9 1017 n/m 2 (applied total dose Dn = 4.5 �9 102 Gy). 

Apparatus and procedure 

Reduction of the mixed oxides was followed in the temperature range 410 - 450 ~ 
under the same experimental conditions for the original oxides and for the samples 
subjected to preliminary irradiation. The reduction kinetics was studied with ther- 
mogravimetry in an apparatus described earlier [8]. Conditions were specified 
where the rate and time course of the reduction were independent of the flow rate 
of hydrogen for any sample composition (the sample weight was always 50 rag). 
This was ensured at the flow rate of 56 ml �9 rain-1 used in all experiments. 

Results and discussion 

Physicochemical properties of mixed oxides 

The compositions of the samples, their specific surface areas and the extents of 
the coherent regions are listed in Table 1. It follows from the analytical results that 
the experimental conditions used (temperature and time of decomposition) lead to 
the formation of mixed oxides of zinc and cadmium. The presence of cubic cad- 
mium and hexagonal zinc oxides, with lattice parameters in good agreement with 
the tabulated values, was confirmed by microstructural analysis. IR-spectra showed 
the presence of trace amounts of water but no nitrate ions, and hence the decompo- 
sition was quantitative. Rather small specific surface areas varying within a range 
of two orders are typical for oxides prepared by the decomposition of nitrates [9]. 
This quantity generally increases with increasing cadmium oxide content and its 
non-additivity provides evidence of a higher degree of mutual interaction of the two 
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Table 1 

Compositions, specific surface areas (S) and extents of coherent regions (L) of 
CdO-ZnO mixed oxides 

501 

Wt. ~ L, nm 
Sample S, m~/g 

CdO ZnO CdO ZnO 

1 0 .00  99.77 0.08 - -  260.9  
2 1.70 97.16 0.03 - -  158.5 

3 3.40 95 .84  0 .04 - -  179.5 

4 5.17 92.43 0 .04 - -  210.1 
5 11.24 88.75 0 .07 - -  260 .9  

6 32.39 67.60 0.15 145.1 210,1 

7 45.86 52.68 0.53 107.1 210.1 

8 47.34 50.62 0 .54 122.6 210,1 

9 54.05 44.66 0.48 145.1 - -  

10 67.95 30.13 0.87 160.9 - -  

11 87.80 11.90 1.46 213.3 - -  

12 92.98 5.26 1.32 264.9  - -  

13 96.45 3.28 0.71 264.8 - -  

14 97.87 1.83 1.35 379.9 - -  

15 99.38 0 .00 0 .35 379.9 - -  

components than corresponds to a homogeneous mechanical mixture. Analogous- 
ly, the extent of the coherent regions increases with increasing CdO content for 
samples containing an excess of CdO, whereas the dispersity of ZnO crystallites is 
practically independent of the composition. In contrast to other two-component 
heterophase mixed oxides [10], the specific surface areas are not directly correlated 
with the size of the ciystallites. Study of the sample morphology reveals that the 
surface area is determined by the geometry and porosity of the larger agglomerates, 
i.e. by the grain size, which similarly changes within a range of two orders, depend- 
ing on the composition. For the doses used, neither the specific surface areas nor the 
structures of the samples changed. 

From the point of view of the semiconducting properties, both oxides are n-semi- 
conductors; with CdO the excess of Cd 2+ ions is attained by vacancies in the oxy- 
gen sublattice, whereas with ZnO the superstoichiometry of the metal ions is due 
to the interstitial ions Zn + and Zn 2+, their ratio being dependent on the tempera- 
ture [11 ]. In accordance with the mentioned character, no presence of ionogenic 
chemisorbed oxygen was found by iodometry [12], either for the original oxides or 
for irradiated samples, in the whole range of composition. 

Kinetics of hydrogen reduction 

The experimental results indicate that, in agreement with the thermodynamic 
properties of both oxides, under the given conditions CdO is the only reducible 
component in the system. At the lowest temperature applied, 410 ~ , the reaction 
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proceeded at a measurable rate only with pure CdO (sample 15) and with mixed 
oxides containing more than 3.4 mol. % CdO. Consequently, in all cases the reduc- 
tion was followed above the melting point of cadmium (320.9~ whose vapour ten- 
sion at this temperature is considerable. 

Figure 1 shows the dependence of the rates of  instantaneous reduction of  pure 

CdO and mixed oxide on the reduction degree c~, defined as e - -  G t  , where G t is 
Gnlax 

the experimental weight loss in time t, and Gm~ x is the theoretical weight toss cor- 
responding to the total reduction of CdO in the sample of  given composition. 
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Fig. 1. Dependence of V (rag �9 rain-l) on the reduction degree c~ (%). (1) sample 15 reduced at 
435~ (2) sample 8 reduced at 410 ~ 

It can be seen from this Figure that the reduction proceeds after the latency period 
with the maximum initial rate up to e N 15 - 2 0  %, but the rate then drops rapidly 
to a constant value. The mentioned course, typical for all the samples, is in accor- 
dance with the non-sigmoid character of  the time vs. conversion curves and has also 
been found by other authors [1 - 3  ]. From the time courses of  the reduction at dif- 
ferent temperatures and from a comparison of the dependence of  the maximum 
reduction rate on the composition at different temperatures, it follows that neither 
the evaporation of the reduced cadmium, as a consecutive process, nor its aggrega- 
tion state [1, 4] influence the initial phase of  the reduction. The constant rate inter- 
val (Fig. 1) demonstrates in contrast that at higher values of e and higher tempera- 
tures the reduction rate is determined by the evaporation of  cadmium. The length 
of the latency period, which is independent of  the composition, is a pronounced 
function of  the reduction temperature. 

The reduction kinetics for the studied samples can be described quantitatively 
by the equation (~ + 0.3)/(1 - e) = A �9 exp (kt), where e is the degree of  reduc- 
tion at time t, and A and k are constants. From the slope of  the initial linear section 
of  the dependence log (a + 0.3)/(1 - c 0 = f(t), corresponding to the presence of  
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liquid cadmium, the rate constants were calculated. From their dependence on the 
composition (Fig. 2) it is apparent that the rate of reduction generally increases 
with increasing content of the non-reducible component. The increase in this quan- 
tity is more marked at higher reduction temperatures. The dependence of the ap- 
parent activation energy of reduction on the composition exhibits a trend that can 
be correlated with that for the dependence of the rate constants, e.g. the activation 
energy decreases with increasing ZnO content. In contrast to the earlier-studied 
system C d O -  NiO [4], where analogous dependences of the rate constants k and of 
the maximum reduction rate (Vma~) on the composition were found, for the C d O -  
ZnO system the value of Vmax increases with increasing CdO content (Fig. 2). 
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0 20 40 60 80 1130 

CdO , rno[ % 

Fig. 2. Dependence of k (in relative units) and of l/ma x (rag " rain-2) on the composition. 
(1, 2) k, reduction temperatures 410 and 435~ (3) Vnaax, reduction temperature 435 ~ 

From the mentioned dependences and from other experimental results, it can be 
deduced that the rate-determining step is not the adsorption of hydrogen as in the 
former case (CdO-  NiO); the governing factors are only the reactivity and the rate 
of interphase metal-oxide progress, controlled by the rate of radial growth of the 
nuclei. At higher temperatures the reaction begins practically simultaneously on the 
greater number of surface centers, so that a continuous reaction zone is rapidly 
formed. The reduction rate is then drastically lowered (Fig. 1) owing to the covering 
of the whole surface with a layer of liquid, reduced cadmium. Since the liquid metal 
also covers the grain surface of the ZnO (Fig. 3), with the increase of the content 
the retarding effect of the reduction product diminishes and the total reduction 
rate increases. From this point of view the studied system can be conceived particu- 
larly in the region of a high excess of ZnO, as an active component (reducible CdO) 
in interaction with an inactive carrier (non-reducible ZnO). This acts as a stabilizing 
factor, which raises the dispersity of the CdO, and facilitates transport of the reduc- 
ing gas and evaporation of the metal, so that the reaction proceeds on the "pure" 
surface of CdO. On the other hand, the value of Vmax measured in the initial stage 
of the process decreases with increasing ZnO content, owing to the blocking of 
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active sites on the reactive interphase by the non-reducible component (Fig. 2). 
This course is typical for the reduction of two-component oxides containing only 
one reducible component [13 ]. In the region of the center of the series, the equilib- 
rium of the two counteracting effects can be assumed, and hence V~ax is practically 
independent of the composition. 

The determining role of the area and reactivity of the interphase also follows 
from the experimentally found correlation between the specific surfaces and the 
maximum reduction rate. The heat treatment of samples in air in the temperature 
interval 500-650 ~ for 1 hour results in the lowering of the specific surfaces owing 

Fig. 3. Electron micrograph of partially reduced sample 5. Magnification 104 x; the line segment 
indicated corresponds to 2 #m 

to sintering (the mean value of this lowering amounts to 30 ~) as well as in the 
partial release of oxygen from the CdO lattice, which are connected with the de- 
crease in the reduction rate. Analogously with the changes in the specific surfaces, 
this is probably connected with the lowering of the rate of the secondary reduction. 
In these experiments, after the primary reduction at 410 ~ the samples were oxidized 
in air stream to a constant degree and secondarily reduced with hydrogen at the 
same temperature. In addition to the decrease of the reduction rate, the overall 
character of the time vs. conversion curves was also changed. Examination of the 
morphology revealed that the liquid cadmium is oxidized by atmospheric oxygen, 
resulting in recrystallized CdO; this displays a different dispersity as compared with 
the initial sample. The fact that the admixture of powdered Pd (up to 1 ~) does not 
affect the kinetics of reduction of the initial samples provides further evidence that 
the adsorption of activated hydrogen and the pill-over effect are not the rate-con- 
trolling step. 
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Influence of ionizing radiation 

The reduction of  the irradiated samples was examined in the same temperature 
region as for the original mixed oxides 1 -  5 days after the end of irradiation. 
At 410 ~ only the samples containing more than 26 m o l ~  CdO (after 7-irradia- 
tion), and at 450 ~ only those containing more than 24 mol 700 CdO (after fast neu- 
tron irradiation) were reduced at a measurable rate. The effect of  prior irradiation 
on the kinetics of  the reduction is shown in Fig. 4 as the dependence of  the quantity 
Ak(%o) = 100[(k + - k)/k] on the composition, where k + is the rate constant of  
the reduction of  the irradiated sample at the given temperature and k is the value 
pertaining to the initial oxide. 

40 

-80 

A 
1 

40 60 80 100 
] I I I [ i 

/ 

Fig. 4. Plot of magnitude A k (%) vs. composition for samples irradiated with ~'-rays (1), fast 
neutrons (2) and reduced at 435 ~ 

It can be seen that y-irradiation results in a positive effect (increase of  the reduc 
tion rate as well as of the value Vmax) in the region of  a pronounced excess of  CdO 
(more than 60 tool 7o), which converts to a negative one for the samples containing 
ZnO as the main component. In contrast, fast neutron irradiation leads to a lower- 
ing of  the reduction rate in the whole composition range. With increasing tempera- 
ture, the extents of  both effects decrease, being about 50 70 lower at 450 ~ than at 
435 ~ . From the presence of  the temperature and time annealing processes it can be 
deduced that the changes in the reduction kinetics are connected with the radiation- 
induced defects, the stability of  which depends on the reaction conditions. 

The 7-irradiation leads primarily to the formation of  non-equilibrium electrons 
by ionization processes which can be predominantly stabilized on the oxygen va- 
cancies of  the CdO lattice. Accordingly, the increase of  their concentration, result- 
ing in the enhancing of  the reduction rate, appears to the highest extent in samples 
containing an excess of CdO. The enhanced reactivity of  the interphase and the 
higher reduction rate are accompanied by a decrease in the apparent activation 
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energy of reduction by approximately 20 ~. With increasing ZnO content, the 
concentration of electrons decreases, probably due to the charge interaction of the 
two components in close contact. The interstitial Zn + ions of ZnO interact with 
oxygen vacancies of CdO by the following process: 

Zn + + Io] ~ Z n  2+ + e~- 

where [o[ is an oxygen vacancy an e~- is an electron stabilized on the vacancy. As a 
result, the positive effect of irradiation changes to a negative one. In the mentioned 
region the reduction proceeds with a high activation energy (on average 180 
kJ/mol), which is practically independent of the composition of the mixed oxides. 
It follows from the non-monotonic dependence of the extent of the radiation- 
induced effect that the degree of mutual interaction of the two components, as well 
as the concentration of defects on the interphase, change with the composition, 
depending on the dispersity of the systems and the surface areas. Irradiation with 
fast neutrons can result in the formation of point defects of the lattice, and to a 
smaller extent in the formation of charge defects by secondary ionization processes. 
The increase in concentration of the oxygen vacancies in the CdO lattice accelerates 
its crystallochemical changes, due to the lattice deformation, as well as the rate of 
reduction. If ZnO is present, the concentration of vacancies is lowered by the above- 
mentioned interaction, so that the total rate of reduction is diminished. The fact 
that the rate of reduction of pure CdO also decreases after its neutron irradiation 
is evidence of another retarding process. The cause of the destruction of existing 
reactive centers (polishing effect of irradiation) may be a recrystallization process 
as a result of the local temperature increasing during the absorption of neutrons by 
cadmium, or of the presence of microconcentrations of new admixtures formed by 
the (n, 7) reaction of some cadmium isotopes. 
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ZUSAMMENFASSUNG - -  Die  R e d u k t i o n  von  C d O / Z n O - M i s c h o x i d e n  versch iedener  Z u s a m m e n -  
se tzung  mi t  Wasse r s to f f  bei  4 1 0 - 4 5 0  ~ w u r d e  t h e r m o g r a v i m e t r i s c h  un t e r such t .  Die  deut l ich  
von  der Z u s a m m e n s e t z u n g  abh / ingende  R e d u k t i o n s k i n e t i k  k a n n  durch  die G le i chung  
(c~ + 0.3)/(1 - -  c 0 = A �9 e k b e s c h r i e b e n  werden .  Eine  v o r a n g e h e n d e  Bes t r ah lung  der P r o b e n  
mi t  ~)-Strahlen e iner  *~ ( angewand te  Dos i s :  10 ~ Gy)  ve ru r sach t  e ine  E r h 6 h u n g  der 
R e d u k t i o n s g e s c h w i n d i g k e i t  bei P r o b e n  mi t  f iberscht i ss igem C d O  u n d  eine V e r m i n d e r u n g  der  
Geschwind igke i t  im Bereich mi t  Obe r schuB a n  u n r e d u z i e r b a r e m  ZnO.  Die  Bes t r ah lung  mi t  
schnel len  N e u t r o n e n  e iner  ~ C f - Q u e l l e  u n d  e iner  S t rah lend ich te  v o n  1.18 �9 10 ~7 n / m  s ver- 
z6ger t  die R e d u k t i o n  i m  ganzen  Bereich der  Z u s a m m e n s e t z u n g .  Der  wahrsche in l i che  M e c h a -  
n i s m u s  der gegense i t igen  W echse l w i rkung  beider  K o m p o n e n t e n  u n d  der EinfluB der Be- 
s t r a h l u n g  a u f  die R e d u k t i o n s k i n e t i k  werden  diskut ier t .  

Pe31oMe--TepMorpaBmv~eTpnnecr, n n p u  TeMnepaTypax 410---450 ~ rt3yv/eao BOCCTaHOB~erule BO~O- 
pO)~OM CMemaHttblX OrllCaOB C d O - - Z n O  pa3a~qnoro  COCTaBa. KriHeTttra pearalrm B 3Haql~TeYlB- 
~O~ Mepe 3aBI~CI~T OT COCTaBa OKI~C~OB a OIII~ICbIBaeTc~ ypaBHer~eM (a q- 0 .3 ) / ( I - - a )  = A -  e kt. 
Hpe~Bap~tTeJlt,noe o6ny~eH~e o6pa3noB 7-:~yqaMH OT 6 ~  IICTOqB~Ea IIplIBO~IIT K yBeJIII~tetIHtO 
cKopocT~ BOCCTaHoBnettrta 06pa3~toB c ~36~ITOmJSIM co~ep~a r~eM CdO ~i ~ y M e ~ m e n m o  CKO- 
pOCT~ BOCCTaHOBnem~ o6pa3tIOB C l~36BITO~II-IblM co~ep~ran~eM HeBOccTanaBnrmaeMoro Z n O .  
O6ny~enrie 6~,ICTpLrM~ ae-~Tpo~aMrt OT ~CTO~mara 252Cf c rmOTHOCTr, ro rtoTora 1.18 �9 1027 H/M s 
3aMe)~JlfleT BoccTaHoa~en~e BO Bce~ o6aaCTH cocTaaa OK~CaOB. O 6 c y ~ e r ~  BO3MO~nBL~ Mexa- 
HI~I3M COBMeCTHOFO B3aKMo~e~CTBn~ O60rlX EOMnO~eHT ~ Bnaanrte o6ay~ena~  na  rrI~eTrtKy pe- 
a r U r ~  BOCCTaHo~nenm~. 

18" d. Thermal AnaL 25, 1982 


