
JOURNAL OF CATALYSIS 11, 355363 (1968) 

Reactivity Inversion in the NiO-02 System 

G. PARRAVANO 

From the Department of ChewGcal and Metallurgical Engineering, University qf Michigan, 
Ann, Arbor, Michigan $8104 

Received April 2, 1968; revised May 16, 1968 

The rate of redistribution of carbon-14 between CO and CO* has been investigated 
over NiO catalysts in the temperature range 274” to 45O”C, and at p~o,/p~o ratios 0.1 to 
10. Analysis of the results shows that the sign of the relation between the reaction rate 
and the pco,/pco ratio is a function of temperature and pco,/pco ratio. A thermodynamic 
model for the description of the gas-solid defect equilibrium has been formulated to ex- 
plain (a) the reactivity inversion, (b) the numerical values of the mathematical relation- 
ship between reaction rate coefficients and the pco,/pco ratio. On the basis of the model, 
suggestions are advanced for (a) the rate-controlling step of the isotopic exchange reac- 
tion, (b) the nature of surface defect sites active in the catalytic reaction and of the 
adsorbed oxygen intermediate, (c) the slow reaction step and the gas-phase equilibrium 
controlling the surface concentration of oxygen during the oxidation of CO by O2 on NiO. 

The reactivity reversal is discussed in the framework of the inversion in physicochemi- 
cal properties that is known to take place in NiO. 

The chemical reacbivity of a solid surface 
coexisting wit’h a reactive gas phase is 
dependent upon thermodynamic as well as 
kinetic factors. The numerical and energetic 
aspects of the reactive defect sites at the 
surface are fixed by thermodynamic con- 
ditions while the rate and the stoichiometry 
of the heterogeneous process are controlled 
by kinetic factors. Thus, the gas phase 
exerts a dual influence on the reactivity 
by determining the number of defect sites 
and of molecular collisions which will result 
in a net reaction. The gas-phase pressure 
governs the extent, only of the kinetic influ- 
ence, whiIe it cont,rols t,he extent and the 
direction of the thermodynamic effect. It is 
this latter dual influence which constitutes 
the central point of this communication. 

To define quantitatively the thermody- 
namic aspect of surface reactivity, let us 
consider a simple surface defect reaction 

.42(g) + surface defect site --f 2A(s) (1) 

where the suffixes g and s refer to gas and 
surface phases, respectively. In analogy with 
the formulation of react,ion rates in liquid 
electrolytes, t#he rate of reaction (1) is 
expressed by 

v = kcpAz (2) 

and the rate coefficient, Ic,, is defined by 

k,, = k,[defect site] (3) 

where k, is the reaction rate constant, 
dependent upon temperature only. If the 
surface layer is considered a thermodynamic 
phase, with A as one of its components, the 
concentration of defect sites is thermody- 
namically related to the partial pressure of 
A2 namely; 

[defect sites] = f(pA2) (4) 

The sign of the function in expression (4) is 
dependent upon the experimental con- 
ditions, gas-phase pressure, and temperature. 
Therefore, k,, [Eq. (3)] may increase or 
decrease following an increase in pA2. This 
means that the direction along which the 
thermodynamic factor influences surface 
reactivity will depend upon the values of 
the macroscopic variables. As a consequence 
of this situation it should be possible to 
observe under appropriate conditions an 
inversion in the reactivity pattern of the 
solid surface. In this study, we wish to 
present experimental evidence for the pres- 
ence of a reactivity inversion in the NiO-Oa 
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system, to discuss the thermodynamic con- 
ditions which control the inversion, and to 
analyze the implications of these ideas upon 
surface adsorption and catalytic activity 
of NiO. 

Inversions in solid state transport proper- 
ties as a function of gas partial pressure are 
known. For 1000°C < T < 1200°C the p 
type electronic conductivity of CuzO was 
found to decrease with increasing poZ, but 
for T 6 1000°C the conductivity increased 
with po, (2). There are also claims that at 
low pas, the conductivity becomes inde 
pendent of PO, (2). Similarly, in Fe0 at 
T s 1300°C and high po, a p transition 
was detected (3). Electronic inversions, 
however, cannot directly induce reversal 
in chemical reactivity, since in the former 
case electron and electron holes act as 
charge carriers while electron donors or 
electron acceptors are involved in surface 
reactions similar to reaction (1). Thus, a 
fundamental difference exists between the 
two effects and the occurrence of one in a 
given system is not a guarantee for the 
occurrence of the other in the same system. 

standard solutions of the corresponding 
nitrates, followed by evaporation to dryness 
and calcination at about 800°C. Although 
repeated sequences of ball milling and 
calcination were employed to ensure homog- 
enization of the solid solution, no effort was 
made to obtain definite proof that solu- 
bilization was complete. Surface areas and 
nominal compositions of the samples em- 
ployed are summarized in Table 1. 

TABLE 1 
BET SURFACE AREAS AND COMPOSITION 

OF NiO SAMPLES 

Sample 

NiO 
NiO + Li 
NiO + Al 

Addition Surface .%re* 
hole %) W/g) 

- 13.6 
9 3.25 
1 26.9 

A reactivity inversion of thermodynamic 
origin requires for its detection and study 
the application of an experimental method 
which permits following a rate process 
under conditions of thermodynamic equi- 
librium between gas and solid surface. This 
goal can be achieved most conveniently with 
the use of isotopic exchange reactions. In 
the case of the reactivity of a metal oxide 
towards oxygen, the equilibration of oxygen 
isotopes in molecular O2 and of carbon iso- 
topes between CO and COZ, namely, 

*co&d + CO(g) + COZM + ‘CO(g) (5) 

may be employed. In our study we have 
made use of results on the rate of reaction 
(5) over NiO in the temperature range 274” 
to 450°C and at pco,/poo ratios between 
0.1 and 10. 

Before each run, the samples were loaded 
in the reactor and treated with the CO + 
COZ mixture at 470°C for a lo-day period. 
Because of the chemical equilibrium estab- 
lished during reaction (5) preparative differ- 
ences among the various samples, a source 
of great difficulties in previous studies on 
the reactivity of metal oxides, are con- 
siderably minimized or eliminated. The 
composition of the CO + CO2 mixture was 
ascertained before and after reaction by 
mass spectrometric analysis. The rate of 
reaction (5) was studied in a flow reactor 
with He as a carrier gas; the reaction con- 
version was followed by measuring the 
total radioactivity in CO + CO2 and that 
in CO. Because of the equilibration pre- 
treatment steady and reproducible results 
were obtained. No appreciable difference in 
the rate of reaction (5) was found by invert- 
ing the sequence of ~CO,/~CO and/or tem- 
perature employed in collecting the results. 
Details on the equipment and experimental 
procedure may be found elsewhere (4). 

EXPERIMENTAL RESULTS 

Pure NiO was prepared by slow decom- 
position of reagent grade NiCOs at tempera- 
tures up to 500°C in a stream of dry air for 
approximately 24 hr, while NiO samples 
containing Li and Al were made from 

The derivation of the rate coefficient 
for the exchange reaction (5) has been 
reported previously (5). It is assumed 
that reaction (5) takes place in a two-step 
sequence : 
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*co*(g) -+ *co(g) + O(s) (54 
CO(g) + O(s) -+ CO2(d (5b) 

Since the transfer of oxygen between COZ 
and CO occurs at equilibrium, the rates of 
steps (5a) and (5b) are equal. The rat’e of 
reaction step (5a) is given by 

1 dn*co 
- - = k.cap*co2 - khw> A dt 

where A, nwo, k,,, and lcfcs. are catalyst 
surface area, moles of *co, and rate coeffi- 
cients of forward and backward reactions of 
step (a). 

The reaction rate expression (6) may be 
rearranged by introducing the gas flow rate 
2r, integrating and solving to give the reaction 
rate coefficient, k,, 

kc, = 4RT[l + ~Pco*/PcoN 

where the subscript 0 refers to initial con- 

ditions. 
The influence of the (pco,/pco) ratio on 

k,, for pure NO at 274”, 297*, and 353” and 
450°C is reported in Fig. 1, while Figs. 2 and 

P co 

FIG. 1. Influence of p&p~o upon the rate FIG. 3. Influence of p~&pc,, upon the rate 
coefficient of reaction (5) on pure NiO 0, 274°C; coefficient of reaction (5) on NiO + .21, 0, 
0, 297°C; 0, 353°C; A, 450°C. 350°C; 0, 374°C. 

1.0 

Pco, 

I( 

PC0 

FIG. 2. Influence of p~oJpco upon the rate coeffi- 
cient of reaction (5j on NiO f Li 0, 274°C; 0, 
297°C. 

3 present similar information for NiO + Li 
and NO + Al. In some experiments, small 
amounts (< 1% by volume) of molecular 
OS were added to the reactming CO + COz 
mixture. An inhibiting influence on the 
rate of reaction (5) was noticed for Xi0 
and NO + Al samples, while no effect 
was detected for KiO + Li. 

In analogy with Eq. (2) the rate esprcssion 
(6) was written as a first’ order equat~ion in 
pcOn and poo and surface effects which 
may modify the first’ order relation are 
included in k,, and ki,, which are conse- 
quently dependent upon PCO, and pco. The 
relation between the rate coefficient, k,,, and 
the rate constant’, k,, is expressed as 

18 I :, ! I ! ,  
01 IO IO 

pco, 
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kc, = k(pc0,/4-%0)- (8) 

where m is a constant. The values of m 
computed with the aid of Eq. (8) from 
experimental results at various temperatures 
are collected in Table 2. 

TABLE 2 
VALUES OF m [Es. (S)] FOR REACTION (5) 

CATALYZED BY NiO 

Catalyst 

NiO 

NiO + Li 

NiO + Al 

Temperature 
(“C) 

274” 
297” 
353” 
450” 
274’ 
297” 
350” 
374” 

m  

-0.12 
0.33 

-0.54 
-0.50 

0.42 
0.39 

-0.26 
-0.21 

DISCUSSION 

The significant experimental results re- 
ported in the previous section are the 
following: 

(a) In pure NiO, h-,, is influenced by in- 
creasing values of the ratio (~co,/~co) in 
three characteristic ways, namely, (i) prac- 
tically independent at 274”C, (ii) increased 
at 297”C, and (iii) decreased at 353” and 
450°C. 

(b) In NiO + Li in the temperature range 
274” to 297”C, k,, increased with increasing 
(PCO,/PCO) ratios. 

(c) In NiO + Al at temperatures 350” 
and 374”C, k,, decreased with increasing 
(PCO~/~CO) ratios. 

(d) Significant differences in the numerical 
values of k, are observed for the different 
samples at the same temperature. 

(e) Addition of O2 to the reaction mixture 
inhibited the rate of reaction (5) for NiO 
and NiO + Al, while it did not influence 
the rate on NiO + Li. 

An experimental condition underlying 
the results of the previous section and of 
fundamental importance for the present 
discussion must be emphasized at the outset. 
In the temperature range 274” to 35O”C, 
the poo,/poo ratio in equilibrium with NiO 
coexisting with metallic Ni varies between 

lo4 and 103, while the ratio actually em- 
ployed in our experiments varied approxi- 
mately between 10-l and 10. Thus, the bulk 
NiO phase was not stable in relation to bulk 
metallic Ni. 

The conditions controlling the dynamic 
stability and composition of the surface 
layer of a finely divided phase are not 
known; it is conceivable, however, to assume 
that a phase in the NiO-O2 system inter- 
mediate between NiO and metallic Ni, 
be formed and stabilized under low but 
finite ~0, at moderate temperatures. This 
thermodynamically “reduced” state of NiO 
can be visualized in various ways. Two of 
them are of particular interest since they 
are more amenable to semiquantitative 
treatment. They are 

(a) The formation of interstitial Ni defects 
in an oxygen excess, p-type NiO matrix. 
Clearly, this is unlikely to occur in the 
NiO bulk phase, because of crystallographic 
restrictions. Intuitively, however, these re- 
strictions should be greatly relaxed at the 
surface. These defects are expected to act 
as donor centers, and to increase the electron 
population of the solid. The “reduced” 
character of the solid is thus enhanced. 

(b) The formation of singly charged Ni+ 
cations at normal lattice position. If this 
takes place to a sufficient extent in the 
surface layer, a surface phase corresponding 
to the stoichiometry of N&O may be 
formed. 

There is no direct experimental support 
for the occurrence of either one of these 
conditions. Reports on the existence of 
bulk n-type NiO are contradictory (6, 7), 
and the onset of ferromagnetism in NiO 
samples reduced in various ways indicated 
the presence of minute amounts of metallic 
Ni (8). On the other hand, recent evidence 
points to the possibility of preparing oxygen- 
deficient NiO under suitable reducing con- 
ditions. However, it is conceivable that 
several intermediate states between NiO and 
metallic Ni with adsorbed 02 may be stabi- 
lized under appropriate experimental con- 
ditions, including a surface layer of NizO in 
the presence of a CO + CO2 mixture. If 
the occurrence of conditions (a) and/or 
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(b) in the samples investigated is accepted, 
it is possible to employ them to trace the 
relation between surface reactivity and 
PO, and to show that the former should vary 
in a characteristic fashion, bringing about a 
reactivity reversal of the type discovered in 
the present study (Figs. 1, 2, 3). 

Let us consider first the formation of a 
surface reduced state through condition (a). 
The thermal defect reactions* of interest and 
the corresponding equilibrium constants are 

[(N?+) J = [V&T] (medium po,) 

WI = [e-l(low PO,> 

2[(Ni”+) i] = [e-](low PO,) 

The values of the ratio a In [defect]/8 In po,, 

derived from Eqs. (9) to (17) for the various 
defects and ranges of condition (18), are 
summarized in Table 3. 

Similar deductions may be derived from 
condition (b), namely the formation of a 
reduced phase N&O. This possibility im- 
plies the presence of Ni+ cations at regular 
lattice positions and the absence of (Ni+“)+ 
In this instance, the important thermal 
defect reactions are 

(i) atomic disorder: 

VNI + vo = 0 
K9 = [VNi][VO] 

(Ni)i + VNi = 0 

KIO = [(Ni)J[VNi] 

VNi = V&T + 2e+ 

Kii = ~~+I”[~kJ/[~~i] 

(Ni)g = (Ni2+)i + 2e- 

KIZ = [e-12[ (NP) i]/[ (Ni) .J 
V0 = Vi + e- 

&3 = Wtl[e-l/W01 
V$ = Vi+ + 2e- 

KU = [Vi++] [e-l “/[Vtl 
(ii) electronic disorder: 

e+ + e- = 0 

KU = He+] 

The extrinsic disorder reactions are 

$02(g) = VNi f 00 
Klti = WXi]/&!~ 

iOdd + Wilt = O. 
KIT = [(Ni)dpg,2 

(9) 

(10) 

(11) 

02) 

(13) 

(14) 

(15) 

(16) 

(17) 

In addition, the neutrality condition is 

k-1 + W%l 
= [e+l + [WI + Wi-7 + 2[W+)d (18) 

According to the value of po2, five approxi- 
mations of condition (18) are of interest for 
the present purpose, namely, 

[e+l = 2[V&l (high ~0%) 

[V$] = 2[V&;] (medium ~0%) 

*These are formulated with the symbolism em- 
ployed by F. A. Krijger in “Chemistry of Imperfect 
Crystals,” Wiley, New York, 1964. 

2VNi + VO = 0 

Kl9 = [VKi]‘[VO] 

VNi = VGi + et 

K2u = [V&i1 [e+l/[vN il 

(1% 

(20) 

together with Eqs. (13), (14), (15), and (16). 
The neutrality condition is: 

[e-l + [VSi] = [e+l + [Kfl + 2[Vfj+] (21) 

The following limiting cases of condition 
(21) are noteworthy: 

b+l = [%il (high PO,> 

[V,i] = [Vt] (medium po,) 

k-1 = W~l(hv PO,) 

From Eqs. (13)-(15), (19), and (20) the 
values of the ratio d ln[defect]/a In PO, were 
calculated for various approximations of 
condition (21) and are summarized in 
Table 4. 

Inspection of Table 3 shows that upon 
increasing PO, (or the ratio pco,/pco) the 
ratios a In [V&l/a In po, and d In [(Ni”+)J 

TABLE 4 
VALUES OF a In [defect]/8 In PO* FROM EQS. (13)-(16), 
(19), (20) FOR VARIOUS APPROXIMATIONS OF EQ. (21) 

Approximation of Eq. (21) 

Defect [e+l = [VNi-1 [VNL-I = [vo+l [e-l = [vo+l 

[e-! 1 3 8 8 -2 

[e+l B 3 8 t 
I%1 Q 1 8 0 
WI -i -$ 1 4 
[%+I 1 8 t 0 
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TABLE 3 
VALUES OF 6 ln [defect]/8 In ps FROM EQS. (9)-(11) FOR 

VARIOUS APPROXIMATIONS OF EQ. (18) 

Approximation of Eq. (18) 

Defect [efl = 2[VN?] wo+1 - 2[VNP] [(Nit+)cl = [VNP] [vo+l = [e-l 2[(Nip+)tl = [e-j 

e- 

e+ 
v: 

Vi+ 
1 gj; 
(NP+)i 

a In po, change sign. In particular, for the 
approximation 2[V&] = [V$], [V&l decreases 
and [(Ni”+),] increases with increasing pot. 
This is contrary to what one would expect 
and it is the result of the presence of the 
double charge of one of the vacancies. This 
condition is similar to that observed in BaO. 
Similarly, Table 4 shows that the depen- 
dence of [Vii] and [Vi’] upon ~0, changes 
direction as po, is increased. In this case the 
unexpected result that [VGi] decreases and 
[Vi’] increases with increasing PO, is a con- 
sequence of the form of the Sehottky prod- 
uct in Eq. (19). This situation is analogous 
to that present in CuzO (1). 

The question may be asked whether 
generalizations for the occurrence of these 
unusual effects are possible. With the limited 
amount of information available, it seems 
that in pure ionic compounds the effects 
arise from asymmetry in the position of the 
energy levels of the controlling defects with 
respect to the valence and conduction bands. 
Consider a metal oxide, MeO, containing 
V&,, (Me2+)i, and (Me+)2 ionic defects. 
Vi, is located above the valence band at a 
distance similar to that between (Me”+)i 
levels and the conduction band. In addition, 
(Me+)a levels are present and located closer 
than (Me2+)i levels to the conduction band. 
At low temperature (or low PO,), the former 
will be the predominant defects and, ex- 
pressing the extrinsic defect equilibrium as 
g 02(g) + (Me+), = MeO(s), the well- 
known result [(Me+) J cc (~oJ-“~ is obtained. 
At high temperature, (or high po2) however, 
V,, and (Me2+)i are the stable species and 
the condition [V;,] E 2[(Me2+);] is valid. 
The extrinsic defect equilibrium is then 

written as W 02(g) + Me(s) = 00 + ZV,, 
+ (Me”+)i, giving [(Me”+);] cc pg:. In this 
range an increasing pox will increase the 
concentration of (Me2+)i, contrary to what 
one may expect and opposite to the behavior 
of the low-temperature range. At present 
the knowledge of the defect equilibrium 
constants for bulk reactions is limited. 
There is no possibility to indicate values for 
surface equilibrium constants even in an 
approximate fashion. The possibility of 
complicating factors arising from local 
electrical conditions cannot be overlooked. 
As a result, the ranges of pal which cor- 
respond to the various approximations of the 
neutrality equations (18) and (21) cannot 
as yet be predicted. Similarly, the choice 
between the two models characterized by 
conditions (a) or (b) to fit the experimental 
results can only be done on the basis of 
factual considerations. In this instance, as 
discussed below, the comparison between 
the expected and the experimental numerical 
values of m is a guide. 

The previous conclusions may be applied 
to the experimental results of the previous 
section. In the temperature range studied 
the virtual pop, in equilibrium with the NiO 
samples, varied by about 10 orders of magni- 
tude. It is suggested that as the virtual 
pan changed with the reaction temperature, 
the various ranges of validity of the neutral- 
ity equations (18) and (22) were established 
within the surface layer of the NiO samples. 

Let us consider condition (a) [formation 
of Ni2+)a defects in pure NiO] and let us 
assume that the condition of the NiO 
surface layer was such that the approxi- 
mations of the electrical neutrality equa- 
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tions (18) were established as the tempera- 
ture increased from 274” to 450°C. If we 
assume, further, that (N?+); were the 
surface defects responsible for the catalytic 
activity in reaction (5), the inversion of the 
former is readily explained. In fact, writing 
the rate-controlling step of reaction (5) as B 4 - _ 

COs(g) + (pIJiz+)i(s) --) CO(g) + NiO(s) + 2e+ “i3 

(22) = 

I , I 
0.2 IO 40 

from Table 3, approximation [(Ni”+)J = pco, 

[V&l, the rate coefficient of reaction (5) is PC0 

kc, = k,[W+)~l = k,(pdpco)O = k, FIG. 4. Influence of ~~~~~~~~ upon the rate coeffi- 
cient of reaction (5) on pure NiO at. 525°C. 

at lower temperature. As the temperature 
increased conditions for the validity of the 
approximation [V$] = [Vk:] (Table 3) were 
set up, or 

kc:, = Mpco,lPco)“3 

At still higher temperatures (approximation 
[e+] = [V&J) a ratecontrolling step 

CO?(g) + 2e-(s) ---t CO(g) + 02- (23) 

gives k,, = k, (poo,/po~)+/~. These conclu- 
sions are in satisfactory agreement with the 
results reported in Table 2 for pure NiO. On 
the basis of this interpretation the addition 
of Li to NiO extended the range of validity 
of the approximation [Vt] = [V&] to- 
ward higher PO,. This may be the conse- 
quence of higher Ni2+ levels and lower 
energy of defect formation. Assuming for 
NiO + Li samples a rate-controlling step 
similar to that postulated for pure NiO 
samples [reaction (22)], the rate coefficient 
on the former catalysts becomes k,, = 
ka (pco,lpco)“3 in fair numerical but correct 
sign agreement with the experimental results 
(Table 2). 

Al addition had the effect of decreasing 
the numerical values of m (Table 2) to 
about one-half of the values corresponding to 
pure NiO. The lower values of m can only 
be accounted for by means of the results 
from model (b) (Table 4). Al dissolution 
into NiO may be considered as a reduction 
since [e+] is decreased. In this case, it is 
suggested that direct reduction of Ni2+ to 
Nif ions takes place, and that the model 
underlying condition (b) is more appro- 
priate to describe the ionic and eIectronic 

conditions of the surface layer. It is not 
possible to offer a fundamental explanation 
for the change of models required by the 
addition of 1 mole y0 Al. Many suggestions 
and speculations may be advanced with 
little or no possibility of justifying them 
experimentally. Using the approximation 
[e+] = [Vii] for the neutrality equation (21) 
and assuming a rate-controlling step as 

COdg) + e- - CO(g) + O-(s) (24) 

one obtains an expression for the reaction 
rate coefficient, k,, = k, (~co,/~co)-‘/~ in 
good agreement with the experimental 
results (Table 2). 

In the previous discussion, the possible 
influence of isothermal changes of the ratio 
pco,/pco upon the defect structure of the 
surface has been neglected, since the range 
of ratios covered in the experiments was 
about one order of magnitude only. It is, 
however, conceivable that a reactivity 
inversion under isothermal conditions may 
take place as a consequence of vari- 
ations in the p&pco ratio only. In this 
instance, plots of log k,, versus log (~co,/~co) 

will have a maximum or a minimum. This 
behavior was indeed observed at higher 
temperatures (Fig. 4). This shows that the 
actual defect situation in the surface layer 
may become more complex than that rep- 
resented by the models (a) and (b) and that 
additional defect interactions should be 
considered. These refinements, however, 
will not add substantially to the basic 
interpretation of the reactivity reversal, 
as set forth in this paper. 
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It is instructive to compare the values of 
the rate constants, k,, among the various 
samples. These values have been calculated 
by means of Eq. (8) and are reported in 
Table 5. 

TABLE 5 
VALUES OF THE RATE CONSTANT, k,, FOR 

REACTION (5) CATALYZED BY NiO 

In& 
Catalyst 

Temypm;tture 
G-) cm* 880 atm 

NiO 274” 6.5 X lo-l4 
NiO + Li 274” 3.0 x lo-'2 
NiO 297” 9.0 x 10-13 
NiO + Li 297” 7.4 x lo-" 
NiO 350” 1.0 x lo-'2 
NiO + Al 350” 2.8 x 10-13 

Table 5 shows that the addition of Li had 
the effect of increasing the value of k, by 
about two orders of magnitude at 274°C and 
one order of magnitude at 297”C, while 
the addition of Al decreased the value of 
k, by one order of magnitude at 350°C. The 
results suggest also differences in the reac- 
tion activation energies. 

Because of the method followed in the 
derivation of the values of k, (Table 5), a 
direct influence on the latter of the electronic 
and ionic disorder of the solid is eliminated. 
In contrast to the majority of past studies 
on the effect of solid additions to the cat- 
alytic activity of NiO, the interpretation of 
the addition effect found in this study must 
be sought in more subtle phenomena than 
in the nature and extent of the change in 
the electronic and ionic disorders of Xi0 
brought about by the addition. To carry 
out this analysis results covering a larger 
range of conditions are needed. 

In the experiments covering the addition 
of molecular O2 to the reacting CO + CO2 
mixture, the reaction step 

BO2(g) + O(s) (25) 

must be considered together with reaction 
steps (5a) and (5b). The combination of 
reaction steps (5a) [or (5b)] and (25) results 
in the catalytic oxidation of CO. 

302w + CO(g) + COzk) (26) 

If under reaction conditions, the O2 equi- 
librium [reaction step (25)] is rapidly estab- 
lished in relation to the CO-CO2 equilibrium 
[reaction step (5b)], the rate of formation of 
*CO [reaction step (5a)] will be reduced by 
02 additions to the feed gases. In this in- 
stance *CO will be more rapidly oxidized 
by 02 than produced from *CO2 and the 
steady state concentration of oxygen at the 
surface during CO oxidation will be controlled 
by the02 equilibrium [step (25)] or [Oar] E 
[O(S),]. Conversely, if 02 additions will not 
influence the rate of reaction (5), the surface 
concentration of oxygen at steady state 
will be controlled by the CO-CO2 equi- 
librium, or [O(S)SS] S [O(s)(,J. The experi- 
mental results reported in the previous 
section for pure NiO and NiO + Al support 
the establishment of the first of these two 
possibilities. This conclusion is in excellent 
agreement with direct studies on the rate of 
oxidation of CO on NiO performed several 
years ago (9). These investigations showed 
that at temperatures > 200°C the rate- 
controlling step was indeed the removal 
of adsorbed oxygen by reaction with CO. 
No influence on the rate of reaction (5) by 
O2 addition was detected on NiO + Li 
samples. This would indicate that, in this 
case, the CO-CO2 equilibrium governs the 
chemical potential of adsorbed oxygen. 
However, a more direct evidence for this 
conclusion must be obtained from experi- 
ments on the rate of reaction (5) using as 
a feed gas *CO instead of *COz, as performed 
in this work. 

CONCLUSION 

The presence of an inversion in the surface 
reactivity of NiO has been demonstrated 
experimentally and traced to the operation 
of thermodynamic factors in the defect 
chemistry of the solid. Thus, under appro- 
priate conditions, the concentration of bare 
surface sites for the adsorption of 02 
increases with increasing po2. 

At first sight, this is a rather unexpected 
phenomenon. However, if the result is 
viewed under the dual role of poison and 
promoter, that adsorbed oxygen is known to 
play in catalytic oxidations, the effect is 
cast into a more familiar pattern. (Niz+)i 



REACTIVITY INVERSION IN THE NIO-02 SYSTEM 363 

ions, which at the surface may be considered 
as adsorbed X2+ ions, are the active surface 
sites at lower temperatures for the transfer 
of oxygen between CO and CO2 [Eq. (22)], 
while electrons become kinetically significant 
at higher temperatures [Eqs. (23) and (24)]. 
In both instances, the preponderant form of 
adsorbed oxygen is 02-. Li addition to NiO, 
acting as oxidizing agent, extends to higher 
temperatures the reactivity behavior of pure 
NiO, while Al addition promotes a reduction 
of Ni2+ ions at regular lattice sites. As a 
result of these effects the dependence of the 
chemical reactivity of NiO upon ~0% and 
the rate constant for the oxygen transfer 
between CO and CO2 may be controlled 
by the dissolution into the bulk phase of 
alter ions. 

These results should be viewed in the 
more general framework of the known 
inversion of physicochemical properties of 
NiO. 

Several years ago, it was shown that 
inversions in the lattice constant, density, 
electronic conductivity, and related physico- 
chemical properties take place as a fun&ion 
of Li addition to NiO (10). The inversion of 
physicochemical properties was indeed dis- 
cussed in connection with an inversion in 
catalytic behavior. At that time, the only 
catalytic property of the NiO-02 system 
available for a theoretical analysis was the 
activation energy for the oxidation of CO, a 
parameter of complex and marginal sig- 
nificance for direct interpretation. Yet, 
that early suggestion has been remarkably 
confirmed and clearly supported by the 
more sophisticated approach employed in 
this work. 

Despite the crudeness of the models 
employed in this study and the neglect of 
chemical and electrical interaction effects in 
the formulation of surface defect equilibria, 
the inversion effect discussed in this paper 
should be of general occurrence whenever 
the thermodynamic conditions during reac- 
tion induce a defective surface layer whose 
general characteristic is the asymmetric 

position of the electronic levels of the con- 
trolling solid state defect,s. 
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