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The oxidation of carbon monoxide has been studied at 30°C on a nickel oxide 
prepared by dehydration at 266°C and lo-’ torr of a pure nickel hydroxide 
[Ni0(260) 1, on a nickel oxide prepared at 259°C INiO(250) 1, and on nickel oxides 
with lithium or gallium additions CNiO(Li) (250) and NiO(Ga) (250) 1. The slowest 
step of the overall reaction, in the case of NiO(259) and NiO(Ga) (250), is the 
interaction between adsorbed oxygen and carbon monoxide, whereas, in the cass 
of NiO(200) and NiO(Li) (256), the slowest step is the interaction between CO&ids) 
ions and carbon monoxide. It is concluded that the catalytic activity in the 
oxidation of carbon monoxide, which follows the sequence NiO(200) < NiO(Li) (250) 
< NiO(Ga)(250) < NiO(256), is related rather to the surface defect structure and 
to the energy distribution of the surface adsorption sites than to the electronic 
structure of the catalysts. 

The catalytic activity of a given cata- 
lyst towards a given reaction can be cor- 
related with one of two combined aspects 
of its surface properties, the chemical 
aspect or the physical aspect. In the chem- 
ical approach, the energy and the nature of 
the bonds between chemisorbed species 
involved in the reaction and the catalyst 
surface are correlated primarily with the 
chemical nature of these species and with 
the chemical nature of the surface. On the 
catalyst surface, which is most often non- 
homogeneous, the energy of the bonds for a 
given adsorbate depends on the adsorption 
centers: ions or lattice defects of thermal 
origin or resulting from the previous history 
of the catalyst. Chemisorption of a reagent 
on a heterogeneous surface usually reveals 
the existence of a whole spectrum of sites 
of various nature and energy (the “energy 
spectrum” of the surface). 

In the physical approach, the catalytic 
activity of a semiconducting oxide is usu- 
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ally correlated with the position of the 
Fermi level, which is a collective property. 
This correlation may be studied for a given 
reaction on a series of catalysts with dif- 
ferent Fermi levels, only if the energy 
spectrum of their surfaces (their “non- 
homogeneity”) is well defined and identical. 
If this condition is not observed, both 
chemical and physical aspects may interfere 
in the activity of a given series of catalysts. 

With emphasis placed upon the role that 
the surface structure of any catalyst exerts 
on its catalytic activity, we investigated, 
by a microcalorimetric method, the room- 
temperature oxidation of carbon monoxide 
on a series of pure and doped nickel oxides 
of a very high activity, prepared at fairly 
low temperatures in order to allow a com- 
parison with active industrial catalysts 
which are never sintered. 

The work carried out at Bristol by 
Garner and his co-workers [for a review, 
see ref. (1) 1, has already shown how 
thermochemical data obtained by ad- 
sorption calorimetry can be used to deduce 
the structure of intermediates at a catalyst 
surface. The sum of the heats released or 
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absorbed during the different steps of the 
actual reaction mechanism is evidently 
equal to the heat of the noncatalyzed re- 
action at the same temperature. Experi- 
mental heats of adsorption, desorption, and 
surface interactions must be in agreement, 
therefore, with the proposed reaction 
scheme. However, the picture may be 
somewhat obscured by surface interactions 
or adsorptions which do not eventually 
yield the final react,ion product, especially 
if only integral heats of adsorption, de- 
sorption, and interaction are measured and 
compared, as in most of the earlier work. 
We therefore measured differential heats, 
which give a picture of the energy spectrum 
of the surface, and, in the following discus- 
sion, agreement between the experimental 
heats and the thermochemical data is tested 
for different surface coverages in order to 
compare the activity of different surface 
fractions. This method is used here for the 
first time not only to determine precisely 
the most probable reaction path but also to 
determine which part of the surface is 
actually active during the catalytic process 
in the formation of t,he reaction products. 

EXPERIMENTAL 

Pure nickel oxide was prepared by de- 
composition of nickel hydroxide in vacwo 
(lOmF torr) at 200°C [NiO(200) ] or 250°C 

[NO (250) ] (2). Catalysts doped by Li+ or 
Ga3+ ions were prepared by dehydration of 
a homogeneous mixture of Ni(OH) 2 and 
lithium or gallium hydroxide at 250°C in 
vacw [NiO(Li) (250) and NiO(Ga) (250)] 
(3). Different properties of the samples are 
summarized in Table 1. The composition 
of all oxides maintained under vacuum is 
close to the normal stoichiometry. However, 
NiO (200) and NO (Li) (250) show a small 
excms of oxygen whereas NiO (250) and 
NO (Ga) (250) contain metallic nickel. 
Magnetic measurements (4) have confirmed 
the chemical analysis (5). All oxides but 
NO (Ga) (250) are p-type semiconductors 
(3). The electrical conductivity of NO 
(Ga) (250) is t.oo small for precise Seebeck- 
effect measurements. 

The following doping mechanisms ac- 
count for the properties of the doped 
samples. These mechanisms have been 
discussed elsewhere (3, 6). 

(Ni:+) (Oi-) + &Liz0 --$ (Nif+Liz) (O&&;,,) 
(Nif+) (Of-) + +nGalO, + 

(NiI+;,,Ga3,+lJc.;,) (Of;,) + tnNi” + tnOdg) 

Here j-J, and iJc represent, respectively, 
an anionic and a cationic vacancy. It 
should be noted that only a small fraction 
of the doping agent is incorporated, 
probably in the surface lattice of nickel 
oxide (2 at. ‘$& Li, in the case of Li+ ions, 

TABLE 1 
PROPERTIES OF CATALYSTS 

Property NiO(ZO0) NiO(250) NiO(Li)(250) NiO(Ga)Q50) 

Composition NiO, 0.155 H,O 

Stoichiometry 0.016 at. y0 
0 (ext.) 

Electrical conductivity 
in uacuo (ohm-’ cm-l) 

at 24°C 2 10-13 
at 200°C 1.6 X 10-l” 
at 250°C - 

Apparent energy of 
activation of (&2OO”C) 
conductivity 
(kcal/mole) 

Surface area (m”/g‘, 142 f 7 

?JiO,O.llH20 

0.033 at. y0 
Ni (ext.) 

I lo-‘3 
2 x 10-10 

1.2 X 10-9 

6.2 X lo-l2 
6.1 X lO-s 
3.2 X lo-’ 

(1;:25O”C) (*E-250°C) 

156 * 7 

NiO, 0.13 H20, 
0.0475 L&O 

0.052 at. y0 
0 (ext.) 

176 f. 8 

NiO, 0.14 H,O, 
0.050 Gag03 

0.049 at. yo 
Ni (ext.) 

I 10-‘3 
2.3 X lo-l2 
4.5 x 10-n 

151 * 7 
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compared with 10 at. % Li in the initial 
mixture) (5). 

Measurements of the differential heats of 
adsorption of reagents were performed in 
a Calvet microcalorimeter with a precision 
of 2 kcal/mole (7). For each adsorption, 
small doses of gas were allowed to interact 
with the sample placed in the calorimeter 
maintained at 30°C. Electrical conduc- 
tivities were measured in a cell with 
platinum electrodes by means of a DC 
bridge (8). 

RESULTS 

The chemisorption of reagents and 
product of the reaction was followed 
calorimetrically. Init,ial heats of adsorption 
and amounts of gas adsorbed at 2 torr are 
listed in Table 2. Differential heats of ad- 
sorption as a function of coverage are 
presented, for oxygen only, in Fig. 1. Two 
adsorption sequences were also studied by 
the same method on all samples: Sequence 
I (CO, O,, CO) (Table 3) and Sequence II 
(02, CO) (Table 4 and Fig. 2). Before the 
adsorption of each successive gas, the 
catalyst was outgassed at 30°C (lOA torr) . 
During these experiments, the introduction 
of doses of gas was discontinued when the 
heat of adsorpt,ion or interaction decreased 
to small values (Fig. 2). For all gases, the 
adsorption or interaction process for the 
last doses was then very slow (more than 
24 hr) and the precision of the measure- 
ment was poor. Consequently, the adsorbed 
amounts listed in Tables 3 and 4 do not 
refer to a const.ant gas pressure. They 
indicate, however, the quantity of each gas 
which reacts readily with the surface. A 
modified Sequence II (O,, CO, 0,) was 
reinvestigated on NiO(Li) (250) and NiO 

(Ga) (250) (Fig. 3). Rates of production of 
heat in the calorimeter are compared in 
Fig. 4 for several interactions. Catalytic 
tests were carried out in the calorimeter 
by introducing doses of the mixture CO + 
l/s 0, (Fig. 5) and in a static reactor 
(catalyst weight, 50 mg; initial pressure 
of the stoichiometric mixture CO + 1/s O,, 
3 torr; liquid nitrogen trap to condense 
CO,) (Fig. 6). Electrical conductivity 
measurements are presented in the follow- 
ing section. 

DISCUSSION OF THE RESULTS 

The results of investigations of the room- 
temperature oxidation of carbon monoxide 
on NiO(200) have been presented previ- 
ously (9). They will be recalled briefly in 
this section. 

The heats of chemisorption of oxygen on 
the four samples of nickel oxide and the 
total amounts of gas adsorbed at 2 torr are 
different (Fig. 1, Table 2). These results 
cannot be correlated (i), with the electrical 
conductivity of the samples, since NiO(2OO) 
and NiO(250), which chemisorb oxygen 
differently, have identical conductivities 
(Table 1) or (ii), with the total stoichiom- 
etry of the solids, since NiO(Li) (256), 
which has the highest initial oxygen excess 
content (Table l), still chemisorbs the 
highest quantity of oxygen (Fig. 1). 

Oxygen ions are most probably adsorbed 
on the defects (unrecessed nickel ions) of 
t,he NiO surface (10). Such defects may 
exist on the surface of the pure oxide 
prepared at a fairly low temperature 
(200°C). A higher temperature of prep- 
aration of the pure oxide in vacua (25O”C), 
which increases the surface ionic mobility 
and enhances the recession of cations 

TABLE 2 
CHEMISORPTION ON NICKEL OXIDE" 

Catalysts 

Oxygen Carbon monoxide Carbon dioxide 

Q P Q Q Q P 

NiO(200) 60 2.03 42 then 29 5.0 46 then 31 9.4 

NiO(250) 80 1.9 29 6.6 29 9.7 
NiO(Li) (250) 70 2.7 22 5.0 27 13 

NiO(Ga) (250) 58 1.7 29 6.6 28 9.3 

a Q, Initial heat of adsorption (kcrtl/mole) ; q, amount adsorbed at 2 torr (ems/g). 
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94 kcol/mole Q 4 kcol/mole 

N iO(Ga) (250) 

FIG. 1. Adsorption of oxygen on nickel oxides at 30°C. 

beneath the oxygen layer, may only de- at 30°C (4). Recession of nickel ions and 
crease the number of such defects. Reces- removal of oxygen from different surface 
sion of the cations explains the small regions at 250°C explain the increased 
decrease of the amount of adsorbed oxygen heterogeneity which NiO (250) presents 
when the temperature of preparation in during the oxygen adsorption, compared to 
vacua of the pure oxide is increased from NiO (200) (Fig. 1). The existence of anionic 
200 to 250°C. However, this decrease is not vacancies on NiO(Li) (250) and of cationic 
important since, at the temperature of vacancies on NiO (Ga) (250)) both types of 
25O”C, anions leave the surface in uacuo, defects being the result of the incorporation 
forming anionic vacancies, sites for the of foreign ions (3, 6), is apparent from the 
adsorption of oxygen, and nickel metal calorimetric results of the chemisorption 
(Table 1) (4). The metal is not oxidized of oxygen (Fig. 1) since the formation of 

TABLE 3 
SEQUENCE I OF ADSORPTIONS: CO, 02, CO 

Catalyst Preadsorbed ga8 Adsorbed gas 

Initial heat 
of adsorption 

(kcal/mole) 

Total amount adsorbed 
with a heat exceeding 

6 kcsl/male 
ha/a ) 

NiO(200) - co 29 3.00 
co 02 134 2.08 
co, 0. co 6.5 1.34 

NiO(250) - co 29 4.5 
co 02 120 3.78 
co, 02 co 56 2.03 

NiO(Li)(250) - co 22 3.5 
co 02 112 4.37 
co, 02 co 64 3.00 

NiO(Ga) (250) co 29 4.5 
co 02 115 3.70 
co, 02 co 52 1.90 
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TABLE 4 
SEQUENCE II OF ADSORPTIONS: Oz. CO 

Catalyst Preadsorbed ga8 Adsorbed gas 

Initial heat 
of adsorption 
(kcal/mole) 

Total amount adsorbed 
with a heat exceeding 

6 kcal/mole 
ha/g) 

NiO(200) - 02 60 2.03 
O? co 76 4.98 

NiO(250) - 02 80 1.90 
02 co 72 4.70 

NiO(Li)(%O) - 02 70 2.74 
02 co 68 5.14 

NiO(Ca) (250) 02 58 1.70 
02 co 73 4.50 

these surface defects should, as may be 
observed on Fig. 1, increase the adsorption 
capacity for oxygen in the case of anionic 
vacancies and, conversely, decrease it in 
the case of cationic vacancies. The chemi- 
sorption of oxygen may, therefore, be cor- 
related on all samples with the structure 
of the oxide surface (6). 

The modification of the surface structure 
of the NiO catalysts influences less the 
chemisorption of carbon monoxide or 
carbon dioxide. A few differences, however, 
are noted (Table 2). Chemisorption of the 
first doses of carbon monoxide or carbon 
dioxide releases on NiO(200) a high heat 
which is not obtained on nickel oxides 
prepared at 250°C. This heat results from 
the interaction of these gases with oxygen 
ions on NiO(200) which are removed from 
the surface in vacuum at 25O’C (II). 
Incorporation of lithium ions enhances the 
chemisorption of carbon dioxide and de- 
creases the adsorption capacity for carbon 
monoxide. Discussion of these results, which 
shows that they are again related to the 
structure of the nickel oxide surface, is 
presented separately (19). 

The calorimetric measurements give clear 
evidence of the different surface inter- 
actions (Tables 3 and 4) since the heats 
of adsorption of a gas chemisorbed on a 
surface precovered by other reagents are 
very different from those obtained on the 
pure surface (Table 2). As noted earlier 
in the text, the amounts of adsorbed gas 
listed in Tables 3 and 4 do not refer to a 

constant gas pressure but they indicate the 
quantity of each gas which reacts readily 
with the surface with the production of 
heats exceeding 6 to 8 kcal/mole. Mecha- 
nisms of interaction may be determined 
from the calorimetric data through the use 
of thermochemical cycles (IS). 

During the adsorption of oxygen on the 
CO-precovered surfaces (Sequence I), the 
electrical conductivity of all samples in- 
creases [e.g., from 6.2 X lo-l2 to 2.4 X 
lo-? ohm-l cm-l in the case of NiO(Li) 
(250)]. During the second adsorption of 
carbon monoxide, the conductivity de- 
creases [to 9 X 1O-9 ohm-l cm-l, in the case 
of NiO (Li) (256) 1. This evolution has been 
related, in the case of NiO(200) (9, 13), 
to the intermediate formation of COa-(ads) 
ions and to their subsequent partial con- 
version by carbon monoxide to form carbon 
dioxide which was actually detected in the 
cold trap. It must also be recalled that 
C09-(ads) ions formed on the most active 
sites of the NiO(200) surface, with the 
production of 134 kcal/mole (Table 3)) do 
not react with carbon monoxide to form 
either adsorbed or gaseous carbon dioxide 
(9, 19). These ions inhibit the most active 
surface sites. The similarity of the heats 
recorded during the adsorption of oxygen 
on the four CO-precovered oxides (Table 
3) suggests that, in all cases, COa-(ads) 
ions are formed. Moreover, since the 
electrical conductivity of none of the samples 
decreases to its initial value during the 
second adsorption of carbon monoxide, some 
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ions, which can only be CO,-(ads) ions, 
still remain on the surface of all oxides 
at the end of Sequence I. It must be noted 
also, from Table 3, that the quantity of 
carbon monoxide (second adsorption) , ad- 
sorbed on the solids treated previously by 
carbon monoxide and oxygen, and con- 
taining therefore CO,-(ads) ions, is not 
large enough to react with all complex ions 
formed on their surface. It appears that on 
all oxides a fraction of CO,-(ads) ions does 
not react with carbon monoxide to yield 
carbon dioxide and remains undecomposed. 
It is reasonable to assume that in all cases, 
as was demonstrated in the case of NiO 
(200) (13)) nonreactive CO,- (ads) ions are 
located on the most reactive surface sites 
and are consequently formed with the 
production of high heats [134 to 115 kcal/ 
mole in the case of NiO (200) 1. 

The total quantit,y of CO,-(ads) ions is 
determined by the amount of oxygen which 
reacts with the CO-precovered surface with 
the production of heats exceeding the heat 
of adsorption of oxygen on the fresh oxides. 
For instance, although 3.78 cm3 0,/g is 
adsorbed readily on the surface of NiO 
(250) containing preadsorbed carbon mon- 
oxide (Table 3), only a fraction (3 cm3 
OJg) of this total amount is adsorbed with 
the production of heats exceeding 80 kcal/ 
mole (Table 2). This fraction only is con- 
sidered as transformed into CO,-(ads) ions. 
It must be noted that the quantity of pre- 
adsorbed carbon monoxide (4.5 cm3 CO/g, 
Table 3) exceeds the amount required by 
the stoichiometry of Eq. [2] to react with 
this fraction of adsorbed oxygen (3 cm3 
OJg) to yield CO,-(ads) ions. Similarly, 
carbon monoxide is assumed to react with 
CO,-(ads) ions (second adsorption of CO), 
when its adsorption produces heats exceed- 
ing that of the adsorption of carbon mon- 
oxide on the fresh surface [29 kcal/mole 
in the case of NiO (250)) Table 21. A 
quantity of 2 cm3 CO/g is thus reacting 
in the case of NiO (250). Since in this case 
3 cm3 0,/g is transformed into CO,-(ads) 
ions and since 2 cm3 CO/g only reacts 
subsequently with these complex ions to 
form carbon dioxide, it is concluded from 
the stoichiometry of Eq. 131 (Table 5) that 

a fraction of CO,-(ads) ions corresponding 
to 1 cm3 0,/g remains on the surface of 
NiO (250). This determination is only ap- 
proximate but its inaccuracy does not 
detract from the validity of the following 
discussion. 

Thermochemical cycles may be used to 
confirm the formation and to verify the 
subsequent decomposition of reactive C03- 
(ads) ions (Tables 5 and 6). All heats in 
the cycles are expressed in kcal/mole and 
the numbers in parentheses indicate the 
corresponding surface coverages expressed 
in cm3/g. The cycles are tested first 
(column a) at the lowest surface coverage 
for which conversion of CO,-(ads) ions by 
carbon monoxide to form carbon dioxide 
becomes probable (1 cm3 OJg, Eq. [2], 
Tables 5 and 6, in the case of NiO(250) 
for instance). It is assumed, in each case, 
that the first doses of a gas interact with 
preadsorbed reactive species located on the 
most energetic sites. For instance, it is 
assumed that when oxygen contacts the 
CO-precovered samples (Eq. [2]), it re- 
acts first with carbon monoxide species 
adsorbed (Eq. [ 11) on the most reactive 
surface sites. Adsorption of oxygen on 
samples containing limited amounts of pre- 
adsorbed carbon monoxide have shown 
indeed that this assumption is correct. The 
cycles (Tables 5 and 6) are tested also 
for a higher coverage of the surface by 
adsorbed species (column 5). In the case 
of NiO(250), for instance, the heat of 
adsorption of carbon monoxide which is 
then used in the calculation (Eq. [ 11) was 
measured when the surface coverage by this 
gas was 2.25 cm3/g. The corresponding 
heat for oxygen adsorption (108 kcal/ 
mole) was determined for a surface cover- 
age by this gas (2.25 cm”/g) in agreement 
with the stoichiometry of the proposed 
interaction (Eq. [27). The heat for the 
second adsorption of carbon monoxide on 
NiO(250) (30 kcal/mole, Tables 5 and 6) 
was evaluated for a surface coverage by 
this gas (1.25 cm3 CO/g) in agreement 
with the quantity of reactive C03-(ads) 
ions adsorbed on the catalyst after the inter- 
action of oxygen (2.25 cm3 OJg) with 
preadsorbed carbon monoxide (2.25 cm3 
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A kca!/mole kcal/mole 

FIG. 2. Adsorption of carbon monoxide at 30°C on nickel oxides precovered by oxygen. 

CO/g) and also in agreement with the stoi- 
chiometry of Eq. [3]. The interaction of 
this amount of carbon monoxide (1.25 cm3 
CO/g) with CO,-(ads) ions produces 2.56 
cm3 of carbon dioxide per gram of NiO 
(250) (Eq. I31 ). A ccordingly, the heat of 
desorption of carbon dioxide which appears 
in Cycle 2 (Table 6) is equal, in absolute 
value, to the heat of adsorption of carbon 
dioxide on NiO(250) for the same surface 
coverage (2.50 cm3 COJg). It has been 
shown already (15) that the heat of 
adsorption of carbon dioxide is not much 
modified by the presence of preadsorbed 
ions. The heat of the homogeneous process 
being 68 kcal/mole (14)) Cycle 1 (Table 
5) is not balanced for low coverages of the 
surface of NiO(250) (a) but it is balanced 
for higher coverages (5). The same method 
is applied to test all thermochemical cycles 
presented in this article. 

Cycle 1 (Table 5) tests the formation 
of gaseous carbon dioxide at the end of 
Sequence I (see Table 3) and Cycle 2 
(Table 6) the formation of adsorbed carbon 
dioxide for the same sequence. On all 
samples, CO,- (ads) ions are formed through 
interaction [2] and their subsequent con- 
version by carbon monoxide yields carbon 
dioxide. On active sites, carbon dioxide 
remains adsorbed (Cycle 2, column a is 
balanced in all cases) and acts as an 

inhibitor for further adsorptions and inter- 
actions. On less active sites, carbon dioxide 
is desorbed to the gas phase (Cycle 1, 
column 5) and, in all cases, it is detected 
in the cold trap. Therefore interactions 
[l], [2], and [3] of Sequence I (Tables 
5 and 6) are the intermediate steps of a 
possible reaction mechanism (Mechanism 
I) on all catalysts. On all catalysts also, 
the most active sites are inhibited either 
by nonreactive CO,-(ads) ions or by ad- 
sorbed carbon dioxide. 

The chemisorption of oxygen on the 
fresh surface (Sequence II, Table 4) in- 
creases the electrical conductivity of all 
samples [e.g., from 6.2 X lo-l2 to 1.8 X 10e6 
ohm-l cm-l in the case of NiO(Li) (250)]. 
The subsequent adsorption of carbon 
monoxide (Table 4, Fig. 2) yields neutral 
species since it decreases the electrical 
conductivity of all samples to its low initial 
value (Table 1). The neutral species is 
carbon dioxide since, for all oxides prepared 
at 25OY.7, carbon dioxide is indeed con- 
densed in the cold trap. In the case of NiO 
(260), it was shown previously that CO* 
(ads) is the only species formed under these 
conditions (9, 1.9). During Sequence II, 
formation of carbon dioxide may be 
achieved either through the intermediate 
formation of CO,-(ads) ions 
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2 O-(ads) + CO(g) + 2 NP+ --+ 
C03-(ads) + Ni*+ + Ni3+ [S] 

followed by interaction [3], or, directly, 

O-(ads) + CO(g) + Ni3+ -+ COz + Ni2+ [7] 

It must be noted that interaction [7] is 
equivalent to half the sum of interactions 
[6] and [3]. Interaction [7] does not, 
therefore, completely preclude the inter- 
mediate formation of COa-(ads) ions but 
it means only that these complex ions, if 
they are formed, are not detected by the 
microcalorimetric technique that we used. 
Conversely, interaction [6] may be 
verified from the calorimetric data when 
the reactivity of the intermediate CO,- 
(ads) ions towards carbon monoxide (Eq. 
[3]) is low, i.e., when they are not im- 
mediately converted by carbon monoxide 
into gaseous or adsorbed carbon dioxide. 
Moreover, even in the latter case, the 
existence of CO,-(ads) ions may be as- 
certained only if the amount of carbon 
monoxide contacting the oxygen-precovered 
sample is small compared with the quantity 
of preadsorbed oxygen, since any excess of 
carbon monoxide may react with the 
complex ions, converting them into carbon 
dioxide. 

Thermochemical cycles were used to test 
separately both hypotheses (Eqs. [6] and 
[ 71) . The possibility of the direct formation 
of adsorbed or gaseous carbon dioxide, 
through interaction [7], is verified in Cycle 
3 (Table 7) and Cycle 4 (Table 8). On 
NiO (200) and NiO(Li) (250)) all carbon 
dioxide molecules formed according to this 
interaction remain adsorbed, Cycle 3 
(Table 7) being balanced for a low (a) or 
high (5) surface coverage. Gaseous carbon 
dioxide, however, may be formed on NiO 
(250) and NiO(Ga) (250) when the cover- 
age of their surface by reacting species is 
high (column b, Cycle 4, Table 8). These 
conclusions are derived from the com- 
parison of the heat of the homogeneous 
combustion of carbon monoxide (68 kcal/ 
mole) with the heats calculated for the 
same process in Cycle 3 (adsorbed CO,, 
Table 7) and Cycle 4 (gaseous CO?, 
Table 8). 

Inhibition of the catalytic oxidation of 

carbon monoxide at room temperature by 
adsorbed carbon dioxide is thus confirmed 
since interaction [7] yields adsorbed carbon 
dioxide on the most reactive sites of all 
catalysts, and even on the low activity 
sites of NiO(200) and NiO(Li) (256). 
Interaction [ 71 yields, however, gaseous 
carbon dioxide on the low-energy sites of 
the NiO(250) and NiO(Ga) (250) surfaces. 
This interaction may therefore be con- 
sidered also as an intermediate step of the 
catalytic reaction on these catalysts. Thus, 
in addition to Mechanism I, there appears 
the possibility of a second reaction mecha- 
nism (Mechanism II) in which formation 
of COJ-(ads) ions, through interaction [2], 
is no longer a necessary intermediate step. 

The complex ions may also be formed 
through interaction [6], which is tested in 
Cycle 5 (Table 9) by assuming that if they 
are formed these complex ions must be 
identical to CO,- (ads) ions created during 
interaction [2] in Sequence I. The data of 
Table 9 show that the formation of the 
CO,- (ads) complex through interaction [ 61 
is indeed possible for a low coverage of 
NiO(250) and for low and high coverages 
of NiO (Li) (250). Formation of CO,- (ads) 
ions is precluded for any surface coverage 
of the two other catalysts. These con- 
clusions are deduced from the comparison 
of the experimental heats of the adsorption 
of carbon monoxide and those calculated 
from Cycle 5 (sum of int’eractions [5], [ 61, 
and [2]). 

Let us consider first the case of NiO 
(250). It may be observed that the for- 
mation of COs-(ads) ions through inter- 
action [ 61 is possible only on a small number 
of high-energy sites (low coverage, a, Table 
9; heat of the oxygen adsorption, 86 kcal/ 
mole; Fig. 1), which are probably anionic 
vacancies (3). Formation of CO,- (ads) ions 
on these sites of the NiO(250) surface, 
through interaction [2], has already been 
demonstrated. The possibility of the 
formation of the complex ions through 
interaction [6] therefore does not change 
the previous conclusions concerning the 
occurrence of Mechanism I on this catalyst. 
But for a high coverage (low-energy sites) 
of the same catalyst, the direct formation 
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NiO &if (250) 

kcat/mo’e adsorption of 

0 1 2 cmyg 

Q kcal/mole 

t 
adsorption of 0, 

N i0 (Gal (250) 

Qt 
kcal/mole 

adsorption of CO 

60 

40 

20 

Km- 
2 cm3/g 0 1 

Q kca(/mole 

t 

FIG. 3. Successive adsorptions at 30°C of carbon monoxide and then of oxygen on nickel oxides precovered 
by oxygen. 

of gaseous carbon dioxide (interaction [ 71) 
becomes probable and the possibility of 
another reaction path appears, as seen 
previously (Mechanism II). 

In the case of NiO (Li) (250)) interaction 
[7] should result in the formation of ad- 
sorbed carbon dioxide exclusively. This con- 
clusion deduced from Cycle 3 (Table 7) is 
in disagreement with the experimental 
evidence since gaseous carbon dioxide is 
found in the cold trap after the interaction 
of carbon monoxide with the oxygen-pre- 
covered surface (Sequence II). Cycle 5 
(Table 9), however, is also balanced. The 
possibility of the formation of COJ-(ads) 
ions through interaction [6] and of their 
subsequent conversion into carbon dioxide 
by excess carbon monoxide must be there- 
fore envisaged. The corresponding reaction 
mechanism is similar to Mechanism I. Be- 
cause of the uncertainty of the thermo- 
chemical cycles in this case, a careful 
examination of the conditions of format,ion 
of CO,-(ads) ions is required. 

The formation of relatively stable CO,- 
(ads) ions through interaction [6] should 
release adsorption sites, whereas the direct 
formation of adsorbed carbon dioxide 

through interaction [7] clearly does not 
release adsorption sites. The presence or 
absence of free adsorption sites on the NiO 
(Li) (250) surface during the interaction of 
carbon monoxide with preadsorbed oxygen 
was verified by the following experiments. 
Oxygen (2.6 cm3 OJg) was first adsorbed 
on a sample of NiO(Li) (250) as at the 
beginning of Sequence II. A limited amount 
of carbon monoxide (2.2 cm3 CO/g) was 
then -allowed to react with the oxygen-pre- 
covered surface (Fig. 3). Oxygen was then 
adsorbed again on the sample. The initial 
heat of the second adsorption of oxygen (48 
kcal/mole) (Fig. 3) is in good agreement 
with the heat which is measured during the 
adsorption of oxygen on the freshly pre- 
pared sample (Fig. 1) for the same surface 
coverage by ionic species [1.5 cm3 0,/g, 
since 0.4 cm3 0,/g remains unaltered and 
since the coverage by CO,-(ads) produced 
by the reaction of 2.2 cm3 CO/g is con- 
sidered equivalent to 1.1 cm3 0*/g]. It is 
concluded from these experiments that at 
the beginning of the interaction of carbon 
monoxide with oxygen preadsorbed on NiO 
(Li) (250)) free sites are released on the 
surface and that, consequently, this inter- 
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o NiO(250) 

x NiO (GaH2501 

b 
0 40 80 120 160 timo(mn) 

FIG. 4. Rates of production of heat in the calorimeter for interaction [3] (see tables) and for interaction 171 
(see Table 7) on the surface of NiO(250) and NiO(Ga) (250). 

action produces relatively stable CO,-( ads) 
ions (interaction [6] ) . 

(ads) ions may be formed through inter- 
action [ 61: 

The same experiments were repeated, for 
comparative purposes, on a sample of NiO 
(Ga) (250)) since it has been shown 
previously that interaction [6] is precluded 
on this catalyst. In this case, the initial 
heat of the second adsorption of oxygen 
on the sample previously treated by oxygen 
and then by a limited quantity of carbon 
monoxide (1.6 cm3 CO/g) is 70 kcal/mole 
(Fig. 3). This value, which exceeds even 
the initial heat of adsorption of oxygen on 
the freshly prepared sample (Fig. l), can- 
not be explained by the adsorption of 
oxygen on free sites. It is close, however, 
to the heat released by the interaction of 
oxygen with a COz-precovered nickel oxide 
(83 kcal/mole) (19). This result may be 
considered as a further proof of the direct 
formation of carbon dioxide (interaction 
[ 71) on the surface of NiO (Ga) (250) 
during Sequence II. 

Finally, it appears from these results 
that only one reaction mechanism is prob- 
able on NiO(200) (Mechanism I) : 

CO(g) + CO(ads) 
CO(ads) + O,(g) + Ni2+ --f COs-(ads) + Ni3” ii]1 

CO,-(ads) + CO(g) + Ni3+ --f 2 CO&) + Ni*+ 131 

The same mechanism is also probable on 
the surface of NiO(Li) (250) but, in ad- 
dition to reaction [Z], the complex CO,- 

2 0-(ads) + CO(g) + 2 Ni3+ --) 
CO,-(ads) + Ni3+ + Nit+ [6] 

Calorimetric curves (heat evolved versus 
time) of the type of Fig. 4 indicate that, 
on NiO (200) and NiO (Li) (250), conversion 
of CO, (ads) ions by carbon monoxide 
(Eq. [3] ) is a much slower process than 
interaction [2], A kinetic study of the re- 
action on both catalysts has demonstrated 
moreover that the reaction rate does not 
depend on pco (9, 16). Interaction [3] may 
therefore be considered as the slowest step 
of the catalytic reaction in the case of NiO 
(Li) (250)) as was already demonstrated 
in the case of NiO (200) (9). 

On NiO (250) and NiO (Ga) (2%)) two 
reaction paths are possible simultaneously: 
Mechanism I, as previously in the case of 
NiO (200) and NiO (Li) (250)) and also the 
direct formation of gaseous carbon dioxide 
(Eq. [ 71) (Mechanism II) : 

+ OS(g) + Ni2f --f O-(ads) + Nia+ 
O-(ads) + CO(g) + NiS+ + CO*(g) + Ni*+ 

[5] 
[7] 

In order to determine which mechanism 
actually governs the catalytic reaction on 
NiO(250) and NiO(Ga) (250)) it is neces- 
sary to compare the rates of the slowest 
steps of both mechanisms. 

As in the case of NiO(200) (9) and 
NiO (Li) (250), calorimetric experiments 
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show that on the surface of NiO(250) and 
NiO(Ga) (250) formation of CO,-(ads) ions 
(Eq. [2]) and adsorption of oxygen (Eq. 
[5]) are fast processes. Interactions [l], 
[3], and ]7] are slower processes. There- 
fort the slowest st,ep of Mechanism II may 
be only interaction [7]. 

Moreover, kinetic results (Ifi) have shown 
that on NiO(250) and NiO(Ga) (250), as 
previously in the case of NiO (200) (9)) the 
reaction rate does not depend on pco. 
Adsorption of carbon monoxide on NiO 
(250) and NiO(Ga) (250) is not the slowest 
step of the reaction on these catalysts. 
Thus, the slowest step of Mechanism I, 
if this mechanism, instead of Mechanism II, 
governs the catalytic reaction on NiO(250) 
and NiO(Ga) (25O), could only be inter- 
action [3]. The same limiting step was 
proposed previously for the reaction on NiO 
(200) (9) and on NiO (Li) (250). The rates 
of production of heat during interactions 
[3] and [7], which are the slowest steps, 
respectively, of Mechanisms I and II, are 
compared in Fig. 4 for NiO(250) and NiO 
(Ga) (250). This figure shows that inter- 
action [7] is faster. It therefore governs 
the catalytic reaction and, on both cata- 
lysts, Mechanism II prevails. 

The catalytic reaction itself was also 
studied calorimetrically by introducing suc- 

l NiO(200) 

t 
%S o NiO(250) 

cessive doses of the stoichiometric reaction 
mixture to the catalyst in the calorimeter 
(13). Rates of production of heat for several 
doses are plotted in Fig. 5. On all catalysts, 
the rate decreases when an increasing 
amount of mixture has reacted (curves A 
to C, Fig. 5). This confirms that carbon 
dioxide inhibits the catalys& (9). Curves 
C (Fig. 5) represent in all cases a steady 
value of the activit,y. The activity decreases 
in the order: 

NiO(250) 2 NiO(Ga)(250) > 
NiO(Li)(250) > NiO(200) 

The differences in activity are not cor- 
related exclusively with different poisoning 
effects by adsorbed carbon dioxide since 
the same sequence of activities is evident 
also from curves ,4 (Fig. 5), which were 
obtained during the first introductions of 
reaction mixture, i.e., when the surface is 
not yet inhibited by carbon dioxide. A test 
carried out in a static reactor confirms the 
sequence of activities (Fig. 6). NiO(250) 
and NiO(Ga) (250), on which Mechanism 
II prevails, are the most active catalysts, 
whereas Mechanism I, the only mechanism 
which is probable on NiO(Li) (250) and 
NiO(200), appears to be responsible for a 
decreased catalyt,ic activity. 

x NiO (Ga)(250) 
A NiO (Li) (250) 

25 

0 20 40 60 80 -TG---+ time(mn) 

FIG. 5. Rates of production of heat during the reaction of doses of the stoichiometric mixture (CO + 3 0,) 
on the different nickel oxide samples at 30°C. Dose A of mixture after conversion of 3 cm3 of reaction mixture 
per gram of catalyst; dose B after conversion of 7 cm 3; dose C after conversion of 20 cm* (steady state). 
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l NiO(200) 

of reaction o NiO(250) 

A NiO (Li) (250) 

x NiO(Gcd(250) 

4 

Fro. 6. Kinetic curves for the oxidation of carbon monoxide at 30°C on four catalysts in a static mactor. 

CONCLUSIONS 

It is of interest to compare these results 
with those obtained by Dell and Stone (17) 
in a study of the chemisorption and of the 
interactions of gases, at 2O”C, on the sur- 
face of nickel oxide samples prepared by 
the partial oxidation of finely divided 
nickel metal at 300°C. Oxygen is chemi- 
sorbed in a very similar way on the metal- 
supported nickel oxide and on the samples 
prepared in this work from the hydroxide, 
although chemisorption of carbon monoxide 
and carbon dioxide occurs to a larger ex- 
tent on our samples than on the metal- 
supported oxide. Interaction of oxygen with 
preadsorbed carbon monoxide yields, in 
both cases, a CO, complex (Eq. [2]). 
Reactivity towards carbon monoxide of the 
CO, complex formed on the metal-sup- 
ported nickel oxide is either nil or very 
small. On our samples, however, reactivity 
of the similar complex is observed, but, 
from the analysis of the calorimetric data, 
it has been shown that the reactivity of 
this complex depends on its energy of for- 
mation. Indeed, a fraction of these complex 
ions formed, for instance, on NiO(200) is 
not active towards carbon monoxide (IS), 
and, as in the case of the metal-supported 
samples, this fraction inhibits the oxide 
surface. It has been postulated that on 
NiO(200) the most active surface sites, on 

which nonreactive CO,- ions are most prob- 
ably adsorbed, are exposed nickel ions 
(15). It is likely, therefore, that on the 
metal-supported nickel oxides prepared by 
Dell and Stone active surface nickel ions 
are in a protruding position. The interac- 
tion between preadsorbed oxygen and car- 
bon monoxide, which on the metal-sup- 
ported nickel oxide again yields exclusively 
the CO, complex, produces on our samples 
either a similar complex or carbon dioxide 
(gaseous or adsorbed) (Eqs. [6] and [ 71) , 
depending on the energy of the adsorption 
of oxygen (Tables 7, 8, and 9). Since the 
formation of the complex ions during inter- 
action [6] has been related, in our case, 
to the chemisorption of oxygen on anionic 
vacancies [case of NiO(250) and NiO(Li) 
(250) ] (6)) it may be deduced that anionic 
vacancies also exist on the surface of the 
metal-supported nickel oxides studied by 
Dell and Stone (17). Moreover, it is rea- 
sonable to assume that exposed nickel ions 
and anionic vacancies may coexist on a 
nickel oxide surface. It may be inferred, 
therefore, that the surface of the catalyst 
used in the study of ref. (17) was not only 
stripped of excess oxygen either by desorp- 
tion or, more probably, by incorporation, 
during the outgassing treatment at 380°C 
in vacua which was carried out before the 
chemisorption experiments, but that it ac- 
tually became oxygen-deficient. If this was 
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the case, one should expect t,he remaining 
surface lattice oxygen ions to be strongly 
coordinated. This would then explain, as 
suggested by Stone (18)) the differences 
between the chemisorption of carbon mon- 
oxide and carbon dioxide on the samples 
prepared either by oxidation of t,he metal 
or by dehydration of the hydroxide, since 
strongly coordinated surface oxygen ions 
would present a small affinity towards car- 
bon monoxide or carbon dioxide ; whereas 
interactions between these gases and sur- 
face oxygen ions do occur on our samples, 
as shown by isot,opic exchange experiments 
conducted at room temperature (19, 20). 
Surface oxygen anions on our samples are, 
however, still too strongly coordinated to 
oxidize carbon monoxide to carbon dioxide 
at room temperature and they do not take 
part in the catalytic combustion of carbon 
monoxide at 30°C (20). 

Finally, it must be noted that the cata- 
lytic activity of nickel oxides prepared by 
the low-temperature dehydration in vacua 
of the hydroxide is not related to their 
initial electrical conductivity since, in par- 
ticular, NiO(2OO) and NiO(250)) which 
present the largest difference in activity, 
have the same electrical properties. It is 
not related either to the total stoichiometry 
of the samples since the stoichiometries of 
NiO (Li) (250) and NiO (Ga) (250) are very 
different (Table 1) but t,heir catalytic ac- 
tivities are similar. Changes of activity 
may be correlated, from our calorimetric 
data, with the occurrence of two reaction 
mechanisms (I and II). This rules out any 
simple correlation between the catalytic 
activit,y and the electronic structure of 
the four catalysts. Mechanism I, which 
includes the intermediate format’ion of 
CO,-(ads) ions, is possible on all four cata- 
lysts but operates actually on NiO(200) 
and NiO(Li) (250). The probability of 
Mechanism II, which is faster than Mech- 
anism I, may be related to the energy of 
the bond between adsorbed oxygen and 
surface nickel ions. 

As is evident from Fig. 1, the energy 
distribution of the bonds between adsorbed 
oxygen and surface nickel ions varies with 
the mode of preparation of the catalysts 

and with t’heir composition. The decrease 
of the bond energy which is observed on 
a fraction of the NiO(250) surface com- 
pared with the NiO(200) surface probably 
results from the recession of nickel ions due 
to a higher temperature of preparation 
(15). This decrease is responsible for the 
change of reaction mechanism from Mech- 
anism I to Mechanism II, since less 
strongly bound oxygen ions on NiO(250) 
present a greater reactivity towards carbon 
monoxide and since gaseous carbon dioxide 
is directly produced by this interaction 
(Mechanism II). On the contrary, the 
same interaction on the unrecessed nickel 
ions of the NiO(200) surface produces ad- 
sorbed carbon dioxide exclusively, which 
inhibits the catalyst, and the reaction 
mechanism necessitates the intermediate 
formation of a CO,-(ads) complex (Mech- 
anism I). 

As a result of the incorporation in uucuo 
of lit,hium ions, it has already been shown 
that the bond energy between adsorbed 
oxygen and the surface of the nickel oxide 
increases (Fig. 1) (3, 6). The surface prop- 
erties of the lithiated nickel oxide have 
been explained by an increased number of . . 
amomc vacancies. When oxygen is ad- 
sorbed on these high-energy sites, it has a 
small reactivity and, therefore, Mechanism 
I controls again t,he catalytic reaction on 
NiO (Li) (250) . 

Incorporat,ion of gallium ions into the 
surface lattice layers of nickel oxide in 
~acuo at 250°C decreases the affinity of 
the solid towards oxygen because cationic 
vacancies are formed which are inactive 
towards this gas and because recession of 
surface cations decreases the energy of 
adsorption of oxygen (6). On NiO(Ga) 
(250), as on NiO(250), Mechanism II 
therefore presents a lower energy barrier 
than Mechanism I and a greater prob- 
ability. 

Finally, it appears that when oxygen is 
adsorbed on anionic vacancies (high-energy 
sites) (6)) interaction with carbon monox- 
ide yields the int,ermediate CO,-(ads) ions. 
On medium-energy sites, the same interac- 
tion produces adsorbed carbon dioxide. On 
low-energy sites, which arc probably par- 
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tially recessed nickel ions (15), desorption 
of carbon dioxide occurs. It therefore seems 
that the catalytic activity of highly divided 
nickel oxides is better explained by local 
surface properties than by collective or 
average properties. 
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