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The decomposition of nitrous oxide on pure and doped cupric oxide with ions
of lower and higher valency was studied in detail. The heat treatment of cupric
oxide between 550-800°C resulted in about 14 kcal increase of the activation energy.
The building-in of ions of higher valency increased to a marked extent the activa-
tion energy, whereas the incorporation of lower valency ions decreased the activa-
tion energy to a lesser extent. According to the present conductivity measurements,
cupric oxide—in contrast with earlier observations—proved to be a defect con-
ductor. The kinetics of the decomposition of N:O can be interpreted on the basis

of this type of conductivity.

INTRODUCTION

From investigations of correlations be-
tween the electric structure and catalytic
efficiency of semiconductor catalysts, it ap-
peared that the electron and defect elec-
tron concentrations, respectively, control-
ling the rate and the activation energy of
the reaction, are only favorable for a proc-
ess on a determined level. These concen-
trations may be varied by doping and, in
the case of p- or n-type conductors, the
catalytic activity frequently changes un-
equivocally.

Present investigations aimed to study
the correlations between the catalytic ac-
tivity and the electric properties of the
t-type (intrinsic) conducting cupric oxide.
The decomposition of nitrous oxide was
chosen as a model reaction.

Earlier investigations proved that cuprie
oxide is an effective catalyst for the de-
composition of nitrous oxide. The energy
of activation of the reaction was deter-

*Part of this paper was presented at the
Symposium of Hungarian Chemists held in
Szeged, October 1959. Preliminary report, in
Hungarian, published in Magyar Kém. Folyédirat
66, 278 (1960).

mined by Schwab and Staeger (1) who
also discussed in detail the retarding effect
of oxygen. Amphlett (2) studied the reac-
tion on the surface of cupric oxide pre-
viously saturated with oxygen. In contrast
to these authors, Schmid and Keller (3)
did not observe any retarding effect of
oxygen. An interesting result was noticed
by Cremer and Marschall (4), when they
pointed out that by raising the tempera-
ture of the heat treatment of cupric oxide
from 450° to 750°C, the energy of activa-
tion increases about 30 keal. Schwab and
Schultes (5) have found practically the
same value for the energy of activation at
catalysts pretreated at 450° and 630°C.
Riendcker and Horn (6) studied the re-
action of cupric oxide pellets pressed under
various pressures, and they found that
both the reaction rate and the energy of
activation greatly depend on pressure.
According to Wagner and his co-workers
(7), the conductivity of cupric oxide be-
tween 800°-1000°C is independent of the
oxygen pressure. Thus they classified cupric
oxide as an i-type conductor. According to
later observations (8), at low temperatures
(500°C), the conductivity changes with
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oxygen pressure. Hauffe und Grunewald
(9) asserted that the conductivity is in-
creased by doping either with lithium or
with chromic oxides, and this seems to
support also the ¢-type conductor char-
acteristics.

The scattered investigations performed
by Hauffe et al. (10) did not result in un-
equivocal results about the correlations be-
tween the electric structure and catalytic
activity of cupric oxide, probably owing
to the inadequate experimental technique.
It seemed, therefore, worthwhile to study
the cupric oxide-nitrous oxide system in
detail; we also investigated the effect of
sintering temperature, the different meth-
ods of preparation, the conditions of pre-
treatment, and the retarding effect of oxy-
gen.

EXPERIMENTAL PROCEDURE

Apparatus

Kinetic measurements were carried out
in an apparatus, suggested by several au-
thors and modified by us to some extent.
It operates on the thermosyphon prin-
ciple. The apparatus is shown in Fig. 1.

Fic. 1. Experimental apparatus.

One side of a rectangular-shaped reaction
vessel (A) containing the catalyst was
heated up to the required temperature in
an electric oven, at the same time the op-
posite side (B) was kept at constant room
temperature in a thermostat. Tablets of
the catalyst were placed in a platinum
basket (C) and pushed from below to the
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middle of the heated side with aid of the
ground-glass joint (D). The thermo-ele-
ment used to regulate and measure tem-
perature was placed in a glass tube (E).
With a heat regulator, an accuracy, on the
average, of ==1°C was attained. The side
of the reaction vessel that was kept at
room temperature was connected by the
capillary, ground joint (F) to a Hg ma-
nometer and to the vacuum equipment.
By this procedure the catalyst could be
put in and taken out easier than by earlier
methods, and also the cleaning of the re-
action vessel was more convenient.

Preparation of Catalysts

To prepare samples of catalysts, cp
metal copper was dissolved in nitrie acid.
Foreign ions were added in form of lithium
nitrate, chromic nitrate, aluminum nitrate,
zircon nitrate, ferric oxide, and yttrium
oxide. The solutions or suspensions, re-
spectively, were first evaporated and then
slowly heated in an electric furnace to
450°C and thus transformed to oxides.
They were kept at this temperature for
another 4 hr. The powdered catalysts thus
obtained were pressed into tablets of about
9 mm diameter and 1-2 mm thickness and
sintered in air at prescribed temperature

Preparation of Nitrous Ozxide

Nitrous oxide was prepared by the ther-
mal decomposition of ammonium nitrate.
The product is contaminated by water,
nitric oxide, nitrous oxide, and nitric acid.
To purify it, oxygen was added to the
gaseous mixture and the nitrogen dioxide
absorbed in caustic potash solution. Then
the product was repeatedly frozen by
liquid air and evacuated. Finally the con-
densate was evaporated into the gas-stor-
ing vessel at the temperature of Dry Ice-
acetone mixture.

Determination of the Surface Area
of the Catalysts

The Brunauer-Emmett-Teller method
was applied to the --195.8°C adsorption
isotherms of nitrogen. The place require-
ment of the nitrogen molecule was taken
as 16.2 A.
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Conductinity Measurements

These were performed in air by the same
procedure as described earlier (11). To
study the type of conduectivity, the ap-
paratus shown in Fig. 2 was used in which
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Fic. 2. Device for conductivity measurements.

the dependence of cupric oxide conduectiv-
ity on oxygen pressure could also be fol-
lowed. Resistance was measured with an
electronic voltmeter.

Resurnts anND DiscussioN

From the experimental data, we first at-
tempted to ascertain the reaction order;
the retarding effect of oxygen can be most
easily established from the changes of or-
der. Figures 3 and 4 show the reaction
rate as function of the partial pressure of
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nitrous oxide at different initial concentra-

tions and temperatures, respectively.
These figures show well that experi-

mental data do not lie on a straight line.
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Fic. 4. Rate of decomposition of nitrous oxide
as function of its partial pressure. Poav,0 ~ 100
mm Hg.

The higher the initial pressure, the greater
is the curvature. The deviation from the
first order according to our observations,
too, can be attributed to the retarding
effect of oxygen formed during the reac-
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Fra. 3. Rate of decomposition of nitrous oxide as function of its partial pressure. Poggo—(1)
146 mm Hg; (2) 100 mm Hg; (3) 57 mm Hg. Temperature—600°C.
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tion. This will be discussed in detail later
in the present paper.

To compare the efficiency of variously
doped and pretreated cupric oxides, we
first calculated only the over-all rate con-
stants and from the dependence of these
on temperature the apparent activation
energy. The reaction rate can be suitably
described by the Langmuir-Hinshelwood
equation,

—dp/dt = kp/[1 + b(po — p)]

where p, i1s the initial pressure of nitrous
oxide in mm Hg, p is the actual pressure
of nitrous oxide, and b and k are constants.
The reciprocal was plotted as function of
the reciprocal of the partial pressure of
nitrous oxide,

dp w kp

Figure 5 shows that the reciprocal func-
tion is always a linear one. From the slope,
the value of Kgverar can be calculated. Of
course, the value of the rate constant thus
obtained still depends on the initial pres-
sure of nitrous oxide. Therefore each ex-
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periment was carried out to make com-
parisons at almost the same initial pres-
sure (~100 mm). Over-all rate constants
contain also the adsorption coefficient of
oxygen. As we shall see later, the con-
sideration of oxygen adsorption causes
only a slight change in the activation en-
ergies.

Effect of Sintering Temperature

In view of the contradictions mentioned
in the Introduction and also of results ob-
tained by Cremer and Marschall and by
Schwab and Schultes, already referred to,
it appeared necessary to investigate the
effect of sintering temperature. The sinter-
ing was carried out with special care. Ex-
perimental results are given in Table 1.

Table 1 gives the specific activity re-
ferred to In? [k/A], the logarithm of the
pre-exponential factor and the energy of
activation. As it appears, the rate con-
stants and the specific activity depend re-
versely on sintering temperature. With in-
creasing temperature, the former decreases
and the latter slightly increases (see Fig.
6).

A similar increase can be observed in
the values of the activation energy and of
log k,. However, it must be noted that the
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F1c. 5. Reciprucal rate of décomposition of nitrous oxide as function of its reciprocal pressure.
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TABLE 1
ErrFecT OF SINTERING TEMPERATURE ON THE DECOMPOSITION

Pretreatment Surface of koverall kgverall /A

temperature catalyst (min—1) (min—1/m-?) E
°C) A(m?/g) at 574°Ce at 574°C (kcal/mole) log ko
550 2.23 0.136 0.061 23.0 4.7
550 0.104 0.047 24.9 5.1
600 2.00 0.124 0.062 27 .4 5.8
650 1.65 0.116 0.070 28.3 6.1
700 0.84 0.078 0.093 28.0 6.2
750 0.52 0.055 0.106 30.0 6.8
800 0.59 0.070 0.119 38.4 9.0

2 Values of koveran1 (574°C) were extrapolated and interpolated, respectively, from the straight line, show-

ing the dependence of rate constants on temperature.

increase of the energy of activation is con-
siderably smaller than that described by
Cremer and Marschall. The energy of ac-
tivation and the logarithm of the pre-
exponential factor are linearly related, log
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Fic. 6. Dependence of (1) activation energy
and (2) specific activity on the sintering tem-
perature of cupric oxide.

ko = E/a+ const; i.e., theta-rule is valid
(see Fig. 7). The value a = 3.5 X 103, cal-
culated from our data agrees well with
3.2 X 10® calculated from results of Cremer
and Marschall, in spite of the considerably
great changes of activation energies as
function of sintering temperature. In our
case the characteristic temperature 6 =
a/2.3R was 780°K, as compared with
710°K given by Cremer and Marschall. In
view of the agreement of these data it is
hard to interpret the great differences in
the energies of activation. It seems prob-
able that the deviation must be attributed
to the different procedures of preparation
of cupric oxide. Cremer and Marschall
precipitated cupric oxide with potassium
hydroxide, pretreated in vacuo for only 1

hr. Literature data suggest that cupric
oxide thus precipitated is not free of alkali
ions even after a long process of purifica-
tion. It can be assumed that potassium
ions concentrated on the surface layer of
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Fic. 7. Pre-exponential factor as function of
energy of activation.
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cupric oxide diffuse into it when the tem-
perature is raised, thus decreasing the elec-
tron-hole concentration of the surface
layer and this results in the increase of the
activation energy.

Effect of Doping with Foreign Ions

Doped catalysts were always sintered at
750°C. Over-all rate constants, calculated
as already described, were referred to 1 g
of substance and are given in Table 2.
The specific activity practically does not
change by doping with lithium oxide; how-
ever, it markedly decreases when chromic
and ferric oxides, respectively, are built-in.
The energy of activation slightly decreases
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TABLE 2

ErrFEcT oF DorINg ON THE DECOMPOSITION

Surface of koverall kovenll/A

catalyst (min) (min—!/m~-2) E

Catalyst A(m2/g) at 574°C at 574°C (kcal/mole) log ko

CuO + 1 mole % Li,O 0.92 0.114 0.125 28.4 6.4
CuO + 0.2 mole Li,O 0.99 0.112 0.113 27.8 6.2
CuO 0.52 0.055 0.106 30.0 6.8
CuO + 0.1 mole %, Cr.0s 0.72 0.0066 0.0091 38.0 7.7
CuO + 1 mole %, Cr.0, 0.70 0.0039 0.0056 39.0 7.8
CuO + 0.1 mole 9%, Feg04 — 0.092 — 29.8 —
CuO + 1 mole %, Fe,0; — 0.0065° — — —
CuO + 0.1 mole %, AlO; — 0.094 — 30.1 —
CuO + 1 mole % AlO; — 0.044 — 36.2 —
CuO + 1 mole 9, Y:0; — 0.175 —_ 31.2 —

* At 650°C.

when lithium oxide is doped, whereas in
presence of chromic oxide it increases by
about 10 keal. Small amounts of ferric and
aluminum oxides do not change the energy
of activation, but a doping of 1 mole %
does already increase it considerably.j It
is interesting that yttrium oxide does not
increase markedly the energy of activa-
tion.

The Retarding Effect of Ozxygen

Previously we mentioned that activation
energy values independent of the gas com-
position and the initial pressure could only
be obtained if these factors are taken into
account in the complex, over-all rate con-
stant. To this end, in the nominator of
Langmuir-Hinshelwood’s equation, also the
actual oxygen concentration must be con-
sidered. Thus the real rate constant (k)
can be calculated by equation

l/koverall = l/k + b/k(pﬂ + pl)

where p’ is the initial partial pressure of
oxygen measured in mm Hg of nitrous
oxide from which it formed previously.
Figure 8 shows that the reciprocal of the
over-all rate constant as function of
po+ P’ gives a straight line with good
approximation.

Results of experiments performed with
pure cupric oxide sintered at 750°C are

T Nearly the same increase of the energy of
activation was found by Rieniicker and Latka
(12) when building-in 1% of aluminum oxide.

values for k and b calculated from them
given in Table 3.

These calculations make possible first of
all the determination of k. From the de-
pendence of k on temperature, the activa-
tion energy is found to be 28 keal/mole,
that is, 2 keal smaller than that calculated
from Keverann, but exactly in agreement
with that obtained by Schwab and Staeger.
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Fia. 8. Dependence of reciprocal over-all rate
constant on the initial pressure. (1) CuO at
559°C; (2) CuO at 573°C; (3) CuO + 1 mole
of Li:O at 574°C.

It is true that these authors determined the
value of b only at 589° and 569°C and that
they applied cupric oxide sintered at
610°C. In view of the small oxygen re-
tardation, a greater error occurs in the de-
termination of b. From the dependence of
b on temperature, we calculated for the
heat of adsorption 28 and 30 kcal/mole,
respectively—a surprisingly high value—
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TABLE 3

REacTioN RATES

oN Pure CuO

“c P po o LEABE PV b Y S LA

560 104.2 0 16.5 0.072 0.00182 0.0253 16.5 0

559 107.7 53.3 18.6 0.072 0.00182 0.0253 18.0 -3
559 108.3 104.3 19.5 0.072 0.00182 0.0253 19.3 -1
560 107.8 158.8 19.8 0.072 0.00182 0.0253 20.7 +5
559 107.3 212.7 21.9 0.072 0.00182 0.0253 22.1 +1
573 106.8 0 11.1 0.104 0.00145 0.014 11.1 0
573 124.0 53.4 12.1 0.104 0.00145 0.014 12.1 0
573 105.3 54.0 11.7 0.104 0.00145 0.014 11.8 +1
573 115.3 106.8 12.7 0.104 0.00145 0.014 12.7 0
573 105.2 162.8 13.7 0.104 0.00145 0.014 13.3 -3
573 100.1 222.0 13.8 0.104 0.00145 0.014 14.1 +2
594 107.0 0 8.8 0.155 0.00087 0.00561 7.1 -19
594 106.0 53.0 7.5 0.155 0.00087 0.00561 7.4 -1
595 110.5 100.0 7.9 0.155 0.00087 0.00561 7.7 -3
594 108.3 159.0 7.6 0.155 0.00087 0.00561 8.0 +5
594 116.0 218.0 8.5 0.155 0.00087 0.00561 8.4 -1
611 104.0 0 5.9 0.184 0.00058 0.00313 5.8 -2
613 103.7 0 5.6 0.184 0.00058 0.00313 6.8 +2
613 104.7 55.0 5.0 0.184 0.00058 0.00313 6.0 +20
612 111.0 104.0 7.1 0.184 0.00058 0.00313 6.1 —-13
613 106.3 160.0 6.2 0.184 0.00058 0.00313 6.3 +2
613 105.2 215.0 6.6 0.184 0.00058 0.00313 6.5 -1

whereas Schwab and Staeger obtained 21
keal/mole only.

As it can be seen from Table 3, the value
of b/k decreases with the increase of tem-
perature. This indicates that k increases
more rapidly than b decreases with temper-
ature.

It is to be mentioned that the value of
b/k can be calculated also from the axial
intercept of the linearized equation. Since
the value of the intercept is mostly some-
what greater than its own limit of error,
values thus obtained are highly uncertain.

Table 4 contains data calculated in this
manner.

The oxygen dependence was also investi-
gated of samples doped with lithium and
chromic oxide, respectively. Data for
cupric oxide containing 1 mole % of Li,O
are shown in Table 5.

Accordingly, the kinetic correction low-
ered the energy of activation of the cata-
lyst doped with lithium oxide to 27 kecal
and that of the sample doped with chromic
oxide, from 39 kcal to 38 keal/mole, that
is, not decisively.

TABLE 4
REeactioN RaTEs oN Pure CuQ
°C 1/koveralt b/k o k b
560 16.50 0.0545 99.0 0.087 0.0047
571 9.78 0.0171 98.0 0.123 0.0021
573 11.10 0.0398 100.0 0.123 0.0049
594 10.50 0.0315 110.0 0.142 0.0045
594 8.82 0.0241 103.0 0.158 0.0038
611 5.89 0.0221 98.0 0.269 0.0069
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TABLE 5
ReactioN Rates oN Dopep CuQ

1+ b + p)/k

[1 + b(po + p")/k

°C Do ' found b b/k calculated A%
557 104.3 0 13.2 0.133 0.0068 0.051 12.8 -3
557 108.2 52.6 26.2 0.133 0.0068 0.051 15.6 —40
557 107.7 104.3 17.8 0.133 0.0068 0.051 18.3 +3
557 107.0 212.0 24.2 0.133 0.0068 0.051 23.8 -2
574 105.3 0 8.5 0.193 0.0065 0.034 8.8 +3
574 110.7 51.3 13.4 0.193 0.0065 0.034 10.6 —-20
574 104.7 105.3 12.4 0.193 0.0065 0.034 12.3 -2
575 109 .4 1£8.7 14.5 0.193 0.0065 0.034 14.2 —2
574 108.6 15.5 0.193 0.0065 0.034 15.9 +2

210.0

Measurements of Electric Conductivity

Data on the conductivity of pure and
doped cupric oxides are shown in Fig. 9.
Since experimental data are rather scat-
tered, values in the figure represent aver-
age results of at least 5-6 series of measure-
ments. Energies of activation calculated
from the dependence of conductivity on
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F1c. 9. Resistance of cupric oxide (1) at 200°C
and activation energy of conductivity; (2) in air
as function of concentration of added lithium
and chromic oxides, respectively.

temperature are also summarized in Fig. 9.
Doping with lithium increases the conduc-
tivity and decreases the activation energy,
whereas doping with chromic ion slightly
decreases the conductivity but markedly
increases the energy of activation.
Therefore our results contradict those of
Hauffe and Grunewald. It is rather hard
to interpret the deviation, since these latter
authors publish nothing about the prepara-
tion of cupric oxide and the manner of

doping it with foreign ions. However, Le
Blanc et al. (13) pointed out as early as
1933 that the conductivity and the electric
properties of cupric oxide are sensitive to
the methods used in preparing it.

If cupric oxide is prepared from cuprie
nitrate, cupric carbonate, or cupric hy-
droxide by heating, the values of resistance
are different, although the qualitative be-
havior is the same. Doping with chromic
oxide decreases the conductivity. This de-
crease is even greater when aluminum
or yttrium oxide is built-in.

Dependence of Conductivity on
Ozxygen Pressure

Hauffe and Grunewald describe the effect
of doping with chromic oxide (i.e., the in-
crease of electron concentration) by the
following equation:

Cl’zOs = 2Cr.’(Cu) + 26 + %02 + 2Cu0
Therefore according to the equation

rzg-xe = K Po. = const

the defect electron concentration decreases.
However, doping with lithium oxide causes,
according to equation

Li;O + 30: = 2Li@'(Cu) + 26 -+ 2Cu0O

an increase in the defect electron concen-
tration. Consequently, if cupric oxide would
be an i-type conductor, for building-in of
chromic oxide, we would have an n-type
conductor, and a p-type conductor when
lithium is doped. If this is true, the con-
ductivity of cupric oxide doped with chro-
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mic oxide must decrease when the oxygen
pressure is raised, while the conductivity of
the sample doped with lithium oxide must
increase. Our measurements of these vari-
ables are shown in Fig. 10.

As it can be seen, the conductivity of
pure cupric oxide slightly increases with
the increase of oxygen pressure and the
conductivity of cupric oxide doped with
lithium oxide does not change at all. It

™ ) \\
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log by, —

Fic. 10. Resistance of pure cupric oxide and
cupric oxide doped with lithium and chromic
oxide, respectively, as function of oxygen pres-
sure. (1) CuO at 501°C; (2) CuO + 1 mole %
Cr.0; at 498°C; (3) CuO + 1 mole 9% Li.O at
530°C.

can also be observed that the conductivity
of samples doped with ions of higher va-
lency increases more markedly with the in-
crease of oxygen pressure than in the case
of pure cupric oxide. Thus the doping with
Cr,0, does not convert CuO into an elec-
tron conducting oxide.

The fact that the conductivity of cupric
oxide—in agreement with earlier data—
increases only to a small extent, or not at
all, with the oxygen pressure does not
necessarily mean that pure cupric oxide is
an i-type conductor. It may be supposed
that the defect electron excess originated
during the chemisorption of oxygen,

%‘02 d O(chem)— + @

is negligibly small as compared to the
otherwise great electron-hole concentration
of the catalyst. Therefore the chemisorp-
tion of oxygen does not cause any further
change in the conductivity. This is also in-
dicated by the initial conductivity of cupric

ON DOPED CUPRIC OXIDE 111

oxide doped with lithium oxide i vacuo
and in 1 atm oxygen, since the CuO 4 1%
Li,0 mixed oxide cannot be regarded in
any way as an i-type conductor. Even in
this case, the defect electron concentration
is originally so great that the chemisorption
of oxygen cannot modify it considerably.
This conception is supported by the results
of dopings with tervalent ions. Namely, as
a result of these dopings, the defect electron
concentration decreases, and, thus, the ex-
cess of defect electrons formed during the
chemisorption of oxygen is manifest in the
proportional increase of conductivity to the
oxygen concentration.

Reaction Mechanism

The electron mechanism of the decom-
position of nitrous oxide on defect con-
ducting oxides may consist of the follow-
ing steps:

/20 = NoO(hem)™ + @D (1

N2O(chem)_ = O(chem)_ + N2 (2)
Ochemy™ + & = 30, 3)
O(chem)_ + NQO = N2 + 02 + e (4)

However, more recent measurements do
not prove the last step. From experimental
data, we must suppose that the rate-deter-
mining step is the desorption of chemi-
sorbed oxygen, just as in the case of nickel
oxide, i.e., the elementary reaction (3). As
our measurements on conductivity show,
the building-in of lithium oxide increases
the defect electron concentration, pre-
sumably according to the following equa-
tion:

Li;0 + 30, — 2Li@'(Cu) + 26 + 2Cu0

thus, making it easier for the elementary
reaction (3) to take place. That ions of
higher valency raise the activation energy
is also in accordance with the foregoing re-
action scheme and supports the elementary
step (3) as a rate-determining one.
Namely, when doping with chromic oxide
and other ions of higher valency, it is likely
that, by the equation,

Cr;:0; + 20 = Cr@°(Cu) + 0. 4+ 2Cu0O
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the defect electron concentration decreases.
Therefore the elementary reaction (3) gets
on the second place. The supposition of
Hauffe and Grunewald on an i-type con-
ductor character would interpret the
mechanism of the catalysis in a similar
manner. From the investigation of the
catalyzed reaction, it is, thus, impossible
to formulate unequivocal deductions about
the mechanism and the electron structure,
respectively.

It remains to interpret the slight effect
exerted by doping with lithium oxide on
the energy of activation and on the spe-
cific rate constant. The building-in of
lithium oxide should bring about an in-
crease in the defect electron concentration.
The reason why a more marked effect does
not take place is, again, that the most
proper electron hole concentration for the
reaction is already set in the pure cupric
oxide. Also, a further increase of the elec-
tron hole concentration, owing to doping
with lithium oxide, does not render an ad-
vantage for the catalyzed reaction.

The above interpretation of the effect of
doping of cupric oxide seems plausible.
However, the behavior of the catalyst con-
taminated simultaneously with lithium and
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chromic ions, shows that the building-in of
foreign ions changes not only the electric
structure but also influences the catalytic
properties in some way not yet considered.
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