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For a discrimination of extended defects of copper oxide in terms of their stability and reactivity a
sample of CuO was annealed in the vacuum thermochamber of an electron microscope and in a stream
of helium at 200—400°C. The relaxation of the defect structure was studied by electron microscopy and
X-ray small-angle scattering. The removal of oxygen from copper oxide was accompanied by rapid
disappearance of microstrains. Simultaneously, the development of a dislocation network and the
rearrangement of twins enhanced the reactivity of the oxide (the rates of reduction by CO and catalytic
oxidation of CO by O.). Therefore, the active centers of the surface may be associated with dislo-
cations and twins. One of the reasons for high reactivity of such defect centers is that they stabilize the

highly reactive weakly bound oxygen.

Introduction

Earlier, by means of electron micros-
copy, it was shown that the main types of
extended defects in copper oxide are twins,
dislocations, and microstrains (/). How-
ever, it remained unclear with which of
these defects the active centers of CuO sur-
face are associated. According to (2) reac-
tive defects serve as centers of nucleation
of Cu,0 and Cu during CuO reduction.
Moreover, under sufficiently mild reducing
conditions oxygen is easily removed from
outlets of the reactive defects on activation
of CuO by active zone broadening (2, 3).
Imaging of changes in defect structure by
electron microscopy during treatment of
CuO under mild reducing conditions might
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resolve this problem. Oxygen bonding
energies on oxide surfaces play a dominant
role in reactions of complete oxidation (4).
Thus, a theoretical evaluation by semiem-
pirical interacting bond methods (IBM) (5)
for the probable structures of adsorption
defect centers may provide an independent
verification of conclusions concerning de-
fect reactivities.

Since X-ray small-angle scattering (SAS)
provides information concerning defects of
single crystals (6) it seems worthwhile to
apply this procedure to our study.

Experimental

In the present paper the same CuO
samples as in (/-3) (Table I) were used.
The rates of CuO reduction by CO (1% CO
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in He) and CO catalytic oxidation (1% CO
and 1% O, mixture in He) were determined
in a pulse/flow microcatalytic installation
using a 1-cm® microreactor with a vibro-
fluidized catalyst bed and a solid electrolyte
Pyrex glass (2, 4).

Sample 1 (Table I) was annealed in an
electron microscope JEM-100C column un-
der high vacuum (1077 Torr) upon heating
up to 400°C and in He at 310 and 400°C. The
sample was prepared for the EM investiga-
tion as in (I).

More complicated experiments consisted
of several repeated reductions of CuO-1 by
pulses of 1% CO in He, with subsequent
reoxidation in oxygen at 400°C (reduction—
oxidation cycles). The degree of CuO re-
duction was limited to ~50% of the oxygen
monolayer, thus preventing nucleation of
Cu/Cu,0.

X-ray small-angle scattering experiments
were carried out with CuKa radiation with
a nickel filter and by using an amplitude
analyzer.
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Results

In Situ Electron Microscopy

Figure 1ais an electron micrograph of the
initial sample CuO-1. It is characterized
by periodically arranged bands 250-500 A
wide, with an alternation in contrast associ-
ated with polysynthetic twins (I). The
boundary between the parts of twins is visi-
ble as alternate bright and dark narrow
lines.

On raising the temperature to 200°C (Fig.
1b) the shape of the bands corresponding to
twins, as well as their width, remains un-
changed, while the interface between the
twin parts begins to become rearranged. A
dislocation network develops on that part
of the crystal free of twins.

Further heating to 300°C (Fig. Ic) en-
hances the contrast of bands: they become
somewhat narrower (180-450 A) and the
twin boundaries appear as single lines. The
diffraction pattern (see the top inset in Fig.
1¢c) becomes symmetric (spots are compa-

TABLE I

STRUCTURAL PROPERTIES OF CuO SAMPLES ACCORDING TO ELECTRON MICROSCOPY AND SMALL-ANGLE
SCATTERING DATA

SAS (A)
Mean
Sspecific Peculiarites of Main diameter of
No. Sample (m?/g) Morphology crystalline structure maxima inhomogeneities
1 CuO-1 0.5 Platelet thickness 500 A Monocrystals 15; 60 28.6
nitrate
2 Cu0-2 0.4 Platelets with well-developed Lattice parameter is in- 19; 90 28.7
nitrate faces 0.1-1.5 u creased; crystals textured
with the size of blocks of
~300 A, angle of
misorientation ~3°; mono-
crystalline particles
3 ““Wire”” 0.1 Platelets with well-developed Textured crystallites, block 34 34.6
faces 0.01-0.1 u and up to ~200 A, angle of
Iu misorientation, ~15-45°
4 Hydroxide 8.6 Extended (up to 1 u) parti- Monocrystals 15; 70 24.5
cles 0.1 u in diameter
with rounded platelets
0.2-0.4 p
S Pure for 0.96 Platelets with well-developed Monocrystals 19 23.1

analysis faces 0.1-1.5 »




202

Fi1G. 1. Image of a CuO particle annealed in the ther-
mochamber of an electron microscope: (a) initial
sample; (b) after heating at 200°C; (c) after heating at
300°C.

rable by intensity), indicating the disap-
pearance of dislocations on the twin
boundaries. The twinning angle calculated
from the figure decreased from 18 to ca.
12°.

On raising the temperature from 300 to
400°C the image contrast of the CuO crystal
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grows, due to formation of a fairly highly
developed dislocation network. As shown
by selected area electron diffraction pat-
terns (see the bottom inset in Fig. 1c) the
phase composition of this sample cor-
responds to Cu,O. After heating to 450° the
twins disappear.

Thus, in situ heating leads to reduction of
CuO, in agreement with previously pub-
lished results of infrared and X-ray photo-
electron spectroscopy (3, 7, 8). This shows
the easy reduction of the surface layer of
CuO and of the even more stable copper
aluminate by vacuum treatment at 200-
400°C. Since annealing of initial CuO at
400°C in air or oxygen did not lead to any
variation of defect structure we conclude
that the rearrangement of twin structure
and the dislocation network development
after vacuum treatment was caused by the
loss of oxygen.

Annealing in He

In situ investigations have some disad-
vantages because it is then impossible to
study simultaneously the reactivity of CuO
with CO. Therefore, experiments were per-
formed on annealing of CuO in He in a mi-
croreactor with a vibrofluidized catalyst
bed and solid electrolyte Pyrex glass. It was
shown that CuO-1 has a low electrode po-
tential stable in oxygen (Table II), compa-
rable to the potential of CuO sample con-
taining Na impurities. It is substantially
lower than the potential of pure samples of
CuO (~0 in O, (2)). A flame photometry
test revealed, however, that the Na content
in CuO-1 is less than 1072%; therefore, the
low potentials are not due to this ad-
mixture. During heating in He an irre-
versible increase in electrode potential was
detected. After 3—4 hr of annealing the elec-
trode potential was close to the values for
pure samples of CuO.

Such annealing enhances the initial rates
of reduction and catalytic oxidation of CO
and somewhat diminishes the ‘‘quasi-
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Fi1G. 2. Micrograph of a CuQ-1 particle after annealing in He at 400°C (a) and after several reduction—
oxidation cycles (b).

stationary’’ (after 2 hr in flow of 1% CO +
1% 0, in He) catalytic activity. Figure 2a
presents an electron micrograph of typical
CuO particles after annealing in He. An-
nealing greatly decreases the number of mi-
crostrains and leads to the development of
a dislocation network and to reconstruction
of twin boundaries. After annealing at
400°C in He the twins remained visible, in
contrast with the results of the in situ treat-
ment, the phase composition corresponding
to CuO. Since the pressure of oxygen in He
(1073 Torr) is substantially higher than in
the chamber of an electron microscope
(1077 Torr) the differences may be readily
explained by the more oxidative conditions
in He.

After several reduction—oxidation cycles
a considerable decrease in dislocation den-
sity and twin angle and an increase in the
distances between twin planes (Fig. 2b) was
found. This is accompanied by a decrease
in catalytic activity of this sample by 1 to
1.5 orders of magnitude.

X-Ray Small-Angle Scattering

Extended defects, i.e., regions of disor-
dered structure, have an altered electron
density and, consequently, a different scat-
tering power of X-rays, as compared to a
regular structure. This should give rise to
scattering maxima associated with these in-
homogeneities (9). In first approximation
the data were analyzed as for ordinary par-

TABLE II

INFLUENCE OF ANNEALING ON THE REACTIVITY AND ELECTRODE POTENTIAL OF COPPER OXIDE
AT 185°C

Rate of catalysis
(10" (CO molec/

Initial rate m? - s)) E (mV)
of reduction
Treatment conditions (107 (CO molec/m? - s)) Initial After 2 hr 0, He
Initial sample CuO-1 7.1 6.6 1.8 -570 ~1000
Annealed in He for 2 hr 9.0 — — —450
at 400°C
Annealed in He at 310°C, _— 12.0 1.3 —-230 —415

reoxidized in O, at
310°C
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F1G. 3. SAS distribution function for initial samples
of CuQ. Samples are numbered as in Table I.

ticles for which the size distribution is cal-
culated from the equation:

16h) = | DRWRYKRYIR,

where 4 is the function of scattering angle
sin 6
(h _ 450
diation used, I(h) is the experimental inten-
sity of scattered radiation, D(R) is the func-
tion of size distribution of particles, iy(hR)
is a characteristic function of scattering by
an individual particle, and m(R) is an ex-
cess number of electrons in a particle as
compared to the same volume of environ-
ment. We have applied the SAS technique
with the aim of qualitatively monitoring
changes in the defect structure when pass-
ing from one sample of CuO to another. A
spherical structure of the inhomogeneities
has been used for simplicity. The integral
equation I(h) for a set of experimental
points is solved with respect to D(R) using a
least-squares method. The resulting D(R)
are normalized so that the maximum value
is equated to 1. Application of SAS has re-
vealed that for all samples the distribution
curves have maxima in a rather narrow
range 15-80 A (Table I, Figs. 3 and 4). Such
small particles are absent in oxides studied
by electron microscopy. Furthermore, the

, A is the wavelength of ra-
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size of blocks, i.e., regions of ccherent
scattering in polycrystalline particles, does
not coincide with the position of SAS max-
ima. It is therefore assumed that the ob-
served maxima are related to extended de-
fects in CuQ. Actually, the change of the
defect structure of nitrate—CuO-1 as the re-
sult of annealing is accompanied by varia-
tions in the distribution function of SAS:
the maximum at ~60 A disappears and that
at ~15 A shifts to the bigger diameters and
is widened. In the first approximation it
may be supposed that the change of the
number of atoms in these inhomogeneities
after annealing is proportional to the
change of the area under the maximum of
SAS curve.

Electron microscopy had shown that
after annealing a strong dislocation network
began to develop and the twin boundaries
rearranged, both types of defects having
characteristic dimensions 10-20 A, corre-
sponding to the maximum in D(R). In addi-
tion, after annealing the microstrains with
typical diameters of 50-200 A disappeared.
Therefore we conclude that variations of
the distribution function after annealing
correspond to a change in the number of

D(d)
1.01

0.8 1
0.6 1
0.4

0.2
d(h)

1) T )
120 140 160

F1G. 4. Change of SAS distribution function after the
treatment of CuO sample: 1, sample 1; 2, sample |
after annealing in He at 310°C; 3, sample 3; 4 and 3,
sample 3 after annealing in the reaction mixture 1%
CO + 4% O, between 185-310°C, up to a steady-state
activity; results of two separate experiments with pro-
longed exposure in the reaction mixture for curve 4.
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atoms included in the extended defects.
The qualitative agreement in the changes of
the defect structure after annealing, as re-
vealed by both methods, allow one to pos-
tulate that the maximum of the distribution
function at small diameters is attributable
to dislocations and twin interfaces and
for larger diameters is associated with mi-
crostrains. Such attribution clarifies the
change in the SAS distribution function
when passing from one sample to another
(Table 1, Fig. 3). That is, samples com-
posed of single-crystal particles (hydrox-
ide, nitrate 1) with twins and dislocations as
predominant defects, which are limited in
their dimensions, have a narrow maximum
in the SAS distribution function. Samples
with block structure (nitrate 2, ‘‘wire”’)
with large angles of misorientation between
blocks have rather large regions of disorder
in their interblock boundaries. This leads to
a wide maximum in distribution functions
shifted toward larger diameters.

Discussion

1. Reactivity of Defects

It was found that extended defects are
rather reactive, rearranging their structure
under mild reduction. Since for ideal blocks
of CuO the surface oxygen is bound with
sufficient strength (the heat of adsorption of
O; ca. 240 kJ/mole (10)) its removal from
regular sites by vacuum treatment is quite
unlikely. Therefore, the easy loss of oxygen
from CuO in these conditions may be ex-
plained as arising from the low binding
energy of oxygen at positions of emergence
of extended defects. Because in complete
oxidation the weakly bound oxygen is the
most reactive, the emergence points of the
extended defects may play the role of ac-
tive centers. This is in agreement with the
fact that a narrowing of the maximum of
SAS for “‘wire’’ CuO, resulting from a pro-
longed treatment in the reaction mixture
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(i.e., the decrease of the number of centers
bound with extended defects), is ac-
companied by a fall in the rate of CO cata-
Iytic oxidation by ~2 orders of magnitude
and by a loss of topochemical reduction of
CuO by carbon monoxide (II1). The de-
crease in density of extended defects in
CuO-1 after the reduction—oxidation cycles
also led to a decrease in catalytic activity.
Therefore one may correlate the density of
the twin boundaries and dislocations with
the reactivity of CuO. The active centers of
copper oxide surface are thus probably as-
sociated with these extended defects.
Annealing of sample 1 revealed no lower-
ing of reactivity with decreasing concentra-
tion of microstrains. One may conclude
that active centers of CO oxidation are not
connected with these defects. At the same
time the increase of E with annealing points
to the fact that low values of electrode po-
tential are due to defects of this type.

2. Analysis of the State of CuO Surface at
the Intersection with Extended Defects

Oxidized surface. A discrimination of ex-
tended defects by means of reactivity al-
lows one to determine the reasons for the
high activity of centers bound with them.
As a first step the most developed CuO
faces should be determined. According to
(I) these are generally the (010), (001), and
(101) faces. Moreover, extinction contours
at the edges of the image of CuO platelets
and a lower density of the image of these
edges indicate changes in their thickness,
probably along (110) and (110) diagonal
faces.

In most cases the state of oxygen in the
oxidized CuO surface at the sites of inter-
section with extended defects is the same
as for ideal CuO. The M,0 form of oxy-
gen, with the adsorption heat ~240 kJ/
mole, predominates, while only negligible
amounts of highly reactive MO form, with
an adsorption heat ~39 klJ/mole (5, 10).
Additional centers of stabilization in the
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MO form of oxygen may exist on the dislo-
cation step on (001) planes.

The second center for adsorption of oxy-
gen as MO units may be associated with the
intersection of the (001) twin with the diag-
onal (110) face. Here oxygen is in nearly
square planar coordination with copper
atoms (Fig. 5) and does not possess high
reactivity. However, it creates steric hin-
drances to adsorption as M,0 on four cop-
per atoms whereas adsorption as MO is
quite possible.

Thus on the oxidized surface of CuO the
sites for stabilization of weakly bound oxy-
gen may be associated with dislocations
and twins.

Reduced surface. It has been shown that
treatment of CuO in He enhances its reac-
tivity. According to (12, 13) the activation
was also observed after gentle reduction of
CuO with H,. This may simply be due to an
increase in the number of defect centers as
the result of the development of a dislo-
cation network. Yet it may possibly be due
to the rearrangement of the above-men-
tioned structure of extended defects.

FiG. 5. Adsorption of oxygen in MO form at the
intersection of a (001) twin with the (110) face of CuO.
Large open circles correspond to oxygen atoms, small
filled circles to Cu atoms.
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FiG. 6. Structure of completely reduced (001) twin
and its intersection with the (101) face of CuO.

The analysis by IBM of various possible
types of relaxation of Cu atoms in the re-
duced (001) twin has revealed the energeti-
cally most probable structure (shown in
Fig. 6). After oxygen removal the Cu atoms
should return to their normal position in the
CuO configuration. Then the copper planes
should approach each other by 0.5 A along
¢ and should be shifted relative to each
other along a by 0.34 A. This yields a
symmetric structure of the twin interface
(there are two Cu-Cu distances of ca. 2.65
A and two of 3.09 A) and leads to the for-
mation of three new Cu-Cu bonds for ev-
ery removed oxygen atom. The enthalpy of
this reconstruction is ca. —60 kJ/g atom. As
a result the entire process of oxygen re-
moval from (001) twin with formation of the
structure described above requires only 380
kJ/g atom of oxygen (oxygen is converted
to a free atom). This value is substantially
lower as compared to ~440 kJ/g atom of
oxygen necessary for oxygen removal, fol-
lowed by formation of an isolated oxygen
vacancy in the bulk of CuQ. The calcula-
tion has also revealed that CuO crystals
with reduced (001) twins did not dispropor-
tionate to CuO and Cu phases since this
process will increase enthalpy by ca. 2.1
kJ/mole. Changes in entropy § will evi-
dently be negative upon disproportion-
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ation and thus would not compensate for
an energetically unfavorable process.

The reduction of (100) twins with an ap-
propriate rearrangement creates only one
additional Cu—Cu bond for every removed
oxygen atom. For this case the enthalpy of
oxygen removal is higher (~420 kJ/g atom
of oxygen) and the reduction of the (100)
twin is less probable. The oxygen in the
core of dislocations may be highly mobile
owing to the distorted coordinations of
atoms (/4). This explains the easy loss of
oxygen from their vicinity once a dislo-
cation network has formed under reducing
conditions.

Dislocations as well as microstrains on
the twin boundaries disappeared after the
reducing treatment of CuO. This may be
explained by the absence of abnormally
short Cu—-Cu distances for the symmetric
configuration in the vicinity of reduced
(001) twin planes.

Consider a step on the (101) face formed
by reduced (001) twin (Fig. 6). Each Cu
atom at the base of the step is bound with
six copper and one oxygen atoms; each one
at the top is bound with two oxygen and six
copper atoms. Therefore, oxygen from the
gas phase will first be adsorbed on more
unsaturated sites at the base. It should be
bound with 2 Cu atoms from the bottom,;
however, binding with 1 or 2 copper atoms
from the top is alse possible. This oxygen
will produce steric hindrances for the for-
mation of the M,0 configuration on copper
atoms at the top of the step. At the same
time these atoms remain accessible to the
adsorption of oxygen as MO with a heat of
adsorption 12 kJ/mole, as calculated by
IBM. This value is considerably lower than
39 kJ/mole on regular copper atoms. How-
ever, the most important feature here is not
the decrease of binding energy but the in-
crease of the number of adsorption centers.

Since the MO form of oxygen is removed
from active centers in a weakly reducing
medium or on contact of the oxidized
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sample with CO at room temperature, the
above defects provide Cu!* sites for ad-
sorption of CO. Clustering of Cu ions at the
intersection of defects with the surface will
lead to a lower frequency of vibration vcg
(3) for CO adsorbed on defect centers in
comparison with CO adsorbed on regular
sites. This implies that a weakly bound, and
consequently more reactive, CO can be sta-
bilized on defect centers; this may be one of
the reasons for the high activity for carbon
monoxide catalytic oxidation.

Reoxidation of CuO after reduction
should inevitably lead to incorporation of
oxygen in interstitial positions with a tetra-
hedral configuration of surrounding Cu
atoms. At temperatures of oxidation lower
than the temperature of preparation the re-
oxidation will be incomplete, thus preserv-
ing the defect structure in the vicinity of the
twin planes. As a result gentle reoxidation
only partly deactivates prereduced CuO
(12, 13). At higher temperatures of the oxi-
dation the process will be complete, and the
distances between copper atoms in habit
plane should increase to the values corre-
sponding to normal CuQO structure; also,
the twins will disappear. This model may
explain the decrease of the density of twin
boundaries after completion of cycles of
CuO reduction followed by reoxidation at
400°C.
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