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A sample of powdered copper  oxide suitable for studying its real structure with the help of electron 
microscopy was prepared by  slow decomposit ion of copper  nitrate. It is shown that in particles of 
oxide there are (001) and  (100) twins and  screw dislocations with Burgers vector a long (010). The  
lattice of CuO near  the twins is strongly deformed. The  structures of the composit ion planes for both 
types of twins as  well as  their relative stabilities are analyzed. 0 1988 Academic PXSS, II-G. 

Introduction Experimental 

The  synthesis of catalysts with desirable 
properties is intimately connected with the 
nature of surface active centers. In this 
connection it is very important to study the 
morphology and  defect structure of catalyst 
particles with the aid of electron m icros- 
copy (EM) (1, 2). 

For the synthesis of CuO, a  3.64 M  solu- 
tion of copper nitrate “pure for analysis” 
grade was slowly evaporated to dryness. 
The  residue was placed in a  crucible and  
calcined at 400°C for 4  hr in a  muffle 
furnace. 

We  have shown previously (3-5) that one  
of the most widely used active components 
of the oxide catalysts-copper oxide-has 
a  high catalytic activity in the oxidation by 
mo lecular oxygen, because of active cen- 
ters associated with dislocations on  the sur- 
face. Up to the present there is a  lack of 
information concerning the characteristics 
of the extended defects in CuO. Moreover 
the samples of CuO investigated earlier 
were not suitable for the study by EM be- 
cause of the thickness of those particles. 

According to X-ray analysis the sample 
obtained was pure tenor&e (CuO); its spe- 
cific surface determined by low tempera- 
ture argon adsorption was 0.5 m2/g. 

The  sample was examined in a  JEM- 
1OOC electron m icroscope fitted with a  tilt 
side entry goniometer stage and  operated at 
100  kV. The  specimen was prepared by dis- 
persion in ethanol and  allowing a  drop of 
suspension to dry on  a  holey carbon film  
supported on  a  copper grid. 

The  aim of this work was to prepare a  
sample of CuO suitable for EM and  to study 
the extended defects and  their properties. 

Results 

* To  whom correspondence should be  addressed.  

The  crystal structure of CuO (tenor&e) 
conforms to the space group C2/c of the 
monoclinic system; the parameters of the 
unit cell (Fig. 1) are a = 4.6834 ? 5 A; b = 
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FIG. 1. The unit cell of tenorite. 

3.4226 + 5 xi; c = 5.1288 +- 6 A; p = 99’=54’ 
(6). 

The sample of copper oxide under inves- 
tigation consisted of thin elongated plate- 
lets, not more than 500 A thick and lo3 A 
wide. Figure 2 shows the most common 
platelet of CuO. The (010) face was the 
most highly developed one and usually was 
in the plane of projection. The lateral parts 

of the platelets were mainly (001) faces and 
(100) faces that were strongly jagged. 

The predominant part of CuO crystals 
was polysynthetically twinned with (001) 
habit plane. In Fig. 3 these twins are seen 
as periodically recurring bands - 100-200 A 
wide. The analysis of a selected area elec- 
tron diffraction pattern revealed diffraction 
spots from twin blocks. Figures 4a and 4b 
show the diffraction pattern from the (010) 
orientation and a corresponding scheme. 
Pairs of spots 002 and O02t, 202 and 202,) 
402 and 402t, etc., are seen, where the t 
refers to the twinned portion. One may de- 
termine the twin angle using the relation sin 
a,/2 = a/6c; cq = 17”30’. The linear concen- 
tration of twin interfaces may be as high as 
IO6 cm-‘. On an enlarged image of the twin 
region (Fig. 5) it is seen that within each 
band there are variations of contrast caused 
by extinction contours which lack periodic- 
ity and are not straight. Such contours may 
be associated with microstrains of the lat- 

FIG. 2. Micrograph of the most common platelet of 010. 
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FIG. 3. Image of the platelet with polysynthetical (001) twinning. 

tice (1). In proceeding from one twin block 
to another, the alteration of contrast de- 
rives from differences in their crystallo- 
graphic orientation. The twin boundaries 
are seen as narrow lines if the electron 

beam is parallel to them or as periodic 
bands with small periods when the sample 
is slightly m isaligned (7). 

Twins with (100) twin boundary are not 
as common as (001). Usually on a CuO 

FIG. 4. Selected area electron diffraction pattern from the (001) twin region (a) and a corresponding 
scheme (b). 
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FIG. 5. Enlarged image of the (001) twin region. 

platelet not more than one twin interface of 
this type can be detected as a narrow band 
with strong contrast (Fig. 1). Therefore, the 
density of these twins is less than lo4 cm-‘. 
Diffraction pattern from the (100) twin and 
a corresponding scheme are shown in Figs. 
6a and 6b. Consequently, for the twinning 
angle one may write: sin a*/2 = c/6a; (~2 = 
21”41’. 

Figure 1 shows that the pecularities of 

morphology of the crystals are due to the 
twins. Thus, polysynthetic twinning pro- 
duces many steps on (100) faces, while 
(100) twinning is accompanied by intersec- 
tion of (001) lateral faces at angles of ca. 
20”. 

Some crystals of CuO are characterized 
by the simultaneous appearance of both 
types of twins (Fig. 7). It is reasonable to 
expect a substantial disordering of these re- 

FIG. 6. Selected area electron diffraction pattern from the (100) twin region (a) and a corresponding 
scheme (b). 
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FIG. 7. Region of the intersection of both types of twins. 

gions due to incoherent stacking of the 
twinned blocks. 

In addition to twins a wide range of dislo- 
cation lines is seen in the micrographs of 
specimen. There is a lack of data concern- 
ing the dislocation structure for the CuO 
system with monoclinic symmetry. This 
seems to be connected with the very large 
computer calculations which are required 
for a full interpretation of the dislocation 
contrast. Nevertheless it is possible to draw 
conclusions about the type of dislocations 
observed by simple physical and structural 
means, as in (2). A  detailed analysis of the 
dislocation contrast will be provided in a 
separate publication. 

Figures 8a and 8b show typical bright and 
dark field images of the same area of CuO 
crystal, where g is the reciprocal lattice 
vector of the imaging reflection. Note the 
regions of strong contrast marked by the 
letter A. This contrast was visible in any 
reflection from the (010) zone as well as 

after the tilting of the specimen (the stan- 
dard criterion g * b = 0 was not realized). 
The bright field image demonstrates the pe- 
riodic alteration of the contrast. The con- 
trast in the dark field image has a “zigzag” 
character. Detailed computer calculation of 
the image contrast was made (8) for the in- 
clined dislocation lying close to the speci- 
men surface. In our case we have observed 
a similar variation of contrast. Therefore 
we may suppose that the strong contrast in 
region A  is caused by an inclined dislo- 
cation which, on emerging in the (010) 
plane, has a step attached to it. 

Another type of the complex contrast 
was observed in the vicinity of the twin 
boundaries (Fig. 8b, marked by the letter 
B). It may be due to the presence of twin 
dislocations (or steps) on the habit plane as 
in (2), but the imaging conditions are not 
sufficiently well defined to warrant further 
analysis here. 

A  third type of contrast is shown in Fig. 
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FIG. 8. Bright (a and c) and dark field (b) images of a CuO crystal oriented at the (010) zone. See text 
for further discussion. 
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FIG. 8-Continurd. 

8c. The line dividing the bright and dark 
part of the image is parallel to g. Usually 
this type of contrast is associated with a 
dislocation normal to the specimen surface 
(1). In this case the contrast appears as a 
result of the surface displacements in the 
vicinity of outlets of dislocations. 

Discussion 

The determination of the detailed struc- 
ture of the twin boundaries is based on the 
high-resolution electron m icroscopy images 
and its computer simulations. In the recent 
literature the direct imaging of the atomic 
positions was carried out for structures 
whose symmetry is no lower than tetrago- 
nal or orthorhombic. Nevertheless it seems 
useful by analogy with (2) to carry out a 
comparable analysis of the possible struc- 
tures of the twin boundaries, choosing the 
most probable ones on the basis of thermo- 
dynamic calculations. 

In general, twinning results either from a 
reflection in the twin plane or by a twisting 

of the twin axis and a subsequent transla- 
tion. In our case we have examined the m ir- 
ror twinning. 

Consider the possible structures of the 
CuO crystal near the habit planes (Figs. 9a 
and 9b). In these regions the distance be- 
tween copper atoms (Q-c,,) is substantially 
less than ~~~~~~ for the ideal structure of 
CuO (2.88 A). Estimates show that ~c~-c~ 
for a (001) twin is 2.52 A; for a (100) twin it 
is 2.30 A, which is less than ~~~~~~ in metal- 
lic copper. Such small distances may ex- 
plain a considerable strain of the lattice in 
the vicinity of extended defects. 

For the discrimination of the relative sta- 
bility of various twinnings it is necessary to 
evaluate their excess free energy of forma- 
tion or, more particularly, their excess en- 
thalpy. For this purpose we have used the 
method of semiempirical quantum chemical 
interacting bonds (9). As may be seen from 
Figs. 9 and 9b in the vicinity of the habit 
planes oxygen ions are in the centers of pla- 
nar squares, rather than of tetrahedra typi- 
cal for ideal CuO (6). To estimate the heat 
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FIG. 9. A (010) projection of the twin region with different types of twinning: (a) (IOO), (b) (001). 
Large open circles correspond to Cu atoms at a height of 0.75 b; large filled circles = Cu atoms at a 
height of 0.25 b; small open circles = oxygen atoms. 

of atomization of CuO in these regions we 
took into consideration the dependence of 
the interaction energy of Cu-0 bonds on 
the angle between them, as in (10). Accord- 
ing to the calculations the formation of mir- 
ror (001) twins should enhance the enthalpy 
of formation by -9 kJ/mole CuO involved 
in this defect, while the formation of mirror 
(100) twins, by -13 kJ/mole in comparison 
with the enthalpy of formation of ideal 
CuO. These values are in a good agreement 
with the frequency of the appearance of 
these defects and indicate their relative sta- 
bility. The calculated values of twin ener- 
gies (ca. 2 x 10-l J/m’) are quite close to 
the energies of twins and grain boundaries 
in copper (4 X lo-’ J/m2 and 6 X 10-i J/m2 
(II), respectively) as well as to the twin 
energies in spine1 structures (3 X 1O-2 J/m2 
(12)). Therefore, our method of calculation 
is substantially more accurate than that 
usually employed, based on consideration 
of electrostatic forces; these yield planar 
faults energies greater by ca. 2 order of 
magnitude than experimental values 
(13-16). 

In the vicinity of the twin plane the anion 
sublattice is practically undisturbed; this 
may be the reason for the low energy of 
twin formation. Analysis has revealed that 
other types of twins (glide twins) inevitably 
result in higher energies of formation and 
therefore are less probable. 

As is evident from the analysis of the de- 
fect structure of CuO the (001) plane is the 
most preferable for the formation of planar 
and linear defects. The surface defects in 
the form of monoatomic steps inevitably 
appear at outlets of dislocations. Therefore, 
we expect that the most developed (010) 
face of CuO crystals contains a great num- 
ber of surface defects of this kind. Usually 
the coordination of atoms is changed at 
steps (17) and in twin planes (18) in com- 
parison with atoms on flat surfaces. Since 
the coordination significantly influences the 
catalytic properties of oxides (19) we may 
suppose that at least a portion of the active 
centers is associated with outlets of ex- 
tended defects on CuO surfaces. A verifi- 
cation of this supposition will be provided 
in the companion article. 
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