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Characterization of Copper Cobalt Mixed Oxide 
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Samples of Cu-Co mixed oxide with Cu/Co = 0.25 to 1 .O (atomic ratio) were prepared by coprecipita- 
tion with Na$O, and were characterized with TG, DSC, XRD, and XPS. Exothermic DSC peaks were 
observed at 588 and 808 K for Cu/Co = 0.25, and at 588, 643, and 683 K for Cu/Co = 1.0. The 
formation of Cu-Co spine1 was observed by XRD after calcination of the samples at 623 K, and 
increased with prolonged heating at this temperature. But calcination at 773 K for 4 hr destroyed the 
spinel, producing CuO crystallites. Therefore, Cu-Co spine1 is formed above 588 K and is stable at 
least up to 623 K for Cu-Co 5 1.0. The thermal stability of Cu-Co spine1 decreases with increasing 
Cu/Co ratio. The electron binding energies of Cu 2p,,, , Co 2/1s,*, and 0 1s are appreciably higher than 
those in pure CuO and Co,04. This is explanable by the replacement of some Co3+ ions at octahedral 
sites of Co,O, spine1 by Cu’+, resulting in a spine1 of Co?+‘Cuy+“’ Coi?‘,‘Oi-, with r + WI + n = x 5 
1. The locations of Co*+, Cu*+, and Co3+ ions in the spine1 were inferred from their BE assignments, 
site preference energies, and the Jahn-Teller stabilization of the octahedral d9 cupric ion. For samples 
with a bulk Cu/Co ratio of 0.25, the surface ratio found by XPS is 0.35, while for Cu/Co = 1.0, the 
surface ratio is 0.55, indicating surface enrichment of Cu-Co spinel. It was also found that the Cu-Co 
spinel-enriched surface has a lower affinity for oxygen species than that of the pure oxides. 0 1990 
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Introduction sor without detailed study in this respect 
(4). Mekhandzhiev et al. (I, 5) had studied 

Copper-cobalt-based catalysts are versa- the influence of the variation of x in Cu, 
tile in function. Mixed Cu-Co oxides can CO~-~O~ on catalyst structure and resistance 
be used in automobile pollution control (1). against sulfur poisoning. Yet, studies on this 
When promoted by alkali and some other spine1 are still very infrequent owing to its 
metals, Cu-Co mixed oxide is an excellent instability. Some authors failed to detect 
catalyst precursor for higher alcohol synthe- any Cu-Co spine1 in alcohol synthesis cata- 
sis from syngas (2). lysts containing Cu and Co (6). Another 

It has been claimed that for higher alcohol difficulty lies in the closeness of the XRD 
synthesis, intimate contact between Cu and patterns of Co,O, and Cu-Co spinels. How- 
Co, or homogeneous distribution of the two ever, they can still be distinguished by the 
metals in the final catalyst, is vital to the perceptible displacements. 
success of the catalyst (3). Copper-cobalt The present paper presents results of TG, 
spine1 formation in the precursor is favor- DSC, XRD, and XPS studies on coprecipi- 
able in assuring homogeneity. It has been tated Cu-Co mixed oxides. Special atten- 
considered to be present in the IFP precur- tion is paid to the effect of the Cu/Co ratio 
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and calcining temperature on Cu-Co spine1 
formation and stability. 

Experimental 

Catalyst Preparation 

Solutions of AR grade Cu(NO& and 
Co(NO,), were prepared and mixed at 
Cu/Co ratios of 0.25 to 1.0. The mixtures 
were precipitated by AR grade Na,COj solu- 
tion at 333 K, and the coprecipitates were 
filtered and washed with deionized water 
until the filtrate was free from NO;. The 
catalyst precursors were dried at 393 K for 
12 hr, and then calcined at 623 K for 4 hr. 

Thermal Analysis 

Thermal gravimetry and DSC experi- 
ments were carried out on a DuPont 99 ther- 
mal analyzer, at a heating rate of 10 K/min, 
and an air flow rate of 40 ml/min. 

X-Ray Diffraction 

XRD studies were carried out on a Rigaku 
Dmax-rA diffractometer using CuKcz radia- 
tion and Ni monochromator. 

X-Ray Photoelectron Spectroscopy 

XPS studies were made with a Per- 
kin-Elmer PHI-5 100 instrument, with AlKa! 
radiation of 1486.6 eV as the X-ray source 
and pass energy of 35.75 eV. The BE scale 
was calibrated by C 1s = 284.6 eV. The 
vacuum chamber was pumped to a pressure 
lower than lo-* Tort-. 

Results 

Thermal Analysis 

Results of TG and DSC are shown in Ta- 
ble I and Fig. 1, respectively. Weight loss 
accompanied by endothermic peaks before 
493 K are common for samples with Cu/Co 
= 0.25 and Cu/Co = 1.0. These might be 
attributed to evolution of moisture, water 

b 

I, ~ , , , 
373 473 573 673 773 673 K 

FIG. 1. DSC profiles of coprecipitated precursor 
curves: a, Co/Co = 0.25; b, Co/Co = 1.0. 

of hydration, and CO*, amounting to about 
70% of the total weight loss. 

The Cu/Co = 0.25 sample was character- 
ized by two exothermic peaks at 588 and 
808 K, while the Cu/Co = 1.0 sample had 
exothermic peaks at 643 and 683 K, with 
only a shoulder at 588 K. These are attached 
to phase changes mainly, as will be dis- 
cussed below. 

X-Ray Diffraction 

XRD patterns of samples with CL&O = 
0.25 calcined at different temperatures or 
durations are shown in Fig. 2. Curve a of 
Fig. 2 is the XRD pattern of a sample cal- 
cined at 623 K for 4 h. Spine1 structures 
are incomplete and crystallites are relatively 
small. Curve b was obtained after the above 
sample was calcined at 623 K for 12 hr. More 
complete structures of Cu-Co and Co,O, 
spinels are observed. The two sets of peaks 
can be distinguished more clearly, and the 
28 values of the Cu-Co spine1 peaks corre- 
spond to those of a standard sample de- 
scribed in ASTM Powder Diffraction File as 
Cu,,,Co,.,Co,04 (7), which agree also with 
the data obtained by Angelov et al. (5) on 
samples prepared by calcining a stoichio- 
metric mixture of Cu and Co nitrates at 
623 K. Curve c was obtained after the above 
sample was calcined at 773 K for 4 h. Peaks 
for Cu-Co spine1 disappeared, while those 
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TABLE I 
TG RESULTS FOR COPRECIPITATED PRECURSORS 

CUICO 

Temperature Peak Relative Accumulated 
range temperature weight loss weight loss 
WI W (% of total) (% of total) Attributions 

0.25 

1.0 

348-448 

448-548 

548-623 

623-723 

723-823 

348-448 

448-548 

548-623 

623-723 

723-823 

393 

493 

588 

- 

808 

393 

493 

588 

643 
683 
- 

27.8 27.8 

44.3 72.1 

17.4 89.5 

2.6 92.1 

2.6 94.7 

21.3 21.3 

47.3 68.6 

13.4 82.0 

13.7 95.7 

3.0 98.7 

Moisture and 
Hz0 of hydration 

Decomposition of 
carbonates 

Continued loss 
of CO, and Hz0 

Moisture and 
Hz0 of hydration 

Decomposition of 
carbonates 

Continued loss 
of CO, and H,O 

for Co,O, spine1 remain with sharper shape 
and are accompanied by clear CuO peaks. 

XRD patterns of samples with different 
Cu/Co ratios but all calcined at 623 K for 
4 h, are shown in Fig. 3. Curve c in this 
figure is the pattern of a sample with Cu/Co 
= 1.0. Diffraction peaks for Co,O, spinel, 
Cu-Co spine& and CuO are observed, with 
CuO peaks rather strong. Curve b was ob- 

tained from a sample with an intermediate 
Cu/Co ratio of 0.5. Peaks for Cu-Co spine1 
are hardly distinguishable from those for 
Co,O,, and CuO peaks are weak. Curve a 
is the same as curve a of Fig. 2. 

X-Ray Photoelectron Spectroscopy 

Binding energies of Cu 2p3,*, Co 2~~,~, 
and 0 Is in different samples are summa- 

. . .* 
-b 

FIG. 2. XRD patterns of Cu-Co oxides, Cu/Co = 
0.25. Calcination: a, 623 K, 4 hr; b, 623 K, 12 hr; c, 773 
K, 4 hr. Notations: A, Cu-Co spinel; 0, Co,04 spine]; 
*, cue. 

. m u 
A-a 

20 30 40 50 60 20 

FIG. 3. XRD patterns of Cu-Co oxides calcined at 
623 K for 4 hr. Curves: a, CulCo = 0.25; b, CulCo = 
0.5; c, Cu/Co = 1.0. Notations same as in Fig. 2. 
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TABLE II 

XPS RESULTS OF Cu-Co OXIDES 

BE in mixed oxides 
@VI 

Literature 
BE values ‘.X/Co = CuiCo = 

(eV) 0.25 1.0 Attributions 

cu b-J3/2 933.0 (10) - 
934.0 (8) 934.0 934.5 
936.2 (8) 935.8 936.2 

941.7 942.7 
co 2Pwz 779.6 (9) 779.6 780.6 

780.7 (9) 780.3 781.3 
789.5 (9) 790.1 791.1 

0 Is 529.5 (9) 529.8 530.5 
530.8 (9) 531.2 532.5 

cue 
Octahedral CU*+ 
Tetrahedral Cu’+ 
Satellite 
Octahedral Co)+ 
Tetrahedral Co*+ 
Satellite 
Lattice O*- 
Adsorbed oxygen 

or OH, co:- etc. 

rized in Table II. The original values have 
been corrected by displacing the energy 
scale in the direction of literature values 
(8-10) to facilitate comparison. In the cases 
of Cu 2p, Co 2p, and 0 IS, displacements 
of -5.3, -4.9 and -4.5 eV were made, 
respectively. 

FIG. 4. X-ray photoelectron spectra of Cu 2~~~~. a, 
Cu/Co = 1.0; b, Cu/Co = 0.25. 

FIG. 5. X-ray photoelectron spectra of Co 2psiz. a, 
Cu/Co = 1.0; b, CuiCo = 0.25. 

Profiles for Cu 2p, Co 2p, and 0 1 s 
electron BE’s are shown in Figs. 4, 5, 
and 6, respectively. Obscurities in peak 
resolution are reduced by comparison with 
literature and checking with computer de- 
convolution, so that no conflict should 
arise from arbitrariness. In Fig. 4, strong 
satellites indicate divalent Cu (10). For Cu/ 
Co = 0.25, the peak at 934 eV can be 
attributed to octahedral Cu*+ in Cu-Co 
spine1 and the 935.8 eV shoulder to tetrahe- 
dral Cu2+ (8). These are appreciably higher 
than the value 933.0 eV for Cu in pure 
CuO (10). Octahedral Cu is evidently pre- 
dominant. Quantitative estimation of sur- 
face Cu/Co ratio gave a value of 0.35, 
greater than the bulk value of 0.25. 

For Cu/Co = 1.0, BE of Cu 2p,,, is 
about 0.5 eV higher than the corresponding 
value in Cu/Co = 0.25. From curve a in 
Fig. 4, the peak at 934.5 eV can be attrib- 
uted to octahedral Cu, and 936.2 eV to 
tetrahedral Cu (8). The estimated surface 
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FIG. 6. X-ray photoelectron spectra of 0 1s. a, 
CuiCo = 1.0; b, Cu/Co = 0.25. 

&/Co ratio is 0.55, much lower than the 
bulk value 1.0. 

In Fig. 5, low intensity satellites indicate 
that the Co ions are present in the spine1 
lattice (9). For curve b, the attribution of the 
peaks is 779.6 eV to octahedral Co3+, and 
780.3 eV to tetrahedral Co2+ (9). For curve 
a, the corresponding values are: 780.6 and 
781.3 eV. The BE’s for Cu/Co = 1.0 are 
about 1 eV higher than the corresponding 
values for Cu/Co = 0.25. 

In Fig. 6, 0 1s BE values for CL&O = 
0.25 are 529.8 and 53 1.3 eV. The former may 
be attributed to lattice oxygen and the latter 
to surface oxygen, including adsorbed oxy- 
gen species and hydroxyl and carbonate 
groups (9, II). For Cu/Co = 1.0, 0 Is val- 
ues are 530.5 and 532.5 eV for lattice and 
surface oxygens, respectively. Again, a 
higher Cu/Co ratio gives a higher BE. But 
the increase of BE with an increasing Cu/Co 
ratio seems to be only marginally significant, 

when the reproducibility of measurements 
is carefully examined. 

Discussion 

The Formation and Stability of 
Cu-Co Spine1 

Standard XRD profiles for Co,O, and 
Cu-Co spine1 phases given in literature (7, 
12) show that they are so closely similar 
that only barely perceptible differences in 
diffraction from 3 11,5 11, and 111 planes can 
be observed. The 28 values at these planes 
for Co,O, are 36.8, 59.2, and 19.0”, respec- 
tively, while those for Cu-Co spine1 are 
37.0, 59.6, and 19.2”, corresponding to dif- 
ferences in d values of only about 0.01 A. 
Therefore the presence of Cu-Co spine1 in 
a matrix of Co,O, can be discerned only by 
very careful inspection at higher resolution. 
This might be a reason why many authors 
failed to detect Cu-Co spine1 in Cu-Co 
mixed oxide. The other cause of missing 
Cu-Co spine1 might be its thermal instability 
or the relatively narrow temperature range 
within which it forms and exists, as sug- 
gested by the following discussions. 

All samples of Cu/Co = 0.25, 0.5, and 
1.0 calcined at 623 K gave XRD patterns 
showing the existence of Cu-Co spine1 (Fig. 
3). The exothermic peak at 588 K of the DSC 
curve for Cu/Co = 0.25 and a shoulder at 
the same temperature in the case of Cu/Co 
= 1 .O (Fig. 1) can be related to Cu-Co spine1 
formation. There should be two steps in the 
formation of Cu-Co spinel: the oxidation of 
a part of the Co’+ to Co3+, and the crystalli- 
zation leading to the spine1 phase. Since no 
sign of oxygen uptake was detected in the 
differential TG curves (only numerical val- 
ues are given in Table I) the oxidation pro- 
cess might have taken place in some earlier 
stages of preparation, especially in the dry- 
ing of the precipitate. The remaining possi- 
bility contributing to the peak is crystalliza- 
tion, which should also be exothermic. 
From Fig. 3, it can be deduced that the de- 
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composition temperature of Cu-Co spine1 
in all the three samples should be higher 
than 623 K. 

There is no heat change in the DSC curve 
for Cu/Co = 0.25 beyond 588 K, until a 
peak appears around 808 K. This may be 
related to the transformation of Cu-Co spi- 
nel into Co30, spine1 and CuO. The calcina- 
tion of the sample at 773 K for longer periods 
gave XRD patterns showing no Cu-Co spi- 
nel but CuO and Co,O,. It is possible that 
the transformation began at an appreciable 
rate before the peak temperature. 

For the sample with Cu/Co = 1.0, exo- 
thermic peaks for the formation and trans- 
formation of Cu-Co spine1 crowd together 
at 588, 643, and 683 K. No more peaks ap- 
pear beyond 683 K. The transformation of 
Cu-Co spine1 into CuO and Co,O, should be 
completed at this temperature. From this, it 
is clear that the thermal stability of Cu-Co 
spine1 is dependent on the Cu/Co ratio of the 
mixed oxide, with lower stability for higher 
C&Co ratio. 

The slowness of weight loss beyond 548 
K, as shown in Table I, justifies the attribu- 
tion of the exothermic peaks to phase 
changes. 

Effects of Copper Incorporation in Spine1 

The site preference energies, defined as 
the difference between the CFSE’s for octa- 
hedral and tetrahedral coordinations of a 
transitional metal ion, for Co3 + , Cu*+ , and 
Co*+ are 19.0,15.2, and 7.4 eV, respectively 
(13, 24). Therefore, it is reasonable for a 
Cu*+ to take an octahedral site occupied 
originally by a Co3+ ion, rather than to take 
a tetrahedral site occupied by Co*+, as sug- 
gested by XPS assignments. 

Compared to the stoichiometric formula 
for spinel, A*+Bz+O:-, the Cu-Co spine1 
unit, Co*+ Cu2+Co3+O:-, will have a surplus 
electron which must be given off to maintain 
electrical neutrality. The formula should 
then be: CO*+~CU*+~CO~+~O~-, or more 
generally, Co*+‘Cu~+“Co~+~O~~, where r 

+ m + n = x I 1. The cations are then 
more positive than usual, or alternatively, 
oxygen may be considered as having a va- 
lence higher than - 2, or less negative than 
usual. This might be a cause, if not the only 
cause, of increased BE’s observed in 
Cu-Co mixed oxides. In Table II, Cu 2p3j2 
in the mixed oxides shows the most pro- 
nounced effect of increased BE compared 
to that in pure CuO, while Co 2p and 0 1s 
have smaller changes, implying that m %= r 
and n. This means that Cu*+ ions at octahe- 
dral sites in Cu-Co spine1 carry the most 
part of the extra charge. 

Other important features of the problem 
are the instability of Cu-Co spine1 and its 
enrichment on the surface. Cupric ion is es- 
pecially prone to the Jahn-Teller effect (IS). 
As a result, the octahedral Cu*+ will have 
its tram groups along its z-axis displaced 
away from the Cu*+ center and the planar 
groups in the x-y plane moving toward it, 
so that the symmetry is lowered and the 
degeneracy of d,zpy2 and dZz orbitals is re- 
moved (16). The antibonding orbital result- 
ing from the d,2 is lower in energy than that 
from the d,2-q orbital, and is therefore occu- 
pied. This weakened the Cu-0 bond along 
the z-axis and elongated it. At the same time, 
the shortening of Cu-0 bonds in the x-y 
plane increases the covalent character of 
these bonds and contributes to the stability 
of the distorted octahedron. However, the 
distorted octahedron is still higher in energy 
than the Co3+ octahedron, and does not con- 
form to the original cobalt spine1 lattice. It 
is then not surprising that the Cu-Co spine1 
structure containing distorted Cu octahe- 
drons tends to “float” to the surface, mak- 
ing it richer in Cu than the bulk when Cu/ 
Co of the bulk is low, and conversely when 
the Cu/Co ratio of the bulk is high, as shown 
in Table III. This is because the stoichiomet- 
ric C&Co ratio of a Cu-Co spine1 unit is 
0.5. Its enrichment on the surface shall make 
the surface Cu/Co ratio approach this value 
from either side. 
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TABLE III 
RATIOS OF ELEMENTS ON SURFACE 

cu/co O/(Cu + Co) 
on surface on surface 

Oxides (atomic ratio) (atomic ratio) 

cue - 2.44 
co304 

- 2.13 
Mixed oxide with 0.35 1.64 

CUKO = 0.25 
Mixed oxide with 

CUKO = 1.0 
0.55 1.45 

In Table III, atomic ratios of oxygen to 
metal are also shown for different samples. 
For pure CuO and Co,O,, the stoichiometric 
ratios are 1.0 and 1.33, respectively. The 
stoichiometric O/(Cu + Co) ratio for a 
&-Co spine1 unit is also 1.33. The experi- 
mental values are much higher, indicating 
additional oxygen species are present on the 
surface and not removed by the degassing 
operation before XPS measurements. Possi- 
ble forms of these species may include ele- 
mental oxygen and combined oxygen in 
CO*, H,O, and OH groups. The decrease in 
surface oxygen with increasing Cu/Co ratio 
is interesting because it suggests the lower- 
ing of the affinity of the surface for oxygen. 
This means that Cu-Co spine1 adsorbs 0 
species weaker than CuO and Co30,. If the 
z-axis of the Cu2+ octahedron is taken as the 
direction perpendicular to the surface, then 
Cu-0 bonding shall be weak along this di- 
rection as predicted by Jahn-Teller’s effect. 

Conclusions 

1. Copper-cobalt spine1 with Cu2+ mainly 
at octahedral sites is formed in mixed 
Cu-Co oxide when calcined, and tends to 
concentrate at the surface. 

2. The thermal stability of Cu-Co spine1 
decreases with increasing Cu/Co ratio. With 
the Cu/Co ratio below 1.0, a calcination 

temperature of 588-623 K may be recom- 
mended for the formation and existence of 
Cu-Co spinel. 

3. The mixed oxide surface enriched with 
Cu-Co spine1 has lower affinity for oxygen 
species than pure CuO and Co,O, surfaces. 

4. The BE of Cu 2p3,2, and probably also 
those of Co 2p,,, and 0 Is, is raised by the 
formation of Cu-Co spinel. 
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