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SURFACE CHEMISTRY OF COBALT IN CALCINED 

COBALT-KAOLINITE MATERIALS 
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INTRODUCTION 
The analysis of metal ion bonding and the identification of 

sutface species on mineral and clay sutfaces is important in 
understanding adsorption phenomena and in developing meth
ods for the preparation of materials with established sutface 
chemistry. X-ray photoelectron spectroscopy (XPS) is a sur
face-sensitive analysis technique that may provide informa
tion on metal coordination geometry and oxidation state (Kop
pelman and Dillard, 1979; Bancroft et aI., 1979). XPS studies 
have been successful in describing the chemical nature of co
balt oxides and cobalt adsorbed on a variety of substrates. Te
wari and Lee (1975) and McIntyre and Tewari (1977) identified 
CO(OH)2 on the sutface of Zr02 and A120 3 following the in
teraction of Co2+(aq) with zr02 and Al20 3. Lunsford et al. (1978) 
detected Co(llI).on a zeolite Y sample prepared by the ad
sorption of Co(NHJ63+ on zeolite Y and heating the treated 
sample to 400"C. Declerck-Grimee et al. (1978) suggested from 
a detailed analysis of XPS spectra that C09SS is the active co
balt-containing component in cobalt/molybdate hydrodesul
furization catalysts. The Co 2p XPS spectra for Co(II) ad
sorbed on Mn02 (Murray and Dillard, 1979) were interpreted 
to indicate the formation of Co(III) on the sutface. 

Recent studies of X-ray-induced Auger processes (Wagner 
et al., 1979; Dillard and Koppelman, 1982; Harvey and Linton, 
1981) demonstrated that speciation of sutface components is 
practical using XPS. To provide speciation information, core
binding energy data (CBE) and Auger kinetic-energy results 
(AKE) must be compared. Such a comparison reveals that 
unique values for CBE and AKE are found for a series of metal 
compounds . The results are then related to the electron den
sity at the atom of interest and thus provide speciation of sur
face species . 

To demonstrate the sutface analytical potential ofXPS, cal
cined cobalt-kaolinite samples have been prepared to contain 
CoAI20 •. In these samples CoAI20. has been confirmed by 
X~ray powder diffraction measurements, and tetrahedral Co(ll) 
has been identified by means of visible diffuse reflectance 
spectroscopy. The present study illustrates the utility of using 
XPS binding energy data, core-electron satellite features and 
X-ray-induced Auger processes for the identification of sur
face species. Such results provide a powetful characterization 
scheme for the analysis of clay sutfaces where bulk techniques 
such as X-ray powder diffraction are ineffective. 

EXPERIMENTAL 

Calcined cobalt-kaolinite materials were prepared by heat
ing mixtures of Co(N03)2' 6H20 or Co(NH3)6CI3 with kaolinite 
Hydrite PX in air. The Hydrite PX sample was obtained from 
Georgia Kaolin company from their well-crystallized kaolin 
deposits in central Georgia. It was fractionated with centrif
ugal assistance to obtain a particle size distribution with 90% 
of the clay particles having an equivalent spherical diameter 
of < 2 /Lm. The clay was flocculated with acid during its pro
cessing resulting in a clay-water dispersion (20% solid) with 
pH - 4.5. The cation-exchange capacity of the clay is 3 meq! 
100 g and the BET sutface area is 13 m2/g. The compositions 
of the mixtures and the temperatures and duration of calcin
ation are summarized in Table I. Cobalt oxides and hydrox
ides and CoAI20. were obtained from commercial suppliers. 
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The structural integrity of the commercial materials was con
firmed by X-ray powder diffraction (XRD) analysis (Table I). 

XPS spectra were measured using a DuPont model 650 elec
tron spectrometer (Murray and Dillard, 1979; Koppelman et 
al., 1980) . An AI anode was used (hI! = 1486 eV) to measure 
the Co 2p binding energies and a Mg anode (hI! = 1254 eV), 
to determine the Auger kinetic energies. These anodes and 
conditions were necessary because intetferences from the 
oxygen KVV Auger occur in the Co 2p region when using a 
Mg anode and the Fe 2p levels intetfere in the Co Auger region 
when an AI anode is used. The solids for XPS analysis were 
prepared by placing an acetone or aqueous suspension of the 
sample on a brass probe and allowing the liquid to evaporate 
at room temperature in air. The XPS binding energies were 
calibrated using background carbon or silicon in the clay. The 
precision of the binding energy measurements is ±0.1 e V, 
whereas that for the Co LaVV Auger kinetic energies is ±0.3 
eV. The spectra were measured using the MCA (multi-channel 
analyzer) mode of operation. 

Visible diffuse reflectance spectra were measured using a 
Cary 14 spectrophotometer. The dry powdered samples were 
placed in standard 100mm quartz cuvettes and MgO was placed 
in the reference beam. XRD patterns were obtained using a 
General Electric model XRD-6 diffractometer and Ni-filtered 
CuKa radiation. 

RESULTS AND DISCUSSION 

The measured binding energies for the Co 2p core levels and 
the Co La VV Auger kinetic energies are summarized in Table 
2 along with XPS results for selected cobalt compounds. Char
acteristic Co 2p core-level spectra are presented in Figure 1 
for CoAI20. and for the 10% Co(NH3)6CI3/kaolinite product, 
sample 3. Co 2p XPS spectra for the calcined cobalt(II)-ka
olinite samples (samples 1, 2) are similar to those shown in 
Figure 1. The diffuse visible reflectance spectra for CoAl,O. 
and for sample 2 are presented in Figure 2. Similar reflectance 
spectra are recorded for samples 1 and 3. 

The XRD results for the calcined samples suggest the pres
ence of CoAl20., cristobalite, Il-AI203' and mullite. However, 

Table I. Preparation of calcined cobaltlkaolinite samples. 

Wt. Tempera-
Coball kaolinite2 lure Time 

Sample compound1 (g) roC) (hr) Product3 

CoCI2 ·6H2O 90 1050 1.0 CoAI2O., 
mullite 

2 CoCI2 ·6H2O 90 1200 2.0 CoAI20., mul-
lite, cristo-
balite 

3 Co(NHa).CI3 90 1050 1.0 CoAI20. , mul-
lite, Il-A120 3 

110.0 g. 
2 Hydrite PX. 
3 X-ray powder diffraction characterization. 
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Figure I. X-ray photoelectron Co 2p spectra: (a) CoAI20 4; 
(b) Sample 3. 

no attempt was made to quantify the estimates on any of the 
crystalline phases because of the relatively poor quality of the 
XRD patterns. The important result is that all cobalt-kaolinite 
samples contained discrete CoAI20 4. 

The visible reflectance spectra (Figure 2) for a calcined sam
ple and for CoAI20 4 are indicative of Co(Il) in tetrahedral co
ordination. The absorption maxima correspond to the 
4A2(F) ~ 4T ,(P) transition (Figgis, 1966) and are in good agree
ment with the results for tetrahedral Co(Il) in CoAI20 4 (Ashley 
and Mitchell, 1968) and Co(II) in CoMo/AI20 3 catalysts, where 
CoAI20 4 was produced by calcination (Gajardo et al., 1980). 
That identical reflectance spectra were obtained for the sam
ples indicates that tetrahedral Co(II) is present in all calcined 
cobalt-kaolinite materials. 

The energy separations and satellite structure of the XPS 
spectra for Co 2pl(c Co 2p3/2 and the Co 2P3l2 binding energies 
indicate that the chemical environment about cobalt is equiv
alent in all samples (Figure I). The intense satellite structure 
on the high binding-energy side of the main photopeaks dem
onstrates that cobalt is present as Co(II). The Co 2pl/2-Co 2p3/2 
splitting of 15.7 eV compares favorably with the value of 16 
eV reported by Brinen and Armstrong (1978) for Co(Il) in 
CoAI20 4 • That Co(Il) is high spin can be shown by examina
tion of the Co 2p1/2-Co 2P312 energy difference and Co 2p peak 
shapes. 

Core electron (2p) spectra for low spin (Co(Il) have a Co 
2p1/2-Co 2p:V2 splitting of approximately 15.0-15.3 eV and sat
ellite structure oflow intensity (Frost et at., 1974; Briggs and 
Gibson, 1974). For low-spin Co(II) the main 2P3lz photopeak 
is broadened and shows (Frost et ai., 1974; Briggs and Gibson, 
1974) evidence of two peaks in the 2p3/2 region arising from 
multiplet splitting. The features characteristic oflow spin Co(Il) 
are not prominent in the Co 2p spectra measured for the cal
cined cobalt-kaolinite materials (Figure 1). The XPS Co 2p 
splitting data are consistent with the presence of high-spin Co(II) 
where the Co(II) environment is tetrahedral and similar to that 
inCoAl,04' 

In a study of CoAI20 4, McIntyre and Cook (1975) measured 
a binding energy of 780.6 eV for the Co 2P3/2 level, whereas 
Gajardo et al. (1980) reported a value of781.0 eV for a catalyst 
which contains CoAlz0 4. The good agreement for the Co 2P3/'2 
binding energies and similiar appearance of the satellite fea
tures for calcined cobalt-kaolinite materials with those pub
lished for CoAI20 4 by McIntyre and Cook (1975) and Gajardo 
et al. (1980) support the conclusion that CoAI20 4 is present in 
the cobalt-kaolinite samples. 

The shake-up satellite structure for cobalt is associated with 
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Figure 2. Visible reflectance spectra: (a) Sample 2; (b) 
CoAI20 4 • 

charge-transfer excitation of the type, ligand ~ metal (Frost 
et ai., 1974; Kim, 1975; Brisk and Baker, 1975). The energy 
separation between the satellite peak and the main 2p photo
peak is related to the bonding nature of cobalt. Frost et al. 
(1974) found a general decrease in satellite separation as the 
bonding becomes more covalent for CoF2, CoClz, CoBrz, and 
Co12. In the calcined cobalt-kaolinite samples the satellite sep
aration for the 2P3l2 level (Table 2) is approximately 4.7 e V for 
each material. The separation is less than that reported by Kim 
(1975) for CoO (6.3 eV) and by Koppelman and Dillard (1978) 
for Co adsorbed on chlorite (5.2 eV), but is in good agreement 
with the value reported by McIntyre and Cook (1975) for 
CoAI20 4. These data indicate that cobalt bonding in the cal-
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Figure 3. Wagner chemical-state plot: Co 2p3/2 binding en
ergy vs. Co L3VV Auger energy. Open circles = reference 
compounds, closed circles"" calcined cobalt-kaolinite sam
ples. 
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Table 2. XPS binding energy and Auger results. 

Binding 
energy ~BE (Co 2p,,,- ~E (Co 2p", Co (L, VV) Auger 

(BE)Co 2P312 Co 2p,,,) (sal)-main) kinetic energy 
Sample (eV) (eV) (eV) (eV) 

1 780.9 15.7 4.7 770.8 
2 780.9 15.7 4.7 770.7 
3 780.8 15.7 4.6 770.7 

CoAl2O. 780.9 15.6 4.7 770.9 
CoO 780.1 15.9 6.3 1 770.4 
Co(OH)2 781.0 16.0 5.8 769.4 
CoOOH 780.1 15.0 772.0 

1 Kim, 1975. 

cined sample is similar in covalency to that in CoAI20. and 
that tetrahedral cobalt is bound more covalently than octa
hedral cobalt in CoO or than Co(II) adsorbed on clays. 

A comparison of the XPS results can be made also with the 
results for tetrahedral cobalt(II) in CoaO •. From the XPS spec
trum of CoaO., Chuang et al. (1976) reported a Co 2p1/2-Co 
2P312 energy separation, of 15.3 e V, a Co 2Pa12 binding energy 
of 780.7 eV, and a satellite-main Co 2p312 peak separation of 
8.8 eV for tetrahedral Co(ll). The results of Chuang et al. (1976) 
may be compared with our corresponding values of 15.7 eV, 
780.7 eV, and 4.7 eV for the spectral parameters for the cal
cined cobalt-kaolinite samples. For cobalt-kaolinite materials 
the satellite intensity is greater than for CoaO. (Chuang et al. , 
1976). This result is related to the smaller satellite to main 2p 
photopeak separation (4.7 eV) in that the ligand (oxygen) to 
metal charge transfer occurs at a lower energy and also has a 
greater transition probability (Kim, 1975; Frost et al., 1974; 
Brisk and Baker, 1975). Thus, cobalt in calcined cobalt-ka
olinite is more covalently bonded than tetrahedral Co in C030. 
as indicated by greater satellite intensity and smaller satellite
main peak separation. That the calcined cobalt-kaolinite XPS 
data are not equal to those for C030 . also demonstrates that 
C030 . was not formed in the materials prepared in this study . 

Wagner et al. (1979) suggested the use of the Auger param
eter for identifying chemical species. An advantage of study
ing Auger processes is that the shifts in Auger kinetic energy 
among a given group of compounds are commonly greater than 
the shifts in core-level binding energies, and the Auger pro
cesses involving valence electrons are expected to be strongly 
influenced by alterations in the mode of bonding (Wagner et 
al., 1979). The Co L3VV Auger kinetic energy and the Co 2p 
core-electron binding-energy data are presented in Figure 3 in 
the format suggested by Wagner et al. (1979) to aid in identi
fying the dominant surface species . The positions for the cal
cined cobalt-kaolinite samples are in the region characteristic 
of CoAI20 •. Recognizing that the precision for determining the 
Auger kinetic energy is ±0.3 eV, and that other results pre
sented herein are characteristic of high-spin tetrahedral Co(II), . 
as in CoAI20. , it is concluded that the cobalt-containing sur
face species is CoAI20 •. 

In summary, the data indicate that the Co XPS spectra for 
calcined cobalt-kaolinite materials are characteristic of high
spin tetrahedral Co(II). The Co L3VV Auger, Co 2p binding 
energies, and satellite features are supportive of surface cobalt 
in a covalent, electron-rich bonding environment when com
pared to selected Co(II) model compounds. The XPS data cor
respond closely to the results obtained for CoAI20. and sug
gest that surface CoAI20. is present on calcined cobalt-kaolinite 
materials . 
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