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Abstract. Cobalt oxides were prepared by three different methods: (1) by reacting cobalt nitrate with 
oxalic acid, (2) co-precipitating cobalt nitrate with sodium carbonate, and (3) using sodium dodecyl sul-
phate as organic surfactant. All three samples were characterized before and after calcination by solvent 
extraction and the resulting products examined by IR spectroscopy. In the case of method 3, the removal 
of surfactant was followed by TGA studies. Products from all three methods were identified by XRD. 
Peaks in low angle XRD indicate the porous nature of the oxides. The morphology of the pores was studied 
by transmission electron microscopy. Some irregular pore structures were obtained for samples from 
methods 1 and 2, with an average size of 4–6 nm. Only the product from method 3 using SDS as template 
showed ordered structure and optimum size, and Brunauer–Emmet–Teller surface areas of the as-prepared, 
as well as the treated samples, exhibited H3 type hysteresis. The samples from the three methods were 
used as catalysts in the oxidation reaction of cyclohexane under mild conditions and the catalytic effi-
ciency of the cobalt oxide was comparable with mesoporous cobalt oxides. 
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1. Introduction 

It is well known that supported catalysts containing 
cobalt in the metallic, oxidic, or sulphided state are 
very important in heterogeneous catalysis.1–13 Cobalt 
and nickel oxides are important materials that find 
applications in different fields such as catalysis, vari-
ous types of sensors, electrochromic, electrical and 
other opto-electronic devices. Humidity-sensitive 
Co3O4 active in the visible wavelength region at 
room temperature has been reported.14 Recently, 
there was an excellent review15 on the adsorption 
and applications of cobalt species on the interface, 
between aqueous solutions and metal oxides. Due to 
various oxidation states of these oxides, they find 
special application as electrochromic materials ex-
hibiting anodic electrochromism, changing colour 
from grey to pale yellow.16 Nickel and cobalt oxides 
also have applications as electrochemical capacitors 
and in coloured glasses.17 Cobalt-based catalysts are 
of interest in the field of heterogeneous catalysis and 
have been used in hydrosulphurization and in hy-

drogenation.18,19 Khodakov et al reported on the 
preparation and localization of cobalt and catalytic 
behaviour of Co-containing MCM-41 and SBA-15 
materials in Fischer–Tropsch synthesis.20 In this re-
gard, mesoporous materials obtained by a supra-
molecular templating mechanism have found wide 
applications in recent times due to their high surface 
area, narrow pore size distribution, large pore volume 
and hydrothermal stability.21 Several mechanisms 
such as liquid crystal templating,22,23 cooperative 
templating and ligand-assisted templating23 have been 
used to design mesophasic structures as part of the 
templating mechanisms. 
 A number of papers have appeared in the literature 
on the synthesis and structures of metal oxides24,26 
including laser ablation of cobalt and cobalt oxides 
(CoO and Co3O4) to prepare their nanoparticles.19 In 
this paper, nanocrystalline cobalt oxide was prepared 
through three routes namely, precipitation method 
(method I), sol/gel method (method II) and templating 
method (method III) and the efficacy of the catalyst 
obtained by each of the three methods was tested on 
a specific reaction. The final pore size distribution, 
surface area and local ordering if any was related to 
the catalytic activity. 
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2. Experimental 

All the reagents used in this study were AR Grade 
and obtained from Merck, India. The surfactant so-
dium dodecyl sulphate (SDS) used in the present 
work was from Sigma Chemicals, USA and was 
99⋅9% pure. Deionized water from a Milli-Q (Milli-
pore) system was used for the experiments and the 
preparation of cobalt oxide was carried out using 
methods I, II and III. 

2.1 Synthesis 

In method I cobalt nitrate and oxalic acid were taken 
in mol. ratio 0⋅2 : 1 in 25 ml ethanol. The mixture 
was stirred for 5 h at room temperature (T = 295 K). 
The precipitate that appeared after this time was pink 
in colour and was extensively washed with ethanol 
to remove any unreacted starting compounds. The 
precipitate was dried at 353 K and the resulting solid 
was then calcined at 673, 773 and 873 K to get the 
required cobalt oxide. 
 The reaction proceeds as shown below, 
 
 Co(NO3)2

 + (COOH)2 → Co(OH)2 +2CO2 + 2NO2, 
 
 3Co(OH)2 + NO2 → Co3O4 +3H2O + NO. 
 
In method II, cobalt nitrate was co-precipitated with 
4N Na2CO3 in a magnetic stirrer for 5 h at room 
temperature. The gel formed was washed repeatedly 
with deionised distilled water till the filtrate was de-
void of any impurities. The remaining solid was 
dried in air at 353 K and calcined at 673, 773 and 
873 K for an hour each to get the required oxide. 
 The reaction proceeds as follows, 
 
 Co(NO3)2 + Na2CO3 → CoCO3 + 2NaNO3, 
 
 CoCO3 

∆→ ∆ CoO + CO2, 
 
 CoO → (in air and heating) Co3O4. 
 
 In method III, cobalt nitrate, sodium dodecyl sul-
phate (SDS), urea and deionised water were taken in 
a mol. ratio of 1 : 2 : 30 : 60. The mixture was stirred 
at 313 K for 1 h at room temperature to yield a 
transparent solution. The contents were then heated 
to and maintained at 353 K for 1 h. The resulting 
mixture was cooled to room temperature to prevent 
further hydrolysis of urea. The solid was then 

washed a few times with water and then dried in air 
for 1 h at 313 K. The final solid was extensively 
washed with ethanol and then dried in air. The sample 
was then calcined at 673, 773 and 873 K for 4 h. 
The reaction can be represented as, 
 
 Co(NO3)2 + 2C12H25OSO3Na → Co(OH)2  
         + 2C12H25OSO3H + 2NaNO3, 
           (H2O/urea) 
 

 Co(OH)2 
∆→  Co3O4. 

2.2 Characterization 

The thermal decomposition behaviour of the samples 
was studied by thermogravimetric analysis (TGA), 
and differential thermal analysis (DTA) on a Mettler 
TGA/SDTA 851. X-ray diffraction (XRD) patterns 
were recorded using a Bruker D8 diffractometer using 
Co–Kα radiation with 2θ ranges from 10° to 80°C. 
A transmission electron nicroscope (TEM) was used 
to study particle sizes and shapes. The powder was 
dispersed in ethanol and the TEM micrographs were 
employed using a Philips STEM microscope. FTIR 
spectra were determined on a Perkin–Elmer RX-1 
model IR spectrophotometer in KBr medium. The 
surface area measurements were performed by a Micro-
metric (Gemini 2375) surface area analysers. The  
nitrogen adsorption and desorption isotherms were 
measured at 77 K temperature after heating the sam-
ple at 100°C (373 K) for 2 h. 

2.3 Catalytic activity 

Catalytic activities of the samples from the above 
procedures were tested for the oxidation of cyclo-
hexane. Cyclohexane was distilled over CaH2 prior 
to use. The reaction was carried out in a glass reac-
tor maintained at 70°C, where 2 ml (18⋅5 mmol) of 
cyclohexane, 2⋅5 ml (27⋅5 mmol) of isobutyralde-
hyde (mol. ratio 1⋅5 : 1), a catalytic amount of acetic 
acid 0⋅06 ml (1 mmol) and 0⋅05 g of catalyst sample 
prepared from the present study (from any one of the 
3 procedures mentioned here) were taken. The reac-
tion mixture was kept under 1 atm of oxygen and 
continuously stirred by a magnetic stirrer for 15–
17 h. The starting alkane was used as an internal 
standard in the final chromatographic analysis. The 
conversion was defined as a percentage of the start-
ing alkane converted into product. 
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 The conversion of cyclohexane into cyclohexanol 
and cyclohexanone was checked by gas chromatog-
raphy using a Varian-400, equipped with a packed 
column (10% carbo wax 400 on chromosorb 101). 

3. Results and discussions 

Samples of cobalt oxide obtained from the three 
procedures were characterized by XRD. The XRD 
of the sample from method 1 shows the amorphous 
nature of the material (figure 1a). The XRD pattern 
of the sample from method 2 showed the presence of 
two oxides (i.e. CoO and Co3O4) (figure 1b), while 
its the calcined sample (at 773 K) showed the pres-
ence of only one phase, Co3O4 (figure 1c). Figures 
1d and e show the XRD patterns of samples from 
procedure 3 before and after calcinations at 773 K. 
The peak widths of the sample heated at 773K are 
narrower than for all other samples indicating the 
greater crystalline nature of the sample. 
 
 

 

Figure 1. XRD of sample 1 (a); sample 2 (b) before and 
(c) after calcinations; sample 3 (d) before and (e) after 
calcinations. 

 The low angle XRD pattern of sample 3 (after 
calcination) is given in figure 2. The peak at 2ϑ at 
1⋅60 for the sample corresponds to Co3O4. The cor-
responding value for d is 5⋅67 nm. This value agrees 
with the pore sizes obtained from sorption experi-
ments. The wide band seen in the XRD pattern may 
be due to the large distribution of pore distances 
leading to long range ordering in the oxide sample 
formed. 
 Since procedure I gave samples which appear 
amorphous, have quite low surface area and show 
some presence of hydroxides even after calcination. 
most of the studies were carried on samples obtained 
from Procedures II and III (here after called samples 
2 and 3 respectively). FTIR spectra of samples 2 and 
3, and of them after calcination are shown here in 
figure 3a–d. 
 Two sharp peaks at 2911 and 2848 cm–1 in the 
case of sample 3 are assigned to the C–H sym and 
asym vibration of –CH2– in SDS. These peaks dis-
appeared after calcination, and this confirms that 
calcinations is the only effective method for the re-
moval of surfactant in the samples. This observation 
also explains the low surface area of the sample 3. 
The broad hump at 3463 cm–1 in sample 2 is attrib-
uted to adsorbed water (figure 3a). The peak is not 
observed after calcination or solvent extraction. The 
peaks centred at 1558 and 1383 cm–1 are assigned to 
residual acetate 
 The peaks at 624 and 531 cm–1 are characteristic of 
the metal oxide bands. On calcinations the bands 
shift to higher wave numbers . This blue shift indi-
cates the formation of cobalt oxide of a higher bond 
order. In fact, the peaks at (675, 571 and 425 cm–1 
are assigned to the dominance of Co3O4. 
 

 
 
Figure 2. Low angle XRD of sample 3 (after calcination). 
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 Thermogravimetric plots for samples 2 and 3 Co 
as-prepared samples are given in figures 4a and b. 
The initial weight loss of about 10% at temperature 
up to 110°C is attributed to the loss of water and any 
adsorbed species. Both samples show almost a pla-
teau at higher temperature till 275°C. Further weight 
loss of about 20% between the temperatures ranges 
of 275–325°C is attributed to slight loss of the pore-
like structures. The slow but continuous loss in 
weight up to 500°C is attributed to the loss of organic 
materials. Further, a very slow but constant decrease 
in the weight up to 750°C has been observed in both 
the cases. 
 

 
 

Figure 3. FTIR spectra of (a) sample 2 and (b) sample 3 be-
fore calcinations; (c) sample 2 and (d) sample 3 after cal-
cinations. 
 
 

 
 

Figure 4. Thermogravimetric plots of samples 2 and 3. 

 TEM photographs of the samples before and after 
calcination are given in figure 5 (samples 1–3 in 
figures 5a–c respectively). No open pore structures 
can be seen in the TEM photograph of the sample 1. 
The organic trashes are more prominent objects in 
these photographs, whereas in sample 2 the begin-
ning of some irregular pore structure can be seen 
(figure 5b). Since the sample is oven-dried after re-
peated washing, any packing order seen could be 
only due to the geometrically well-defined channels 
of the oxide formed and such structures should be 
fairly stable even on heating. 
 Average sizes of the particles are a few tens of 
nanometres, while pores with average diameter of 
2–7 nm can be seen in sample 3 (figure 5c). A com-
plete lack of uniformity in the shapes and sizes of the  
 
 

 
 
Figure 5. TEM photographs of samples 1, 2 and 3 (a)–
(c) before calcination and (d)–(f) after calcination (scale 
bar = 20 nm). 
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Table 1. BET surface area measurement data. 

  Pore volume  
Sample  Surface area (m2/g) (cc/g) at 0⋅99 P/P0 
 

Sample 1 Well below instrument limit 0⋅42 
Sample 1, calcined at 773 K  20⋅32 0⋅14 
Sample 2  40⋅43 0⋅35 
Sample 2, calcined at 773 K  56⋅55 0⋅12 
Sample 3  60⋅42 0⋅64 
Sample 3, calcined at 773 K 107⋅44 0⋅32 
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Figure 6. Adsorption–desorption isotherm for sample 3. 
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Figure 7. Pore size distribution of sample 3. 
 

pores has been observed. While calcination of samples 
1 and 2 leads to collapse of the porous structures, in 
sample 3 the pore structure is retained. 
 BET surface area measurements show a total sur-
face area of 40–60 m2/g for samples 2 and 3 before 
calcination whereas for sample 1 it is below the 
measurable limit of the instrument. These data are 

given in table 1. An increase in the surface area of 
sample 2 compared to sample 1 is observed which 
goes up to 56⋅55 m2/g, while for sample 3, the meas-
ured area is 60 m2/g. The surface areas of all three 
samples increase on calcination. The surface area af-
ter calcination at 573 K is about 20 m2/g for sample 1, 
56 m2/g for sample 2 and 107 m2/g for sample 3. Fi-
nally, after calcination at 873 K all the mesostruc-
tures are damaged and the surface area falls below 
10 m2/g. The adsorption–desorption isotherm for 
sample 3, having the best surface area, is given in 
figure 6. 
 The adsorption–desorption curve shows an H3 
type of hysteresis (according to IUPAC classifica-
tion).27 Many factors are thought to influence ad-
sorption hysteresis, and specific pore structures have 
often been identified with the shape of hysteresis 
loops. Thus H3, which does not exhibit any limiting 
adsorption at high P = P0, is often associated with 
aggregates (i.e., an assembly of particles, which are 
loosely coherent) having slit-shaped pores. Figure 7 
presents the pore size distribution for the same sample, 
obtained according to the Barrett–Joyner–Halenda 
(BJH) method, using the Halsey equation for multi-
layer thickness.28 This plot shows that the majority 
of peaks correspond to the 2 nm range. 

3.1 Catalytic activity 

Cobalt oxide samples obtained by the three proce-
dures have been used as catalysts in the oxidation of 
cyclohexane. Performances of various cobalt-based 
catalysts from our data archives,27,28 as well as that 
the current catalysts, are shown in table 2. 
 The data shown in table 2 demonstrate that catalytic 
properties depend on a number of factors such as the 
particle size and surface area, as well the structure of 
the catalyst. Maximum conversion of cyclohexane has 
been observed when amorphous Co was used as a 
catalyst at 40 atm of O2 (at room temperature).27,28 

 The conversion of cyclohexane on the current po-
rous cobalt catalyst is comparable with the result ob-
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Table 2. Performance of catalysts from different methods in the oxidation of a hydrocarbon. 

Catalyst  Particle size (nm) Temp. (°C) Pressure (atm) Conversion (%) 
 

Sample 1 5–10 70 1 1⋅1 
Sample 2 10–20 70 1 4⋅5 
Sample 3 80–150 70 1 9⋅7 
Co powder27,28  10 70 1 10⋅0 
Co3O4

27,28 20 70 1 4⋅6 
Fe-Co/TiO2

27,28 30 70 1 12⋅5 
msp-Co oxides27,28 100–200 70 1 10⋅0 

msp: mesoporous 
 
tained on the supported Fe–Co/Fe catalyst and is 
nearly of the same order as that reported earlier on 
nano-structured cobalt oxide with regular pore struc-
ture.29 This demonstrates the advantages of a Co oxide 
catalyst of high surface area in this reaction. The se-
lectivity of conversion of cyclohexanol to cyclohex-
anone was found to be similar to previously reported 
data.28 From this study, it is clear that the current 
catalysts do not provide activities as good as that of 
Co catalyst at high oxygen pressure (which is not 
expected). However, their activity is better than or 
as good as that of catalysts from previous reports. 
The reaction mechanism for this type of conversion 
has been discussed earlier,27,28 and the same mecha-
nism may be applicable in this present study also. 
 In conclusion, the structure of cobalt oxides from 
different procedures differ in pore sizes and surface 
areas as well as in their catalytic activities. While 
the precipitation technique is less cumbersome in terms 
of preparation, the resulting cobalt oxide is low in 
surface area and some percentage of hydroxide is 
always present leading to low catalytic activity. 
 Samples 2 and 3 have comparable pore size distri-
butions. However, sample 3 is organized better due 
to the templating mechanism, leading to more order, 
larger surface area and thus to maximum catalytic 
activity. 
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