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We have successfully used new Co(II) carboxylate compounds for the preparation of nanocrystalline cobalt oxide powders. 

The Co(II) carboxylate compounds were obtained in the redox reaction between Co(NO3)26H2O and diol (1,2-etandiol and 
1,3-propanediol). Co(II) carboxylate compounds with different structures can be obtained depending on the starting material 
(diol) and the synthesis parameters. As a result, different crystalline phases can be obtained by appropriate thermal 
treatment: Co3O4, CoO and metallic Co. The redox reaction between the NO3

-
 ion and diol takes place at 90°C. Depending 

on the Co(NO3)26H2O – diol system and the molar ratio of the reagents, the redox reaction can be controlled, with isolation 
of the Co(II) complex combination as pink powder or a burning process can take place, leading to a grey powder. Thermal 
decomposition of the isolated Co(II) complex combination, at 350°C, leads to CoO, Co3O4 or cobalt oxides mixtures. The 
Co(II) complex combination was characterized by thermal analysis and FT-IR spectrometry. The phase evolution and 
morphology of the oxides powders were studied by X-ray diffraction and Scanning Electron Microscopy. 
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1. Introduction 
 

Transition metal oxides are a well-studied class of 

materials due to their particular properties and applications 

in various fields, such as heterogenous catalysis [1], gas 

sensing [2], electrochemical devices and solar energy 

transformation [3-5]. One such system comprises cobalt 

oxides of different composition and stoechiometry, relying 

on the close thermodynamic stability of the Co
2+

/Co
3+

 

oxidation states. Cobalt oxides show catalytic activity in 

surface reactions and partial oxidation, which depend on 

the redox properties of the metal. The close 

thermodynamic stability of Co
2+

 and Co
3+

 is the key 

feature in these mechanisms [6]. Among all known types 

of cobalt oxides known until now, Co3O4 and CoO are the 

most stable and useful in the industry [7, 8]. Even though 

CoO is stable at high temperatures, bulk particles may 

easily exist at environmental temperature and oxygen 

partial pressure. CoO is an antiferromagnetic material 

which is well studied due to its magnetic characteristics [9, 

10] and applications as gas sensor [11, 12]. One of the 

most important applications of CoO is in the field of Ni/H2 

and Ni/Cd batteries, in which it plays the role of enhancing 

the discharge deepness and enlarging the current [13]. In 

the past few years CoO became more attractive due to 

results as photocatalyst used for water decomposition 

under influence of solar light [5]. Due to the bandgap of 

2.4 eV, CoO presents a high photocatalytic activity. In 

order to take full advantages of CoO in this field, the 

material has to present unique features such as high purity, 

high density, high stability, ultrafine diameter, 

monodispersion and nano-scale size [14].  

On the other hand, the spinel type Co3O4 is an 

important technological material with applications as solar 

selective absorber, hydrocracking catalyst, in pigment 

glasses, photocatalysis and ceramics [15-20]. When falling 

in the nanosized regime, Co3O4 is expected to lead to even 

more attractive applications. In the past few years, interest 

has been devoted to the synthesis of Co3O4 nanostructures 

with different morphologies: nanoparticles, nanowires, 

nanotubes [21-24]. In the last years Co3O4 has been 

prepared by different techniques such as combustion 

method, hydrothermal method, sol-gel process, spray 

pyrolysis, coprecipitation [25-29]. One of the most used 

soft chemical methods for preparation of nanoscale Co3O4 

is the thermal decomposition method due to the process 

simplicity, short reaction time, low temperature and easy 

work-up [22, 30, 31]. The most important issue of this 

topic is to design a precursor which would allow the 

synthesis of the desired nanomaterials at a low temperature 

and with directed properties [22]. 

In our previous papers we reported an original route for 

the synthesis of carboxylate compounds, which are 

precursors of simple and mixed oxides in nanometer range 

[32-34]. The synthesis method consists in a redox reaction 

of diols with some metallic nitrates leading to different 

metal carboxylates, depending on the diols nature and the 

molar ratio NO3
- 

: diol. Such compounds decompose at 

relatively low temperatures, forming the simple or mixed 

oxides with evolving of volatile products (CO, CO2, H2O). 

a

.) 

b

.) 
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The method is versatile making it possible to obtain 

different precursors by varying the experimental 

conditions.  

Because CoO and Co3O4 represent oxides which are 

difficult to obtain as single phases, our paper reports the 

synthesis of these oxides by ranging the experimental 

procedure based on the thermal decomposition of Co(II) 

carboxylates,  obtained during the redox reaction of 1,2-

etandiol and 1,3-propanediol, respectively, with cobalt 

nitrate. 

 

 

2. Experimental 
 

The starting materials were Co(NO3)26H2O, 1,2-

etandiol (OH(CH2)2OH), 1,3-propanediol 

(OH(CH2)2CHOHCH3) and nitric acid (65 wt%) with 

analytical grade, provided from Merck Co. The Co(II) 

carboxylate compund (precursor) was prepared by 

dissolving Co(NO3)26H2O in 1,2-etandiol (EG) and 1,3-

propanediol (1,3PG), respectively, to which 3 drops of  

nitric acid were added, under magnetic stirring (Fig.1a). 

The Co(NO3)26H2O amounts were calculated for 2 g CoO 

and are given in Table 1. The molar ratio NO3
-
: diol was 

calculated taking into account the reaction stoechiometry 

for the formation of the following carboxylates: oxalate 

(sample E1), glyoxylate (sample E2), malonate (samples 

P1 and P2) – Eq. 1-3.   

 

Table 1. Syntheses characteristics 

 
 

By heating the sample solutions, the redox reaction 

between the NO3
−
 anions and the -OH groups of the diol, 

was initiated at 90°C with evolving of brown nitrogen 

oxides (NOx). The synthesis procedure was conducted 

under controlled heating, with isolation of a Co(II) 

complex combination, as pink powder, starting from 

sample E1 (Fig.1b). The obtained powder was heated at 

130°C, 2h, until the redox reaction was finished and has 

been analyzed by FTIR spectrometry and thermal analysis. 

The dried powder was annealed at 350°C and 1000°C, 3h 

in ambient air.  

 

 
 

Fig.1: a.) Co(NO3)26H2O – diol solution; 

b.) Powder – isolated complex combination; 

c.) Powder – burning of the complex combination 

 

 

For the samples E2, P1 and P2, the redox reaction with 

formation of Co(II) complex combination took place 

simultaneous with the organic ligands burning leading to a 

magnetic grey black powder (Fig.1c).  

Thermal analysis, for description of the redox reaction 

evolution, was performed on a 1500D MOM Budapest 

derivatograph by deposition of a reactants solution thin 

layer on plate like Pt crucibles. The experiment was 

carried out, in air, under identical conditions with the 

instrumental parameters: heating rate 5
◦
C/min up to 

500°C, sample mass 100 mg and reference material for 

DTA was α-Al2O3. Infrared spectra of the powders were 

recorded on Shimadzu Prestige-21 FT-IR system in the 

range of 400–4000 cm
−1

 using KBr pellets.  

Thermal analysis for examination of the synthesized 

powders was performed on a 1500D MOM Budapest 

derivatograph in air with the heating rate of 5 °C/min up to 

500 °C. The phase evolution was investigated by Rigaku 

Ultima IV X-ray diffractometer using monochromatic 

CuKα radiation (λ = 1.54056 Å). The average crystallite 

size was calculated using the whole pattern profile fitting 

method (WPPF). The instrument influence has been 

subtracted using the diffraction pattern of a Si standard 

recorded in the same conditions. The crystalline phases 

were identified using JCPDS-ICDD files. 

The morphology and microstructure of the particles 

were observed by scanning electron microscopy (SEM) 

using a FEI QUANTA FEG 250 microscope (operating at 

30 kV and 7 mm working distance). 

 

 

3. Results and discussion 
 

The redox reaction between 1,2-etandiol and cobalt 

nitrate occurs with oxidation of OH(CH2)2OH by the 

NO3
-
 ions to carboxylate anions (oxalate, glyoxylate) 

depending on the molar ratios [35] according to the 

equations below: 

 

 

3C2H4(OH)2 + 8NO3
-
 + 2H

+
 → 3C2O4

-
 + 8NO +10H2O (1) 

                        oxalate 

 

C2H4(OH)2 +2NO3
-
 + H

+
 → C2H3O4

-
 + 2NO +2H2O    (2) 

                       glyoxylate  

 

The redox reaction between 1,3-propandiol and cobalt 

nitrate occurs with oxidation of OH(CH2)2CHOHCH3 by 

the NO3
-
 ions only to the malonate anion [33].  

 

3C3H6(OH)2 + 8NO3
-
 + 2H

+
 → 3C3H2O4

-
 + 8NO +10H2O           

(3) 
                          malonate 

 

The mechanism of the redox reaction, for the formation 

of the complex combinations, was studied by thermal 

analysis. Figure 2 and 3 present TG and DTA curves for 

the cobalt nitrate – EG (sample E1) and cobalt nitrate – 

1,3PG (sample P1) solutions. 
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The evolution of the DTA curves is similar in both 

cases and shows exothermic effects at 105 °C and 120 °C 

corresponding to the redox reaction NO3
-
 - diol with 

formation of oxalate and malonate type Co(II) complex 

combinations [36]. 

The exothermic effects from 240 °C and 250 °C can be 

assigned to the oxidative decomposition of the formed 

complex combinations. Taking into account the results of 

thermal analysis, 140°C was chosen as synthesis 

temperature for the Co(II) oxalate type complex 

combination.  

 
 

Fig. 2. TG and DTA curves for the solution  

Co(NO3)26H2O – EG (sample E1) 

 

 
 

Fig. 3. TG and DTA curves for the solution  

Co(NO3)26H2O – 1,3PG (sample P1) 

 

 

The IR spectrum of the compound E1 synthesized at 

140 °C (Fig.4) shows an intense and large band in the 

range 3000 – 3600 cm
-1

 with a maximum at 3369 cm
-1

, 

due to the vibration ν(OH) from coordinated water as well 

as due to strong hydrogen bonds of the water molecules 

with the oxalate ligand. The absorption bands from 828 

cm
-1

 and 714 cm
-1

 confirm also the presence of water in 

coordinated form [37]. The intense band at 1636 cm
-1

 is 

attributed to the vibration νasym(OCO) and the value shows 

that the Co(II)-carboxylate bond is preponderant ionic [38, 

39]. The band at 1387 cm 
-1

is assigned to the vibration 

νsym(OCO) [40]. The difference between the values of νasym 

and νsym being 249 cm
-1

 (higher than 170 cm
-1

), shows that 

the metal-carboxylate bond is preponderantly ionic, and 

the carboxylate group acts like bidentate ligand [41]. At 

the same time, the value for νsym(OCO) at 1387 cm 
-1

 and 

δ(OCO) at 1314 cm
-1

, are in agreement with the position 

of the corresponding absorption in the oxalate bridged 

Co(II) complex [42]. The sharp band from 492 cm
-1

 is 

attributed to the vibration ν(Co-O) and ν(C-C) [43]. 

 

 
 

Fig. 4. FTIR spectrum of sample E1 synthesized at 140 °C 

 

 

Fig 5 presents the thermal behaviour of the oxalate 

type compound E1 synthesized at 140 °C. From the 

evolution of the TG and DTA thermal curves one can see 

two different steps of mass loss on TG. In the temperature 

range 175 - 200°C the mass loss, with an endothermic 

effect, indicates the elimination of the coordinated water 

molecules. In the temperature range 200 – 270°C the mass 

loss is attributed to the exothermic decomposition of 

anhydrous oxalate. Up to 500°C the mass remains constant 

and the residue are cobalt oxides (Co3O4 and/or CoO). 

 

 
 

Fig. 5. TG and DTA curves for sample E1 

 synthesized at 140 °C 

 

 

The samples E2 (glyoxylate type), P1 and P2 

(malonate type) could not be isolated because of the lower 

thermal stability of the glyoxylate and malonate ligands 

from the complex combinations and the autocatalytic 
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effect of the Co ion. The redox reactions started at 90°C 

with NOx evolving when the complex combinations were 

formed, in situ, followed by immediate burning with 

generation of a reducing environment (CO, C). In case of 

E2 the burning of the complex combination took place 

with incandescence while for P1 and P2 the burning was 

with flame (combustion). The behaviour of the samples P1 

and P2, synthesized with 1,3PG, is due to the longer 

organic chain as well as to the higher reducing character of 

this diol compared to EG.  

Figure 6 presents the XRD patterns of the 

products resulted from the burning of the glyoxylate type 

sample E2 at 90°C and by annealing of the oxalate type 

sample E1 at 350 and 1000°C. The pattern of sample E2 

shows the well-crystallized, single phase, CoO. The molar 

ratio NO3
-
: EG for the formation of the glyoxylate type 

complex, by the reducing environment created during the 

burning initiated at 90°C, is optimal for the obtaining of 

the single phase CoO. The average size of the CoO 

crystallites resulted from XRD data is 30 nm. The pattern 

of the sample E1 annealed at 350°C indicates as well-

crystallized, single phase, Co3O4 with nanoparticles having 

an average diameter of 14 nm. The formation of this phase 

is due to the isolation of the oxalate type complex 

combination followed by thermal decomposition at a 

predefined temperature (350°C). By annealing of the 

sample E1 at a higher temperature (1000°C) Co3O4 is 

stabilized. With temperature increase there is an increase 

of the mean particle size to ~ 70 nm. 

 

 
 

 
Fig. 6. XRD patterns of the products obtained from  

different heating of samples E1 and E2 

 

 

The XRD pattern (Fig. 7) of the product resulted, from 

the burning at 90°C, of the malonate type sample P1 

shows a mixture of phases where CoO is predominant. The 

formation of this phase is due to the precursor type, the 

reducing environment and the burning temperature. By 

annealing of sample P1 at 350°C CoO transforms to Co3O4 

while in the sample annealed at 1000°C, Co3O4 is the 

single phase. The particles size is nanometric, ranging 

from 20 to 100 nm depending on the temperature of the 

thermal treatment. 

 

 
 

Fig. 7. XRD patterns of the products obtained from 

 different thermal treatments of sample P1 

 

 

Fig. 8 presents the XRD pattern of sample P2, 

synthesized with an excess of 1,3PG, showing a mixture of 

metallic Co and CoO. This is due to the nature of the 

precursor (malonate), the molar ratio NO3
-
: 1,3PG and the 

reducing atmosphere created during the short time burning 

of the complex combination.  

 

 
 

Fig. 8.  XRD patterns of the product obtained from  

burning of sample P2 
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From thermal analysis data (Fig. 9) one can determine 

the content of metallic Co in the phase mixture. The TG 

curve shows no mass variation up to 400°C. In the 

temperature range 450 – 700°C, the TG curve shows a 

mass increase corresponding to the oxidation of Co and 

CoO to Co3O4. 

 

 
 
Fig. 9. TG and DTA curves of the product obtained  

from burning of sample P2 

 

 

Inspection of the SEM figures, for sample E1 annealed 

at 350 °C (Fig. 10 a) and 1000 °C (Fig. 10 b), manifests 

that the prepared spinel Co3O4 shows a porous network as 

a consequence of the gases escaping during synthesis. It is 

obvious that the nanoparticles are uniform hollow tubular 

shapes with voids and holes randomly distributed among 

them. The particles are agglomerated with sizes ranging 

from 20 nm for the sample annealed at 350 °C to 70 μm 

for the sample annealed at 1000 °C.  

 

 
 

Fig. 10. SEM images of sample E1 annealed at 

 350 °C (a) and 1000 °C (b) 

The SEM image of the product resulted (CoO) from 

the burning of sample E2 (Fig. 11) reveals a sintering 

tendency of irregular particles due to a fast temperature 

increase during synthesis. The average particle size is in 

the nanometer range. 

 

 

 
 
 

Fig.11. SEM image of the product resulted from burning of 

sample E2  

 

 

4. Conclusions 
 

The study presented a new procedure for the obtaining, 

at low temperatures, of CoO and Co3O4 nanoparticles as 

single phases, starting from Co(II) carboxylate compounds 

precursors. The diol content and its structure (reducing 

agent) are key factors that control the formation of reduced 

oxidation states compounds, such as CoO. The ratio of the 

diol to nitrate dramatically influenced the phase formation 

of the final products and the particle size. The synthesized 

cobalt oxides nanoparticles are meant to be used for 

potocatalytical applications, which are strongly influenced 

on the particle size and the lattice structure.  
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