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Abstract Using the spray pyrolysis process, nano-sized cobalt oxide powder with average particle size below 50 nm was

prepared from cobalt chloride solution. The influences of the raw material solution on the properties of the powder formed

examined. When the concentration of Co was low(20 g/L), the average particle size of the powder formed was roughly 20 nm,

and the cohesion between these particles was significantly strong. When the concentration of Co increased to 100 g/L, the

droplets nearly failed to exist in circular form and reflected a severely divided form. Furthermore, the average size of the

particles formed was roughly 40 nm, and the particles reflected a polygonal form. When the solution was increased to nearly

saturation level (Co at 200 g/L), the particle size distribution reflected significant unevenness due to severe droplet division while

the surface also reflected significant unevenness. Furthermore, the average size of the particles formed increased significantly

to 70 nm. The results of XRD analysis showed that the strength of the peaks reflected very little change when the concentration

of Co was increased from 20 g/L to 50 g/L. Alternatively, when the concentration was increased to 100 g/L, the strength of

the peaks increased compared to when the concentration was 50 g/L. However, when the concentration was increased to 200 g/

L, the strength of the peaks failed to reflect significant change compared to when the concentration was 100 g/L. The specific

surface area dramatically decreased by 30 % when the concentration of Co was increased from 20 g/L to 50 g/L. Alternatively,

when the concentration of Co the solution increased to 100 g/L, the specific surface area decreased by roughly 15 %.

Furthermore, when the concentration of Co was increased to nearly saturation level(200 g/L), the specific surface area decreased

by roughly 35 %.

Key words nano-sized cobalt oxide powder, spray pyrolysis process, cobalt chloride solution, average particle size,

concentration of the raw material solution.

1. Introduction

The spray pyrolysis method for produce the nano-sized

particles uses a special nozzle to spray the metallic oxide

solution inside the reactor and instantly completes the

reaction at high temperature to directly produce metallic

oxide. This method not only eliminates the process of

mixing solid powder, performing the reaction based on

calcination, and grinding to produce powder, but also has

the advantage in that the particle characteristics can be

controlled based on the pyrolysis conditions and contains

little possibility of mixing with impurities. Furthermore,

because it is more feasible to eliminate impurities at a

solution state rather than a solid state, the aforementioned

method is an appropriate and fair method in producing

high purity ingredient powder. As such, this method is

renowned as an appropriate method in producing high

quality metallic oxide powder. Furthermore, recently studies

on producing metallic oxide of nano size based on the

spray pyrolysis method is currently being pursued further
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by Yu,1-7) Majumdar,8) Pluym,9) and Messing10) etc and its

application range is significantly expanding. Apart from

these areas, systematic research on producing complex

and unitary oxide powder is not being conducted currently.

Especially, systematic research on producing cobalt oxide

(Co3O4) nano powder which is extensively used for

lithium secondary battery cathode, positive and negative

pole materials, catalysts, gas sensors, and black matrix

materials is hardly being conducted. 

Accordingly, this study attempts to develop a technol-

ogy which can use cobalt chloride solution as an ingredi-

ent to be applied to a spray pyrolysis reaction equipment

created based on self technology to persistently mass

produce ultra-fine cobalt oxide powder of even particle

distribution and average particle size of equal to or under

50 nm. Furthermore, this study attempts to assess the

characteristics of cobalt oxide powder following changes

in the reactive factors of the concentration of the raw

material solution. 

2. Experiment Method

This study has used cobalt chloride(CoCl2) solution con-

sisting of cobalt ingredients existing in secondary ion

form to produce cobalt oxide powder of average particle

size of 50 nm or less based on the spray pyrolysis

method. 

A Cobalt chloride(CoCl2.6H2O) with purity above 98.5

% made by Daejung chemical & metal company of

Korea was added to water which was created by an ultra-

pure production equipment composed of 4 levels to

produce cobalt chloride solution, and the concentration of

cobalt was adjusted to 20, 50, 100, and 200 g/L re-

spectively. This solution was filtered three times through

filter paper to be used as a the final solution for the spray

pyrolysis reaction. The following components SiO2, P,

Ca, Cr and Cu of less or equal to 50 ppm were included

within the solution.

In order to conduct the study and create cobalt oxide

nano powder of average particle size of under 50 nm

through the spray pyrolysis process using the cobalt

chloride solution produced, a relevant spray pyrolysis

equipment was personally designed and produced for the

study. This equipment is reflected Fig. 1. A titanium nozzle

was used as the atomizing equipment for the solution,

and tip size was maintained with 2 mm. In order to

equalize the temperature distribution within the pyrolysis

reactor, a 4 zone type cylindrical vertical pipe composed

by combining 4 pipes of height 150 cm was created.

Additionally, a bag filter was used as the powder collected.

This study inserts the component solution within the

reactor which is maintained at a temperature of 800 oC

through a nozzle and sprayed in an atomized droplet

form to produce powder of average particle size equal to

or less than 50 nm. The component solution is inserted

into one entrance of the nozzle at a velocity of 10 ml/min

through a quantitative chemical pump while air com-

pressed through an air compressor at a pressure of 3 kg/

cm2 is inserted into the other entrance of the nozzle to

atomize the solution. The characteristical changes of each

powder formed following adjustment in the reactive

factors were assessed and analyzed through SEM(changes

in the particle size distribution, average particle size, and

particle form), TEM(whether of the single crystal particle),

XRD analysis(changes in the composition of the powder),

and specific surface area measurement.

3. Results and Considerations

3.1 Thermodynamic considerations for spray py-

rolysis process 

When the cobalt component presents with divalent ions

in raw material solution, thermodynamic pyrolysis reac-

tions for the production of solid cobalt oxide can be

expressed through the following reactions.11)

3Co(s) + 4H2O(v) = Co3O4(s) + 4H2(g) 1)

∆Go = 100,836 + 141 T Joules 1-1)

H2(g) + 1/2O2(g) = H2O(v)  2)

∆Go = −246,438 + 54.81 T Joules 2-1)

H2(g) + Cl2(g) = 2HCl(g) 3)

∆Go = −188,200 − 12.8 T Joules 3-1) 

Co(s) + Cl2(g) = CoCl2(l) 4)

∆Go = −302,085 − 16.7 T ln T + 228.1 T Joules  4-1)

Deducting equation 4) from equation 3) derives at

equation 5).

CoCl2(l) + H2(g) = Co(s) + 2HCl(g)  5)

∆Go = 113,885 + 16.7 T ln T − 240.9 T Joules  5-1)

Fig. 1. Schematic diagram of spray pyrolysis system.
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The sum of equation 1) and equation 5) by 3 derives at

equation 6).

3CoCl2(l) + 4H2O(v) = Co3O4(s) + H2(g) + 6HCl(g) 6) 

∆Go = 442.491 + 50.1 T ln T − 581.7 T 6-1) 

The sum of multiplying equation 2) by 2 and multiply-

ing equation 6) by 2 derives at the study's pyrolysis

reaction formula of equation 7).

6CoCl2(l) + 6H2O(v) + O2(g) = 2Co3O4(s) + 12HCl(g)  7) 

∆Go = 389,982 − 1,051.7 T + 100.2 T ln T Joules 7-1)

Accordingly, value of the changes in the standard free

energy at the reaction temperatures regarding equation 7)

of 700 oC, 800 oC, 900 oC and 1000 oC respectively are

37,478, 11,768, −13,007 and −36,927 J.

However, whether Co3O4 is formed in solid state based

on the pyrolysis reaction is not based on ∆Go as reflets

per equation 7-1) but can be reflets as ∆G as per equa-

tion 7-2).

∆G = ∆Go + RT ln(a2
Co3O4·P

12
HCl / a

6
CoCl2·P

6
H2O·PO2

) 7-2) 

In this regards, ∆G reflects the changes in free energy

based on random conditions, while ∆Go, a and P reflects

the changes in standard free energy, activity and partial

pressure respectively. 

Results of this study reflets the formation of cobalt

oxide(Co3O4) in solid form even in a reaction tempera-

ture of 700 oC. Despite the ∆Go's plus (+) value in

equation 8-2), this result shows that the absolute value of

RT ln(a2
Co3O4·P

12
HCl / a6

CoCl2·P
6
H2O·PO2

) reflects a greater

minus (−) value, thereby resulting in an overall negative

(−) value in the ∆G value. 

3.2 Effects of the concentration of raw material

solution on the properties of produced powder

Fig. 2 reflects the results of the characteristical changes

of the particles magnified by 5,000 times based on the

SEM when the concentration of the Co ingredient is

varied from 10 g/L to 200 g/L, under the following con-

ditions: pyrolysis reactive temperature is set at 800 oC,

inflow speed set at 20 ml/min, nozzle tip size set at 2 mm,

and air pressure maintained at 3 kg/cm2. Furthermore,

Fig. 2. SEM photographs of produced powder according to cobalt concentration of raw material solution at 800 oC, 10 ml/min. inflow speed

of the solution, 2 mm nozzle tip size and 3 kg/cm2 air pressure(× 5,000). (a) 20 g/L, (b) 50 g/L, (c) 100 g/L, (d) 200 g/L.
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Fig. 3 reflects the characteristical changes of the power

formed magnified by 300,000 times based on the SEM

under the same conditions as Fig. 2. 

When the Co ingredient is low at 20 g/L, the solvent

begins to evaporate at the droplet surface as soon as the

atomized droplet flows into the reactor. Generally under

the reactive temperature of 800 oC, a very severe division

of the droplet occurs at the intial stages of the pyrolysis

reaction. However, because the Co ingredient within the

solution is very low, the droplet size decreases signifi-

cantly after the solvent evaporates. Furthermore, severe

droplet division does not occur during the pyrolysis

process because the concentration difference between the

droplet surface and the central area until the solvent is

completely evaporated within the droplet is not significant.

As the results show per Fig. 2(a), the powder formed

based on the pyrolysis reaction partially show a severely

divided form, however, most of the powder reflect a

initial atomized circular droplet form. Alternatively, based

on the results of Fig. 3(a), the average particle size of the

droplet form reflected as per Fig. 2(a) consisted of very

small particles of roughly 20 nm and the cohesion bet-

ween these particles was very strong. This result is

assumed to be based on the following reason: although

the reactive temperature is relatively high, the low con-

centration levels leads to a significant amount of time

required for the solute to evaporate within the droplet

during the pyrolysis reaction. Furthermore, because the

evaporation heat increases, the powder formation and the

development speed during the pyrolysis reaction signifi-

cantly decreases, resulting in an insufficient sintering

reaction process. When the concentration of the Co in-

gredient is increased to 50 g/L, the atomized droplet size

significantly increases compared to when the concen-

tration was 20 g/L. Accordingly, as the pyrolysis reaction

proceeds, it becomes difficult for the solvent existing

within the droplet to smoothly pass through the upper

layer of the droplet surface, thereby increasing the pressure

within the droplet, leading to a severe division of the

droplet, and enhancing the uneveness of the particle

distribution. As reflected per Fig. 7(b), despite the severe

droplet division, part of the powder formed based on the

Fig. 3. SEM photographs of produced powder according to cobalt concentration of raw material solution at 800
o
C, 10 ml/min. inflow speed

of the solution, 2 mm nozzle tip size and 3 kg/cm2 air pressure(× 300,000). (a) 20 g/L, (b) 50 g/L, (c) 100 g/L, (d) 200 g/L.
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pyrolysis reaction maintained an initially atomized circular

droplet form, however, most of the powder reflected a

severely divided form. Alternatively, based on the results

of Fig. 3(b), the component particles within the droplet

reflected as per Fig. 2(b) failed to show significant cohe-

sion while the average inflow speed increased compared

to when the concentration was 20 g/L. Accordingly, the

particles were composed of nano particles of average size

30 nm. This result is assumed to be based on the

following reason: The decreasing effects of the time

consumed for the solute to evaporate following a concen-

tration increase as well as the decrease in the solute's

evaporation heat resulted in a longer sintering process,

thereby increasing the average particle size. However,

this increasing effect seems to have taken dominance

over the decreasing effects in the average particle size

due to the severe droplet division following an increase

in the solution's concentration. When the concentration of

the Co ingredient increases to 100 g/L, because the

droplet size after the evaporation of the solvent is com-

pleted increases compared to when the concentration was

50 g/L, it becomes difficult for the solvent existing within

the droplet from the intial stage of the pyrolysis reaction

to pass through the upper layer of the droplet surface.

Accordingly, the internal pressure of the droplet increases

and the droplet divides more severely. Accordingly, as

reflected per Fig. 7(c), the droplet fails to exist in near

circular form and shows a severely divided form. On the

other hand, based on the results of Fig. 3(c), the average

particle size of the droplet form as per Fig. 2(c) is

composed of nano particles of average size 40 nm. The

cohesion between the particles increased compared to

when the concentration was 50 g/L and part of the

particles reflected a polygonal form. This result is

assumed to be based on the following reason: the size of

the atomized droplet after the solute is completely evap-

orated at the intial stages of the reaction not only

significantly increases compared to when the concentration

was 50 g/L, but also the evaporation of the solute is

completed in a quicker time period while the evaporation

heat of the solute decreases, enabling the sintering process

to proceed over a more sufficient amount of time. This

effect seems to have taken dominance over the increasing

severity effects of the droplet division following a

concentration increase. When the concentration of the

solution is increased to nearly saturation at 200 g/L, an

oversaturation of the solute occurs in the droplet surface

at the initial stage of the pyrolysis reaction. Furthermore,

because the decrease in the droplet size following the

evaporation of the solvent within the droplet hardly

occurs, the size of the initially atomized droplet signifi-

cantly increases compared to low concentration levels.

However, because the droplet shows severe division

during the pyrolysis process, the particle distribution of

the droplet form becomes very uneven as well as the

surface. Furthermore, because the solvent evaporation

during the pyrolysis process proceeds very quickly, the

evaporating heat of the solvent significantly decreases,

thereby quickening the sintering reaction and reflecting a

close combining droplet form. On the other hand, the

average particle size of the droplet form reflected as per

Fig. 2(d) resulting from Fig. 3(d) consisted of nano

particles of roughly 70 nm. This result is assumed to be

based on the following reason: The decrease in the time

consumed for the solute to evaporate following an in-

crease in concentration levels as well as the decrease in

the evaporation heat of the solute resulted in a longer

sintering process time, thereby increasing the average

particle size. This increasing effect seems to have taken

dominance over the decreasing effect of the average

particle size due to the increasing severity of the droplet

division following a concentration increase. 

Fig. 4 reflects the structural characteristics of the

particles formed based on the pyrolysis process using

TEM. Fig. 4(a), (b) and (c) reflects the state of the

particles magnified by 300,000 times, 1,000,000 times,

and 8,000,000 times respectively and assesses whether

monocrystals were formed at the primary level. Further-

more, Fig. 4(d) reflect the FFT(Fast Fourier Transform)

pattern and diffraction pattern of a random particle. Other

particles also showed nearly the same pattern and these

results concluded that the particles formed an intricately

close monocrystal structure.

Fig. 5 reflects the Miller index related to each peak of

the powder formed under each solution concentration

based on the XRD analysis, given the same reactive

conditions as Fig. 2. Regardless of the concentration of

the solution, only Co3O4 existed. Furthermore, when the

concentration was 20 g/L, the Miller index related to the

primary, secondary and tertiary peak was (311), (440)

and (220) respectively while under concentration levels

of at least 50 g/L, the Miller index of the primary,

secondary, and tertiary peak was (311), (220) and (440)

respectively. Even at the lowest concentration of 20 g/L,

unreactive products of Cobalt chloride did not arise, and

this result showed that sufficient pyrolysis reaction had

been proceeded as reflected per equation (7), despite the

short reactive time within the concentration range. XRD

analysis results showed that when the concentration of

the Co ingredient increased from 20 g/L to 50 g/L, the

strength of not only the primary peak but also the

secondary and tertiary peak reflected little change. In

general, the initially atomized droplet size following an

increase in the concentration level increases but also

shows a severely divided state due to the droplet division.

As reflected per Fig. 2(a) and (b), most of the droplet



282 Jae Keun Yu et al.

was maintained in a closely circular droplet form in the

case of 20 g/L, however in the case of 50 g/L, the ratio

of closely circular droplet form significantly decreased.

Accordingly, the increasing effects following an increase

in the concentration levels as per Fig. 3(a) and (b) seems

to offset the severe droplet division effects following an

increase in the concentration levels as per Fig. 2(a) and

(b), thereby resulting in little change in the XRD peak

strength, despite the increase in concentration levels.

When the concentration of the Co ingredient increased to

100 g/L, the strength of not only the primary peak but

also the secondary and tertiary peak increased compared

to when the concentration was 50 g/L. This result is

assumed to be based on the following reason: As the

concentration levels increased from 50 g/L to 100 g/L

based on the results of Fig. 3(b) and (c), not only did the

average particle size increase from roughly 30 nm to 40

nm, but also the cohesion between the particles in-

creased, thereby reflecting a polygonal form in some of

the particles. This effect seems to have taken a leading

dominance over the increasing severity of the droplet

division resulting from the increase in concentration to

100 g/L as reflected per Fig. 2(b) and (c). Especially,

based on the results of Fig. 2(c), droplets of circular form

rarely existed under concentration levels of 100 g/L.

When the concentration of the Co ingredient increased to

200 g/L, the strength of not only the primary peak but

also the secondary and tertiary peak showed little change

compared to when the concentration was 100 g/L. This is

assumed to be based on the following reason: as reflected

in Fig. 2(c), (d) and Fig. 3(c), (d), not only did the time

consumed for the solute to evaporate following an

increase in concentration levels decrease, but because the

solute's evaporation heat also decreased, the sintering

reaction process proceeded in a more longer time period,

leading to an increasing effect of the average particle

size. This increasing effect seems to offset against the

decreasing effects of the ratio of closely intricate circular

droplet form resulting from the severe droplet division

following an increase in concentration levels. 

Fig. 4. TEM photographs of produced powder and selective diffraction pattern of single particle at reaction temperature of 800
o
C, raw

material solution of 100 g/L Co, 10 ml/min. inflow speed of the solution, 2 mm nozzle tip size and 3 kg/cm
2 

air pressure. (a) TEM

photographs of produced powder(× 300,000), (b) TEM photographs of produced powder(× 1,000,000), (c) HRTEM image of an individual

Co3O4 nanocrystal(× 8,000,000), (d) Selective diffraction pattern of single particle.
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Fig. 6 reflects the changes in the specific surface area

of the powder formed following a change on the con-

centration of the solution. As the concentration of the Co

ingredient increased from 20 g/L to 50 g/L, the specific

surface area significantly decreased by roughly 30 %.

This result is assumed to be based on the following

reason: whereas most of the droplets maintained a intri-

cately close circular droplet form when the concentration

was 20 g/L, when the concentration was set at 50 g/L, the

ratio of intricately close circular droplet form significantly

decreased. Despite this, however, the increase the average

particle size of the particles following an increase in

concentration as per Fig. 3(a) and (b) and the decrease in

evaporation heat of the solution resulted in a faster

sintering reaction process. Accordingly, the increasing

effects of the close intricacy in the surface of the particles

developed seems to have taken effect as a dominant

leading factor. Alternatively, when the concentration of

the solution was increased to 100 g/L, the specific surface

area decreased by roughly 15 %. This result is assumed

to be based on the following reason: as the concentration

levels increased from 50 g/L to 100 g/L, as reflected per

Fig. 3(b) and (c), not only did the average particle size

increase by roughly 30 nm to 40 nm but the sintering

reaction process proceeded more quickly, leading to a

more closely intricate particle surface. This effect seems

to have taken a more dominant effect over the significant

decreasing effect in the ratio of circular closely intricate

droplet form as per Fig. 2(a) and (b) due to the severe

droplet division following a concentration increase in the

solution. When the concentration of the solution is in-

creased to nearly saturation level at 200 g/L, the specific

surface area decreased by roughly 35 %. This result is

assumed to be based on the following reason: As

reflected per Fig. 3(d), when the concentration increased

from 100 g/L to 200 g/L, not only did the average particle

size significantly increase by roughly 40 nm to 70 nm,

but the time consumed for the solute to evaporate

following a increase in concentration to nearly saturation

level decreased, resulting in a longer sintering reaction

process. As a result, the surface of the particles became

more intricately close. This effect seems to have taken

dominance over the effects of the significant increase in

the ratio of droplets with empty interiors and the effects

of uneven particle distribution as reflected per Fig. 2(c)

and (d) due to the increasing severity of division following

the concentration increase. 

4. Conclusion

When the concentration of the cobalt was low at 20 g/

L, the average particle size of the powder formed was

roughly 20 nm and the cohesion between these particles

was very strong. When the concentration of the cobalt

increased to 50 g/L, the average particle size of the powder

Fig. 6. Specific surface areas of powder according to cobalt con-

centration of raw material solution at 800
o
C, 10 ml/min. inflow

speed of the solution, 2 mm nozzle tip size and 3 kg/cm2 air pressure.

Fig. 5. XRD patterns of powder according to cobalt concentration of

raw material solution at 800 oC, 10 ml/min. inflow speed of the

solution, 2 mm nozzle tip size and 3 kg/cm
2 

air pressure. (a) 20 g/L,

(b) 50 g/L, (c) 100 g/L, (d) 200 g/L.
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formed was roughly 30 nm. When the concentration of

the cobalt increased to 100 g/L, most of the droplet form

was unable to exist in circular form, reflecting a severely

divided form with average particle size of the particles

formed at roughly 40 nm. And some of the particles

reflected a polygonal form. When the concentration of

the solution increased to nearly saturation level at 200 g/

L, the average particle size of the particles formed

significantly increased to roughly 70 nm. The XRD analysis

results showed that as the solution's concentration in-

creased from 20 g/L to 50 g/L and 100 g/L, the strength

of the diffraction peaks showed little change. When the

concentration of the cobalt increased to 200 g/L, the

strength of the diffraction peaks significantly increased.

The specific surface area dramatically decreased by 30 %

when the concentration of the Co ingredient was increased

from 20 g/L to 50 g/L. Alternatively, when the concen-

tration of the solution increased to 100 g/L, the specific

surface area decreased by roughly 15 %. Furthermore,

when the concentration was increased to nearly saturation

level at 200 g/L, the specific surface area decreased by

roughly 35 %.
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