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요 약

본 연구에서는 코발트 염화물(CoCl2) 용액을 원료로 하여 분무열분해 반응에 의하여 평균입도 50 nm 이하의 코발트 산화물

(Co3O4) 분말을 제조하였으며 분위기 기체인 공기의 압력 변화에 따른 입자들의 특성 변화를 파악하였다. 공기압력이 0.1 kg/cm2인

경우에는 형성된 액적형태들은 구형이 거의 없었으며 매우 심하게 분열된 상태를 나타내고 있었다. 액적형태를 구성하는 나노 입자

들의 평균입도는 약 40 nm이었다. 공기압력이 0.5 kg/cm2으로 증가된 경우에는 액적형태를 구성하는 나노 입자들의 평균입도는 약

35 nm로 감소되었다. 공기압력이 3 kg/cm2으로 증가된 경우에는 액적형태에서 구형의 비율이 현저하게 증가하였고 분열된 정도는

감소하였으며 나노 입자들의 평균입도는 약 30 nm로 감소하였다. 공기압력이 0.1 kg/cm2로부터 1 kg/cm2로 증가하는 경우에는

XRD 피크들의 강도가 거의 변화가 없는 반면 비표면적은 감소함을 나타내었다. 공기압력이 3 kg/cm2로 증가하는 경우에는 XRD

피크들의 강도는 약간 감소하는 반면 비표면적은 증가하고 있었다. 

주제어 : 코발트 산화물 나노 분체, 분위기 공기압력, 분무열분해 공정, 코발트 염화물 용액, 평균입도

Abstract

When the ambient air pressure was 0.1 kg/cm2, there were few spherically formed droplets, which showed very badly frag-

mented state. The average particle size of the particles constituting the droplet was about 40 nm. When the air pressure increased

to 0.5 kg/cm2, the ratio of the spherical droplet forms increased, but still showed a state of severe disruption. The average particle

size of the particles was reduced to about 35 nm. As the air pressure increased to 3 kg/cm2, the ratio of spherical droplet form

significantly increased, the degree of fragmentation even further decreased and the average particle size decreased to 30 nm.

When the air pressure increased from 0.1 to 1 kg/cm2, the XRD peak intensity showed little change, but the specific surface area

was decreased. As the air pressure increased to 3 kg/cm2, the intensity of XRD peaks showed a little decrease, while the specific

surface area increased.
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1. Introduction

Spray pyrolysis process1-10) is one of the methods of

manufacturing nano-sized metal oxide powder. In this

reaction, chemical components are uniformly blended in

the solution state so as to make a complex solution,

which is in turn sprayed into a reaction furnace with

a high temperature. In the furnace, spray pyrolysis

reaction is accomplished instantly, and as a result, the

ultra-fine metal oxide powder is formed. The advantages

of this method include the following: 1) processes such

as the mixing, calcination, and milling of solid powder

can be omitted, which therefore makes the whole process

relatively simple; 2) impurities can be reduced, and the

properties of the produced particles can be controlled

according to the various reaction factors. Researches

related to the spray pyrolysis method are being conducted

by Majumdar1), Pluym2), Zhang3) and Yu4-10), and the

applications of this method are expanding widely. Some

researches are being performed for tin oxide powder

with average particle size below 50 nm from tin chloride

solution4,5), for Ni-ferrite powder preparation under 100

nm of average particle size from a waste solution

generated in the shadow mask manufacturing process6),

for ITO powder preparation under 50 nm of average

particle size for improving the properties as a transparent

electrode and ITO thin film manufacturing processes7,8),

and for nickel oxide powder preparation under 50 nm

of average particle size for improving the superior effect

of removing dyes and the function of the catalyst9,10).

Except for the above fields, systematic studies have not

been carried out on the manufacture of single or complex

oxide powders. In particular, a systematic study was

never performed on the production of nano-powders of

cobalt oxide (Co3O4), which is widely used for the

electrode material for a lithium secondary battery,

catalyst, gas sensor and black matrix material.

Accordingly, this study is intended to develop a techni-

que to continuously mass-produce nano-sized cobalt oxide

powder with uniform particle size distribution and

average particle size of 50 nm or less using the cobalt

chloride solution as a raw material and by spray pyrolysis

reaction apparatus manufactured by our own technique.

In addition, the study is aimed to understand the nature

of the cobalt oxide powder depending on the variation

of the ambient air pressure. 

2. Experimental Method

Cobalt chloride (CoCl2) with a purity of 99% manu-

factered by Samchun Chemicals was added to the water

that was produced by 4-stage ultra pure water production

apparatus so that the concentration of cobalt component

in the solution was adjusted to 100 g/L. The solution

was in turn filtered three times through the filter paper.

This cobalt chloride solution was used as the raw material

for the spray pyrolysis process. In order to generate an

ultra fine powder with an uniform particle size and shape,

an efficient spray pyrolysis system10) was specially

designed and built for this study. This system enables

the following: the raw material solution can be sprayed

into the reaction furnace after being efficiently atomized,

the pyrolysis reaction can be completed perfectly because

of the uniform heat distribution inside the reaction

furnace, the generated powder can be collected effectively

by a powder collection device named bag filter, and

the toxic gases generated in the process can also be

cleansed by a scrubber system. A titanium-made nozzle

with the inside diameter of 2 mm was used as the

atomizer for this system. To ensure the uniform temper-

ature distribution inside the reaction furnace, 4 furnaces

were combined together to make a 150 cm-high 4-zone

type cylindrical tube furnace, and the maximum temper-

ature in this furnace can reach 1500 oC. There were 6

bags in the powder collection device with an inside

volume of 500 liters. The produced HCl gas passing

through the bag filter was then treated by a scrubber

system with a dual fluid nozzle. As a result, the HCl
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gas was dissolved and collected in the form of HCl

solution.

In the experiment, the raw material solution was fed

through one inlet of the nozzle with inflow speeds of

10 ml/min., and the pressurized air with a pressure of

0.1 ~ 3 kg/cm2 was fed through the other inlet of the

nozzle so that the raw material solution can be atomized.

The atomized solution then underwent pyrolysis reaction

in the furnace with an internal temperature of 800 oC.

Given conditions of reaction, an nano-sized powder with

diverse physical and chemical properties was generated.

The variations of particle distribution, average particle

size and shape was analyzed by scanning electron micro-

scopy (SEM, Quanta 200, FEI). The variations of powder

phase and structure was analyzed by X-ray diffractometer

(XRD, DMAX-2500V, Regaku). And, the measurements

of specific surface area were also performed (ASP 2020,

Micromeritics).

3. Result and Discussion

Fig. 1 shows the 5,000-fold magnified SEM image

of the property change of the particles caused by the

pyrolysis reaction due to the change of ambient air pre-

ssure from 0.1 to 3 kg/cm2 at a reaction temperature

of 800 oC, concentration of 100 g/L, the nozzle tip size

of 2 mm and the inflow rate of 10 ml/min. In addition,

Fig. 2 shows the 300,000-fold magnified SEM image

of the changes in the characteristics of the powder formed

under the same reaction conditions as in Fig. 1. As

shown in Fig. 1, the droplet shapes finally formed by

pyrolysis reaction showed more fragmented shape and

highly non-uniform particle size distribution by the

decreasing air pressure flowing into the reactor. When

the air pressure was 0.1 kg/cm2, most of the droplet

shapes were not spherical but very severely fragmented.

In addition, the droplet shapes showed a very ununiform

particle size distribution but a relatively tight structure

in the surface. At the air pressure of 0.5 kg/cm2, compared

with the case of 0.1 kg/cm2, the formed droplets showed

somewhat reduced degree of split of droplet, but only

a part were spherical and mostly showed relatively severe-

ly fragmented form. The surface of the droplet shapes

showed relatively tight structure similar to the case of

air pressure 0.1 kg/cm2. It is expected that the surface

structure of the droplet shapes would be denser due to

Fig. 1. SEM photographs of produced powder according to

air pressure at 800 oC, raw material solution of 100 g/

L cobalt, 10 ml/min. inflow speed of raw material

solution and 2 mm nozzle tip size. (a) 0.1 kg/cm2 (b)

0.5 kg/cm2 (c) 1 kg/cm2 (d) 3 kg/cm2.

Fig. 2. SEM photographs of produced powder according to

air pressure at 800 oC, raw material solution of 100 g/

L cobalt, 10 ml/min. inflow speed of raw material

solution and 2 mm nozzle tip size. (a) 0.1 kg/cm2 (b)

0.5 kg/cm2 (c) 1 kg/cm2 (d) 3 kg/cm2.
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the reduced droplet size as the air pressure increased.

The droplet shapes showed further decreased degree of

fragmentation at the air pressure is 1 kg/cm2 compared

to 0.5 kg/cm2. The proportion of spherical particles

further increased as well as the unevenness of the particle

size distribution decreased, and the surface of the droplet

shapes showed relatively tight structure similar to that

of the air pressure 0.1 kg/cm2 and 0.5 kg/cm2. It was

found that the degree of cleavage of the droplets remark-

ably decreased at the air pressure 3 kg/cm2 compared

with the case of 1 kg/cm2. The proportion of spherical

particles increased remarkably as well as the unevenness

of the particle size distribution significantly decreased,

and the surface of the droplet shapes showed the similar

tightness to that of other air pressures. 

According to the results of Fig. 2, the average particle

size of the finally formed nano-sized particles decreased

from about 40 to 35 nm according to the increase in

the pressure of the ambient gas or air from 0.1 to 0.5

kg/cm2, while the average particle size showed almost

no change with the increase in the air pressure to 1

kg/cm2, and the average particle size decreased to about

30 nm when the air pressure increased to 3 kg/cm2.

When the air pressure is as low as 0.1 kg/cm2, the size

of the droplets atomized by the nozzle greatly increased

as shown in equation 1)3). 

(1)

As a result, as shown in Fig. 1 (a), the finally formed

droplet shapes showed very heterogeneous particle size

distribution. Accordingly, the average particle size of

the fine particles constituting the droplet shapes is

expected to be significantly reduced by the air pressure

increase from 0.1 to 0.5 kg/cm2. However, as shown

in Fig. 2 (a) and (b), the average particle size of the

particles slightly increased from 35 nm at the air pressure

of 0.5 kg/cm2 to 40 nm at the air pressure of 0.1 kg/

cm2, but without a significant difference. In addition,

the particles indicated almost similar state of tightness.

The results can be explained by the following three

phenomenas. First, as the size of the atomized droplet

increased, severe split of droplet appeared due to the

increasing pressure difference between the surface and

center of the droplet during the thermal decomposition

process. Consequently, it is considered that the effect

of increasing average particle size by the increasing

droplet size as the air pressure decrease is partly offset

by the increasing effect in the split of droplet. Second,

as the atomized droplet size increased, the actual pyrolysis

reaction duration as well as the sintering time and

temperature after the split of droplet are reduced due

to the increase of evaporation time and evaporation heat

of solvent within the droplet. Consequently, it is con-

sidered that the effect of increased average droplet size

due to the air pressure decrease was substantially offset

by the increased effect in the reaction time and evapo-

ration heat of solution due to the increased atomizing

droplet size.

Third, because the reaction time and temperature of

the solution evaporation as well as the droplet size were

reduced according to the increased air pressure, more

favorable conditions for sintering were formed but reduc-

ing effect of the sintering temperature acted due to the

air pressure increase. Consequently, it was found that

the tightness of the finally formed nano-sized particles

was not significantly changed as the air pressure increased

from 0.1 to 0.5 kg/cm2. As the air pressure increased

to 1 kg/cm2, the atomized droplet size was reduced by

the equation 1). As a result, as shown in Fig. 1 (c), it

was revealed that the ratio of spherical form among the

finally formed droplet shapes significantly increased, the

average particle size decreased and the unevenness in

particle size distribution also decreased. Accordingly, it

is expected that the average particle size of the nano-

sized particles constituting the droplet shapes would be

reduced by the air pressure increases to 1 kg/cm2. As

shown in Fig. 2 (c), however, the average particle size

of the particles was 35 nm, not a significant difference

from that of the air pressure of 0.5 kg/cm2. In addition,

the tightness of the particles indicated almost similar

state. The results can be explained by the following

phenomenas. First, as the liquid droplet size decreased

by the increase of air pressure, the pressure difference

between the surface and center of the droplet was re-

duced, resulting in the decreases of the split of droplet

X = 585
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in the pyrolysis reaction. Consequently, it is considered

that the effect of decrease of average particle size by

the decrease of droplet size due to the increase of air

pressure was substantially offset by the decreasing effect

in the split of droplet. Second, as the atomized droplet

size decreased, the duration of pyrolysis reaction as well

as the sintering time and temperature after the split of

droplet were increased due to the decrease of the evapo-

ration time and evaporation heat of solvent within the

droplet. Consequently, it is considered that the effect of

decreased average droplet size due to the air pressure

increase was substantially offset by the effect of increased

average particle size according to the reduction in the

evaporation time and evaporation heat of solution. Third,

because the evaporation time and temperature of the

solution evaporation decreased by the increasing air

pressure, more favorable conditions for sintering were

formed. but the reduced effect of the temperature also

acted due to the air pressure increase. Consequently, it

was found that the tightness of the finally formed nano-

sized particles was not significantly changed as the air

pressure increased from 0.5 to 1 kg/cm2. When the air

pressure increased to 3 kg/cm2, the size of the atomized

droplet was reduced as shown in Fig. 1. It was revealed

that the ratio of spherical form among the finally formed

droplet shapes significantly increased, the average particle

size greatly decreased, and the evenness in particle size

distribution also increased. Accordingly, it is expected

that the average particle size of the nano-sized particles

constituting the droplets would be greatly reduced as

the air pressure increases to 3 kg/cm2. As shown in

Fig. 2 (d), however, the average particle size of the

particles has been slightly reduced to approximately 30

nm, compared with that of the air pressure of 1 kg/

cm2. In addition, the particles indicated a slightly reducing

of the tightness. These results can be explained by the

following phenomenas. First, as the air pressure increased,

the droplet size was significantly reduced and a split

of droplet decreased. Consequently, the result of Fig. 2

(d) is considered to occurred from the facts that the

effect of decreased average particle size by the decrease

of the droplet size due to the air pressure increase was

substantially offset by the decreased effect in the split

of droplet. Second, as the atomized droplet size greatly

decreased, the evaporation time and the evaporation of

heat of solvent within the droplet were reduced, so the

pyrolysis reaction duration as well as the sintering time

increased. Consequently, it is considered that the effect

of decreased average droplet size due to the air pressure

increase was substantially offset by the increased effect

of increasing average particle size by the decreased

evaporation time and evaporation heat of solution. Third,

as the air pressure increased, the reduction effect of the

ambient temperature was acting. This phenomenon is

believed to act as the main factor to reduce the tightness

of the finally formed nano-sized particles as the air

pressure increased from 1 to 3 kg/cm2.

Fig. 3 indicates the produced phase and the peaks of

the powder under each air pressure by XRD analysis

at the same reaction conditions as in Fig. 1. It was

found that only Co3O4 phase existed. Unreacted product

of solid cobalt chloride(CoCl2) were not formed under

the reaction conditions of this study, which indicates

that the pyrolysis reaction proceeded sufficiently regard-

Fig. 3. XRD patterns of powder according to air pressure at

800 oC, raw material solution of 100 g/L cobalt, 10

ml/min. inflow speed of raw material solution and 2

mm nozzle tip size. (a) 0.1 kg/cm2 (b) 0.5 kg/cm2 (c)

1 kg/cm2 (d) 3 kg/cm2.
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less of the short reaction time in the air pressure range

of the present study. According to the result of Fig. 3

(a) and (b), as the air pressure increased from 0.1 to

0.5 kg/cm2, the intensity of the primary peaks as well

as those of the secondary and tertiary peaks remained

almost unchanged. This result is believed to occurred

by the trade-off of the following two factors. The first

factor is that the average particle size decreased from

about 40 to 35 nm as shown in Fig. 2 (a) and (b) as

the air pressure increased from 0.1 to 0.5 kg/cm2, by

the working of the decreasing effect of atomized droplet

size and the reducing effect of ambient temperature

according to the air pressure increase. The second factor

is that, as the air pressure increased from 0.1 to 0.5

kg/cm2, the atomized droplet size decreased, resulting

in the reduction of the evaporation time and the evapo-

ration heat of solvent within the droplet, which again

increased the pyrolysis reaction time as well as the sinter-

ing time, and greatly increased the portion of the unfrag-

mented spherical droplet form according to the air pre-

ssure increase as shown in Fig. 1 (a) and (b). Therefore,

the result that the intensity of the XRD peaks appeared

almost similar as shown in Fig. 3 (a) and (b) is thought

to be caused by the trade-off of the first and second

factors which had conflicting effects. Meanwhile, even

when the air pressure has increased to 1 kg/cm2 as shown

in Fig. 3 (c), the intensity of the primary peak as well

as those of the secondary and tertiary peaks were found

almost unchanged compared with the case of the air

pressure 0.1 and 0.5 kg/cm2. This result is also believed

to occurred by the trade-off of the following two factors.

The first factor is the occurrence of the decrease effect

of average particle size of the finally formed particles

due to the decrease in the atomized droplet size as the

air pressure increased from 0.1 to 0.5 kg/cm2, and due

to the decrease in the ambient temperature by the air

pressure increase. The second is that, as the air pressure

increased from 0.5 to 1 kg/cm2, the atomized droplet

size decreased, resulting in the reduction of the evapo-

ration time and the evaporation heat of solution within

the droplet, which again increased the pyrolysis reaction

time as well as the sintering time, and greatly increased

the portion of the unfragmented spherical droplet form

by the air pressure increase as shown in Fig. 3 (a) and

(b). Therefore, the result that the intensities of the XRD

peaks appeared almost similar as shown in Fig. 3 (b)

and (c) is thought to be caused by the trade-off of the

first and second factors which had conflicting effects.

Meanwhile, as shown in Fig. 3 (d), when the air pressure

increased to 3 kg/cm2, it was found that the intensity

of the primary peak as well as the secondary and tertiary

peaks were relatively significantly reduced compared with

the other higher air pressure. This result is also believed

to occurred by the trade-off of the following two factors.

The first factor is that the decreased effect of the average

particle size from about 35 to 30 nm is more predo-

minantly occured than the increased effect of the average

particle size caused by the reducing split of droplet by

the air pressure increase from 1 kg/cm2. to 3 kg/cm2.

The second factor is that, as the air pressure increased

to 3 kg/cm2, the tightness of the particles was reduced

by the predominant effect of the decrease of the ambient

temperature during the reaction process. Therefore, the

reason of the relatively large reduction of the XRD peak

intensity as shown in Fig. 3 (d) compared to the cases

of other air pressures is believed to occurred from the

combination of the first and second factors.

Fig. 4 shows the change of the specific surface area

of the particles due to the change in the air pressure

under the same reaction conditions as in Fig. 1. The

specific surface area of particles was slightly increased

when the air pressure increased from 0.1 to 0.5 kg/cm2.

The result is believed to occurred by the trade-off of

the following two factors like the XRD result analysis

as shown in Fig. 3. The first factor is the rather reducing

effect of specific surface area as the air pressure increased

from 0.1 kg/cm2 to 0.5 kg/cm2, because the atomizing

droplet size was reduced, resulting in the decreased frag-

mentation of the droplet shapes as shown in Fig. 1,

and decreased unevenness of the particle size distribution

as well, and increased rate of spherical forms. The second

factor is the increasing effect of the specific surface

area due to the air pressure increase because the average

particle size of the droplet forms was reduced as shown

in Fig. 1 and the average particle size of the nano-

sized particles decreased from about from 35 nm to 30
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nm as indicated in Fig. 2. Thus the reason why the

specific surface area slightly increased according to the

air pressure increase from 0.1 to 0.5 kg/cm2 is that the

second factor was acting more remarkably. When the

air pressure increased from 0.5 to 1 kg/cm2, the specific

surface area of the particles was found to remain constant

without notable change. The result is thought to have

occurred from the mutual trade-off of the following three

factors. The first factor is the rather reducing effect of

specific surface area as the air pressure increased from

0.5 to 1 kg/cm2, because the atomized droplet size was

reduced, resulting in the decreased fragmentation of the

droplet forms, decreased unevenness of the article size

distribution, and increased rate of spherical forms as

shown in Fig. 1 (b) and (c). The second factor is the

increasing effect of the specific surface area due to the

air pressure increase because the average particle size

of the droplet shapes was reduced substantially as shown

in Fig. 1 (b) and (c). The third factor is the non-dramatical

changing effect of the specific surface area because the

average particle size of the nano-sized particles remained

at about 35 nm with little change as shown in Fig. 2

(b) and (c). Thus the reason why the specific surface

area was kept constant with almost no change due to

the air pressure increase from 0.5 to 1 kg/cm2 as shown

in Fig. 4 is that the first and second factors were offset

and the third factor was acting more remarkably. Mean-

while, when the air pressure increased from 1 to 3 kg/

cm2, the specific surface area of the particles was found

to increase. The result is thought to have occurred from

the mutual trade-off of the following two factors. The

first factor is the rather reducing effect of specific surface

area as the air pressure increased significantly to 3 kg/

cm2, because the atomized droplet size was remarkably

reduced, resulting in the greatly decreased fragmentation

of the droplet shapes as shown in Fig. 1 (d), and increased

evenness of the article size distribution as well, and

increased rate of spherical forms. The second factor is

the increasing effect of the specific surface area according

to the air pressure increase because the average particle

size of the droplet shapes was reduced as shown in

Fig. 1 and the average particle size of the powder decreases

from about from 35 nm to 30 nm and the tightness of

the particles also slightly decreased as indicated in Fig.

2 (c) and (d). Thus the reason why the specific surface

area slightly increased according to the air pressure

increase from 1 to 3 kg/cm2 is that the second factor

was acting more remarkably.

4. Conclusion

The purpose of the present study was to identify the

changes in the properties of the particles due to the

change in the ambient air pressure through the production

of cobalt oxide powder with average particle size below

50 nm by spray pyrolysis process using the raw cobalt

chloride solution and self-made spray pyrolysis apparatus.

When the air pressure was 0.1 kg/cm2, the formed

droplet rarely existed in spherical form and showed very

badly fragmented state. The average particle size of the

finally formed nano-sized particles was about 40 nm.

When the air pressure increased to 0.5 kg/cm2, the formed

droplets were partly spherical but mostly in heavily

fragmented form. The average particle size of powder

Fig. 4. Specific surface areas of powder according to air

pressure at 800 oC, raw material solution of 100 g/L

cobalt, 10 ml/min. inflow speed of raw material

solution and 2 mm nozzle tip size.
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constituting the droplet shapes was reduced to about 35

nm. When the air pressure increased to 1 kg/cm2, the

formed droplets showed further decreased unevenness

of the particle size distribution and further reduced degree

of fragmentation. The average particle size of finally

formed powder was about 35 nm, which was almost

unchanged from that of 0.5 kg/cm2. In the case of air

pressure increase to 3 kg/cm2, the ratio of spherical

droplet shapes significantly increased, and the degree

of fragmentation further decreased. The average particle

size of the powder constituting the droplet shapes was

about 30 nm, which slightly decreased from that of the

air pressure of 0.5 kg/cm2 or 1 kg/cm2. 

As the air pressure increased from 0.1 to 0.5 kg/cm2,

the intensities of the XRD peaks have changed little,

but were significantly reduced when the air pressure

increased to 3 kg/cm2. As the air pressure increased

from 0.1 to 0.5 kg/cm2, the specific surface area slightly

increased, but almost unchanged when the air pressure

was 1 kg/cm2. When the air pressure increased to 3

kg/cm2, the specific surface area increased again.
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