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Abstract This study involves using nickel chloride solution as a raw material to produce nano-sized nickel oxide powder with

average particle size below 50 nm by the spray pyrolysis reaction. The influence of the inflow speed of raw material solution

on the properties of the produced powder is examined. When the inflow speed of the raw material solution is at 2 ml/min.,

the average particle size of the powder is 15~25 nm and the particle size distribution is relatively uniform. When the inflow

speed of the solution increases to 10 ml/min., the average particle size of the powder increases to about 25 nm and the particle

size distribution becomes much more uneven. When the inflow speed of the solution increases to 20 ml/min., the average

particle size of the powder increases in comparison to the case in which the inflow speed of the solution was 10 ml/min.

However, the particle size distribution is very uneven, showing various particle size distributions ranging from 10 nm to 70 nm.

When the inflow speed of solution increases to 50 ml/min., the average particle size of the powder decreases in comparison

to the case in which the inflow speed was 20 ml/min., and the particle size distribution shows more evenness. As the inflow

speed of the solution increases from 2 ml/min. to 20 ml/min., the XRD peak intensities gradually increase, while the specific

surface area decreases. When the inflow speed of solution increases to 50 ml/min., the XRD peak intensities rather decrease,

while the specific surface area increases.

Key words nickel chloride solution, nano-sized nickel oxide powder, average particle size, spray pyrolysis, properties of the

powder.

1. Introduction

Spray pyrolysis method1-10) is well known to be very

effective in manufacturing high-quality functional powder.

The engineering advantages of this method include the

following: 1) the manufacture processes, such as the

mixing, calcination, and milling of solid powder, can be

omitted; 2) the properties of the particles can be controlled

by adjusting the conditions of the pyrolysis reaction.

Also, since it is much easier to remove the impurities in

solution state than in solid state, pyrolysis reaction is

very suitable for manufacturing high purity powder. 

Presently, several manufactories, such as Scimarec of

Japan, Merck of German, and SSC of USA manufacture

highly functional ceramic powders by using the spray

pyrolysis method. Meanwhile, research activities related

to the spray pyrolysis method are being conducted by

Elmasry,1) Majumdar,2) Pluym,3) Gurav4) and Messing,5) and

the applications of this method are expanding quickly. For

example, in relation to steelmaking, this method is used to

manufacture iron oxide powder from the waste acid

solution produced in the process of rinsing the surface of

hot rolled steel sheets with hydrochloric acid solution.

Furthermore, Ni-ferrite powder with average particle size

below 100 nm is manufactured from the waste solution

generated in the shadow mask manufacturing process.6)

Also, indium oxide powder with average particle size of

below 50 nm is manufactured from indium chloride solu-

tion,7) nano-sized ITO powder is manufactured from

indium-tin chloride solution8) and nano-sized tin oxide

powder is manufactured from tin chloride solution.9-10)

However, the spray pyrolysis method has not been

applied to the manufacturing of nano-sized nickel oxide

powder, while its applications for catalysis, removal of

dye, semiconductor materials and magnetic materials are

expanding rapidly. 

In this study, a chloride solution that contains nickel

component is used as the raw material of the spray

pyrolysis process to produce a nickel oxide powder with

an average particle size below 50 nm. This study is also

intended for determining the influence of the inflow

speed of raw material solution on the properties of the

produced powder.
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2. Experimental Procedure

In this study, a nickel oxide powder with average

particle size below 50 nm is manufactured from the

nickel chloride solution with the presence of nickel ions

by using spray pyrolysis process. First, NiCl2.6H2O with

purity above 99% made by Aldrich company is dissolved

into the ultra high purity water. And, this raw material

solution is diluted by distilled water so that the nickel

concentration in the solution is adjusted to 100 g/l. 

In order to produce the nano-sized nickel oxide powder

with average particle size below 50 nm, a spray pyrolysis

system is specially designed and built for this study. The

schematic diagram of this system is shown in Fig. 1.

This system enables the following features: the raw

material solution can be sprayed into the reaction furnace

after being efficiently atomized, the produced 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.

In this study, the raw material solution is atomized into

ultra fine droplets through a nozzle made of titanium,

and the inside diameter of the nozzle tip is 2 mm. And

the solution is in turn sprayed into a reaction furnace

with the inside temperature maintained at 800oC. Subse-

quently, nickel oxide powder with the average particle

size below 50 nm is produced, and are collected by a bag

filter. The raw material solution is fed into an inlet of the

nozzle by a micro pump with the inflow speed adjustable

from 2 ml/min to 50 ml/min, while the pressurized air

supplied by an air compressor is fed into the other inlet

of the nozzle with pressure of 3 kg/cm2 so that the

solution can be micronized. Given various reaction con-

ditions, the properties of the correspondingly produced

powder are examined by TEM(JEM-2100F, JEOL Ltd.)

analysis, SEM(Quanta 200, FEI Ltd.) analysis, XRD(D/

Max-2500V, Rigaku Ltd.) analysis and the measurement

of specific surface area(ASAP 2020, micromeritics Ltd.).

3. Results and Discussion

3.1 Thermodynamics consideration for the spray py-

rolysis process

When the nickel component presents with divalent ions

in raw material solution, thermodynamic pyrolysis reac-

tions for the production of solid nickel oxide can be

reflected through the following reactions.11)

Ni(s) + 1/2O2(g) = NiO(s) 1)

∆Go = −244,550 + 98.5 T Joules 1-1)

Ni(l) + 1/2O2(g) = NiO(s) 2) 

∆Go = −262,150 + 108.7 T Joules 2-1)

H2(g) + 1/2O2(g) = H2O(v) 3)

∆Go = −246,000 + 54.8 T Joules 3-1)

∴H2O(v) + Ni(l) = H2(g) + NiO(s) 4)

∆Go = −16,150 + 53.9 T Joules 4-1)

NiCl2(s) + H2(g) = Ni(s) + 2HCl(g)  5)

∆Go = 121,649.8 − 244.89 T + 11.17 T ln T Joules 5-1)

NiCl2(s) = NiCl2(l) 6)

The variation of standard free energy change, ∆Go,

Fig. 1. Schematic diagram of spray pyrolysis system.
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with temperature, T, in equation (6) can be inferred from

the molar heat capacity at constant pressure, cp, standard

enthalpy change, ∆Ho and ∆Go of the solid nickel chlor-

ide, NiCl2(s) and liquid nickel chloride, NiCl2(l).

The change of molar heat capacity, ∆cp, can be shown

as follows.

∆cp = 27.2 − 13.22 × 10−3 T + 4.98 × 105 T−2 Joules/deg.

The standard enthalpy change, ∆Ho can be reflected as

the following by the integration of Kirchhoff’’s equation.

∆Ho = 27.2 T − 6.61 × 10−3 T2 − 4.98 × 105 T−1 + C Joules

Where C reflects integration constant. Substitution of

the value of ∆Ho at 1304oK, 77,266 joules, gives the

integration constant, 53418 joules. Thus, the variation of

∆Ho with T can be reflected as follows.

∆Ho = 53418.85 + 27.2 T − 6.61 × 10−3 T2 − 4.98 × 105 T−1

Joules

Gibbs-Hilmholtz equation is represented as follows.

∂(∆Go/T) / ∂T = −∆Ho/T2 7)

From equation 7), dividing by T−2, integration with

respect to T and multiplying by T gives the variation of

standard free energy change with temperature as follows.

∆Go = 53,418.85 − 27.2 T ln T + 6.61 × 10−3 T2 − 2.49 ×

105 T−1 + I T Joules

Where I represents the integration constant. As the value

of ∆Go at 1304oK in equation 6) is zero, an integration

constant I becomes 145.67. Thus, the variation of ∆Go

with T for equation 6) can be expressed as follows.

∆Go = 53,418.85 − 27.2 T ln T + 6.61 × 10−3 T2 − 2.49 ×

105 T−1 + 145.67 T Joules

Subtraction of equation 6) from equation 5) gives the

following equation.

NiCl2(l) + H2(g) = Ni(s) + 2HCl(g) 8)

∆Go = 68,230.95 − 390.56 T + 38.37 T ln T − 6.61 × 10−3

T2 + 2.49 × 105 T−1 Joules 8-1)

Subtraction of equation 2) from equation 1) gives the

following equation.

Ni(s) = Ni(l)  9)

∆Go = 17,060 − 10.2 T Joules 9-1)

Thus, the addition of equation 8) with equation 9) gives

the following equation.

NiCl2(l) + H2(g) = Ni(l) + 2HCl(g) 10)

The addition of equation 4) and equation 10) gives the

final spray pyrolysis reaction in this research.

NiCl2(l) + H2O(v) = NiO(s) + 2HCl(g) 11)

∆Go = 69,680.95 − 346.86 T + 38.37 T ln T − 6.61 × 10−3

T2 + 2.49 × 105 T−1 Joules 11-1)

The standard Gibbs free energy change for equation

10-1) at 600, 800 and 1000oC are −11,041, −22,578 and

−33189 J respectively, and these standard Gibbs free

energy change are negative. Thus, if the nickel component

presents with divalent ions in raw material solution,

thermodynamic pyrolysis reactions for the production of

solid nickel oxide are possible.

 

3.2 The effect of the inflow speed of raw material

solution on the properties of the powder 

Fig. 2 is the 30,000 times magnified image of the

generated powder under SEM, which shows the pro-

perties of the powder in line with the changes in the

inflow speed of the raw material solution from 2 ml/min.

to 50 ml/min., provided that the reaction temperature is

maintained at 800oC, nickel concentration of the raw

material solution is maintained at 100 g/L, air pressure is

maintained at 3 kg/cm2, and the nozzle tip size is main-

tained at 2 mm. When the inflow speed of the solution

increases from 2 ml/min. to 20 ml/min., the average particle

size of the powder gradually increases while the particle

size distribution becomes uneven. When the inflow speed

increases to 50 ml/min, the average particle size decreases

compared to when the inflow speed was 20 ml/min., and

the unevenness of the particle size distribution decreases.

Generally, the average size of the droplet formed by the

binary nozzle can be reflected by the following equation.5)

(12)

Here, X represents the average size of the droplet, σ

the surface tension of the solution, ρ the density of the

solution, υ the spray speed of the solution, µ the

viscocity of the solution, QL the solution amount, Qa the

amount of air. 

Accordingly, when the inflow speed of solution is very

low at 2 ml/min., because the size of the atomized

droplet decreases and the burst of the droplet during the

pyrolysis process hardly occur, as shown in Fig. 2(a), the

average particle size of the final powder formed is very

small at 15~20 nm while the particle size distribution

shows to be relatively uniform. On the other hand, when

the size of the atomized droplet is small and there are

large numbers of droplets, the cohesiveness between the

droplets becomes more conspicuous. In other words, if

the reason for the collision between the droplets in

equation (13)12) is the Brown motion, we can assume β

as a constant, and therefore as the size of the initial

atomized droplet decreases, the possibility of cohesiveness
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between droplets dramatically increases.

(Nt/No) = 1/(1 + t/tc) (13)

Here, No is the number of the initial droplets, Nt is the

number of droplets at an arbitrary time t, tc is 2/β, and β

is the cohesiveness speed constant. 

Accordingly, regarding the particle size distribution of

the droplets before the pyrolysis reaction occurs, droplets

of very small size due to low inflow speed of solution

coexist with droplets of dramatically increased size due

to very severe cohesiveness between the droplets. This

therefore makes the particle size distribution of the final

powder formed from the pyrolysis process to become very

uneven. However, in the case of this research, the average

particle size is very small at 15~20 nm and except for a

few uneven particles, overall, the particles show a

uniform particle size distribution. This is mainly because

the decrease in the burst of the droplets due to the

decrease in the droplet size following the decrease in the

inflow speed of the solution affects the average particle

size. However, the cohesiveness of the droplets also

slightly affects the unevenness of the particle size dis-

tribution. When the inflow speed of solution is increased

to 10 ml/min., because the droplet size largely increases

compared to the inflow speed of 2 ml/min. as shown in

formula 12), as the pyrolysis reaction takes place inside

the reactor, it becomes difficult for the solvent existing

inside the droplet to easily pass through the surface of the

solid layer formed by the extraction of the solid NiCl2.

Accordingly the internal pressure of the droplet rises and

ultimately the droplet will burst. The particle size dis-

tribution becomes more uneven in this regards. As shown

in Fig. 2(b), the average particle size of the powder is

roughly 25 nm which is a dramatic increase from when

the inflow speed was 2 ml/min. This is mainly because

the effect of the increase in the average particle size of

the powder due to the increase in the droplet size as the

inflow speed increases is more predominant than the

effect of the decrease of the average particle size of the

powder of due to an increase in the burst of the droplets.

When the inflow speed of solution increases to 20 ml/

min., the droplet size increases dramatically compared to

when the inflow speed was 10 ml/min., therefore as the

Fig. 2. SEM photographs of produced powder according to inflow speed of raw material solution at reaction temperature of 800oC, raw material

solution of 100 g/L, air pressure of 3 kg/cm2 and nozzle tip size of 2 mm. (a) 2 ml/min, (b) 10 ml/min, (c) 20 ml/min and (d) 50 ml/min.
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pyrolysis reaction proceeds, it becomes more difficult for

the solvent which remains inside the droplet to pass

through the solid layer which has been formed on the

surface of the droplet. As a result, the internal pressure of

the droplet increases further and the droplets burst more

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

increases compared to when the inflow speed was 10 ml/

min., however the particle size distribution is very uneven,

ranging from 10 nm to 70 nm. This is mainly because

despite the increase in the burst of the droplet as the

inflow speed increases, the increasing effect of the droplet

size as the inflow speed increases and the decreasing

effect of the burst of droplet due to an increase in the

evaporation heat of the solvent are more predominant to

the above results. When the inflow speed increases to

50 ml/min., the droplet size increases dramatically com-

pared to when the speed was 20 ml/min., therefore as the

pyrolysis reaction proceeds, the internal pressure of the

droplet increases further and the droplets burst more

severely. Accordingly, the particle size distribution of the

final powder formed is expected to be very uneven.

However, as shown in Fig. 2(d), the average particle size

not only decreases compared to when the inflow speed

was 20 ml/min, but also slightly decreases compared to

when the inflow speed was 10 ml/min. The particle size

distribution is more uneven compared to when the speed

was 10 ml/min. however the unevenness rather decreases

compared to when the speed was 20 ml/min. This is

mainly because the effect of the increase in the severity

of the burst of the droplets as the inflow speed con-

siderably increases applies more predominantly than the

dramatic increasing effect of the droplet size and decreas-

ing effect of the burst of the droplets due to the increase

in the evaporation heat of the solvent as the inflow speed

increases.

Fig. 3 shows the micro-structural characteristics of the

particles formed during the pyrolysis process by using a

TEM. The particles in Fig. 3(a-b) and (c) are expanded

by 300,000 times, 1,000,000 times and 7,000,000 times

respectively to confirm whether or not it is primarily a

single crystal. Furthermore, a FFT(Fast Fourier Transform)

pattern and diffraction pattern is shown in arbitrary

Fig. 3. TEM photographs of produced powder and selective diffraction pattern of single particle at reaction temperature of 800oC, raw

material solution of 100 g/L, air pressure of 3 kg/cm2, inflow speed of the solution of 10 ml/min. and nozzle tip size of 2 mm; (a) TEM

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

NiO nanocrystal. The insert shows the corresponding FFT pattern and (d) selective diffraction pattern of single particle.
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particles of (c) and (d) in Fig. 3. Similar patterns are

shown in other particles and it is confirmed that the

particles formed from these results forms a close single

crystal structure.

Fig. 4, the results of XRD analysis under the same

reaction conditions as in Fig. 2, shows the chemical

forms of the generated powder under each inflow speed

of solution and the corresponding Miller Indexes of each

peak. Regardless of the changes in inflow speed from

2 ml/min. to 50 ml/min., NiO is the only existing form of

the generated powder and the corresponding Miller

Indexes of individual peaks are maintained at a fixed

level. When the inflow speed increases from 2 ml/min. to

10 ml/min., not only the intensity of the main peak

shown in the Miller index (012), but also the intensities

of the second and third peak of (101) and (110) respec-

tively increase significantly. As shown in Fig. 2, this

result is mainly because the average particle size is 15~

20 nm when the inflow speed is 2 ml/min. whereas the

average particle size increases dramatically to 25 nm when

the inflow speed is 10 ml/min. When the inflow speed

increases to 20 ml/min., not only the intensity of the main

peak shown in the Miller index (012), but also the

intensities of the second and third peak in (101) and (110)

respectively increase. This is mainly because despite the

increase in the burst of the droplet as the inflow speed

increases to 20 ml/min., the increasing effect of the droplet

size as the inflow speed increases and the decreasing

effect of the burst of droplet due to an increase in the

evaporation heat of the solvent are more predominant.

When the inflow speed increases to 50 ml/min., not only

the intensity of the main peak in the Miller index (012),

but also the intensities of the second and third peak in

(101) and (110) respectively decrease dramatically. This

is mainly because not only does the effect of the increase

in severity of the burst of the droplets as the inflow speed

considerably increases apply more predominantly than the

effect of the dramatic increase in droplet size as the

inflow speed increases, but also as shown in Fig. 2(d), the

average particle size of the powder decreases considerably

due to the insufficient sintering reaction of the particles

formed during pyrolysis process by the increase in the

evaporation heat of the solvent as the inflow speed

increases. 

Fig. 5 is the changes in the specific surface area of the

powder as the inflow speed increases under the same

reaction conditions as in Fig. 2. As the inflow speed

increases from 2 ml/min. to 10 ml/min., the specific sur-

face area of the particles decreases. As shown in Fig.

2(a) and Fig. 2(b), this result is mainly because although

there is no significant difference in the cohesiveness of

the particle surface structure, the average particle size is

15~20 nm when the inflow speed is 2 ml/min. whereas

Fig. 5. Specific surface areas of powder according to inflow speed of

raw material solution at reaction temperature of 800oC, raw material

solution of 100 g/L, air pressure of 3 kg/cm2 and nozzle tip size of

2 mm.
Fig. 4. XRD patterns of produced powder of produced powder

according to inflow speed of raw material solution at reaction tem-

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

3 kg/cm2 and nozzle tip size of 2 mm; (a) 2 ml/min, (b) 10 ml/min, (c)

20 ml/min and (d) 50 ml/min.
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the average particle size dramatically increases to 25 nm

when the inflow speed is 10 ml/min. When the inflow

speed increases to 20 ml/min., the specific surface area

decreases by 40% compared to when the inflow speed

was 2 ml/min. As shown in Fig. 2(c), this result is mainly

because although the particle size distribution is very

uneven, overall, the average particle size of the powder

dramatically increases. When the inflow speed increases

to 50 ml/min., the specific surface area rather increases

by roughly 45% compared to when the inflow speed was

20 ml/min. As shown in Fig. 2(d), this is mainly because

compared to when the inflow speed was 20 ml/min., the

unevenness of the particles decreases whereas the average

particle size dramatically decreases

4. Conclusion

This research uses nickel chloride solution as a raw

material to produce the nickel oxide powder of average

size equal to or less than 50 nm by the spray pyrolysis

process. Also, the influence of the inflow speed of raw

material solution on the properties of the produced

powder is examined.

When the inflow speed of raw material solution is at

2 ml/min., the average particle size of the powder ap-

pears 15~20 nm and the particle size distribution is

relatively uniform. When the inflow speed of solution

increases to 10 ml/min., the average particle size of the

powder increases to about 25 nm and the particle size

distribution appears much more uneven. When the inflow

speed of solution increases to 20 ml/min., the average

particle size of the powder increases, however the particle

size distribution is very uneven, showing various particle

size distributions ranging from 10 nm to 70 nm. When

the inflow speed of solution increases to 50 ml/min., the

average particle size of the powder decreases compared to

that when the inflow speed is 20 ml/min., and the particle

size distribution shows more evenness. Regardless of the

changes in inflow speed from 2 ml/min. to 50 ml/min.,

NiO is the only existing form of the generated powder.

As the inflow speed of solution increases from 2 ml/min.

to 20 ml/min., the XRD peak intensities gradually in-

crease whereas the specific surface area decreases. When

the inflow speed of solution increases to 50 ml/min., the

XRD peak intensities rather decrease whereas the specific

surface area increases.
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