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Abstract An attempted was made to produce nickel

powder in an electroless nickel plating bath using Ti (III)

ions as the reducing agent. The crystallite diameter of the

obtained nickel powder was about 1.7 nm. This nickel

powder magnetically formed chain-like clusters, because

the primary particles were small. The resistance of the

chain-like powder paste-applied sheets was less than about

1/8 compared to that of the existing spherical powder-

applied sheets. To exhibit the same resistance as the

spherical nickel powder-applied sheets, the amount of

nickel can be markedly reduced by applying the chain-like

nickel powder.

Keywords Titanium redox � Metal powder � Nickel �
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1 Introduction

Recently, a number of studies using micropowders have

been conducted. Particles are classified into particles,

microparticles, and nanoparticles according to their diam-

eter. Although the classification is not strict, particles with

a diameter of less than 100 nm are generally termed

nanopowder [1]. This is because particles with a diameter

of about 100 nm or smaller may exhibit new characteristics

that are not observed in microparticles with a diameter of

more than 100 nm. For example, magnetic materials, such

as iron and nickel, transform from multi- into single-

domain particles at a diameter of about 100 nm, and their

magnetic characteristics change [2]. To produce particles

with a diameter of more than 1 lm, break-down process-

ing, in which metal blocks are mechanically crushed using

grinders, is generally used. On the other hand, when par-

ticles with a diameter of less than 1 lm are produced,

build-up processing, in which particles are enlarged

through nucleation and growth, is useful [2]. For this, gas-

phase methods, such as chemical vapor deposition (CVD),

and liquid-phase methods to deposit metals in liquid using

reducing agents, are employed. Since manufacturing

facilities are simpler for liquid- than for gas-phase meth-

ods, the former is suitable for mass production, but

contamination with impurities from solution during depo-

sition has been a major problem [2–4].

In electroless plating by liquid-phase methods, code-

positing of impure constituents derived from reducing

agents is known [5], and phosphorus and boron are con-

taminants of deposited nickel. A new electroless nickel

plating method using the (IV) / Ti(III) redox couple as the

reducing agent has been investigated to eliminate such

problems, which we named the titanium redox method

[6–15]. In this method, the nickel film is deposited on

substrates, such as Pd catalyzer-applied urethane, and the

purity of the obtained nickel film was more than 99.9%.

After plating, titanium ions can be regenerated using

electrolysis. We examined the self-decomposition areas in

electroless plating baths by evaluating the compositions of

reaction solutions and reactive conditions for the titanium

redox method, and clarified the conditions under which not

nickel film but nickel micropowder is obtained. Further-

more, we produced various metal powders by dissolving

metal ions, other than nickel ions, as the metal sources

before reduction. In this study, we report nickel-powder
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production conditions for the titanium redox method and

characteristics of conductive sheets using nickel powder.

2 Experimental methods

2.1 Nickel-deposition rate and nickel-powder

production conditions in the titanium redox

method

Table 1 shows the basic compositions of plating solution

for the titanium redox method. In this method, the oxida-

tion of Ti (III) ions does not result in the irreversible

decomposition in a plating solution; only a reversible

change of the oxidation state of titanium ions from Ti (III)

to Ti (IV) takes place during the Nickel deposition. The

sum of Ti (III) ions as the reducing agent and Ti (IV) ions

regenerated by electrolysis and reduction was set at twice

the concentration of Ni (II) ions, taking into consideration

the fact that the reduction of Ni (II) ions is a 2-electron

reaction. Nitrilotriacetic acid and sodium citrate were used

as complexing agents, 25% ammonia water as a pH

adjuster, and a small amount of amino acids as a bath-

stabilizing agent. All chemicals used were reagent grade,

produced by Wako Pure Chemical Industries Ltd. The Ni

(II) ion source was nickel sulfate pentahydrate, and the Ti

(III) ion source was 20 wt% titanium trichloride. It was

speculated that nickel powder was generated from the zone

of high nickel deposition rate. We examined the nickel-

deposition rate on 25 mm 9 25 mm 9 0.5 mm-sized rol-

led copper plates immersed in plating solution, and

evaluated the conditions within the range of high nickel-

deposition rates for the efficient production of nickel

powder in the bath. If not indicated otherwise, the con-

centrations of Ti (III) and Ti (IV) ions were both

0.04 mol dm-3, the pH was adjusted to 8.4 using ammonia

in the initial stage of the new injection of plating solution

into a plating bath on evaluation of the nickel-deposition

rate, and the temperature of the bath was 323 K. After

degreasing and rinsing of substrates in water, they were

immersed in the plating bath and electroless nickel plating

was performed for 10 min with nitrogen bubbling. After

plating, the substrates were removed from the bath, rinsed

in water, dried in air at 343 K, and subjected to analysis of

the nickel film. When nickel powder was generated, the

powder was filtered, rinsed in water, dried in air at 343 K,

and subjected to various analyses.

2.2 Analysis of nickel film and characterization

of nickel powder

To determine the amount of nickel deposition on the cop-

per plates, the nickel film was dissolved in 1 mol dm-3

nitric acid, and all metal components were measured by the

ICP-MS method. The purity of nickel powder was deter-

mined by measuring all metal components by the ICP-MS

method after dissolving in 1 mol dm-3 nitric acid. The

nickel particle diameters were determined by the Scherrer

method after powder X-ray diffraction measurement using

RAD-RINT (Rigakusha). The powder conditions were

observed by scanning electron microscopy (SEM) (JEOL

Ltd.).

2.3 Production of conductive sheets using nickel

powder

Predetermined amounts of nickel powder, produced by the

titanium redox method, and polyvinylidene fluoride

(PVdF) powder, as a binding agent, were mixed, and a

paste of the mixture was produced using n-methyl-2-pyr-

rolidone. The dried paste was applied to polyimide film to a

thickness of about 0.2 mm by the doctor blade method and

dried at 150 �C for 2 h. The resistance of the sheets

obtained was measured by the four-probe method. For the

comparison of resistance, conductive sheets were produced

using spherical nickel powder with a diameter of about

200 nm (JFE Mineral Inc.). The dried sheets were com-

pressed to the predetermined thickness by the rolling press

method, and their resistance was measured.

3 Experimental results and evaluation

3.1 Conditions for the generation of nickel powder

by the titanium redox method

The effects of the composition of plating solution in the bath

on the nickel film deposit rate were examined. Figure 1

shows the results obtained by changing the concentration of

Ti (III) ions, which function as the reducing agent, at a

constant concentration of Ti (III) and Ti (IV) ions of

0.08 mol dm-3. The plating rate was constant (0.12 lm h-1)

at a concentration of Ti (III) ions of higher than about

0.04 mol dm-3. Figure 2 shows the effects of the concen-

tration of nickel sulfate on the nickel-deposition rate, which

was slightly elevated at higher concentrations of Ni (II) ions.

Table 1 Basic composition of plating bath

Nickel sulfate 0.04 mol L-1

Titanium chloride 0.08 mol L-1

Trisodium citrate 0.24 mol L-1

Nitrilotriacetic acid 0.04 mol L-1

Amino acid 100–500 ppm

pH (adjusment with ammonia) 8–9

Bath temperature 50 �C
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Nickel powder was generated at a concentration of Ni (II)

ions of higher than about 0.1 mol dm-3. Since it was con-

firmed that nickel powder was generated even at a low

concentration of Ni (II) ions, for example, at 0.01 mol dm-3,

without amino acids, which had been added to stabilize the

bath condition, we also performed nickel powder generation

experiments without adding amino acids to the bath.

Figure 3 shows the results obtained by changing the pH of

the bath using ammonia. The plating reaction barely occur-

red at a pH lower than 8, while, at pH 8.2–9.2, the nickel film

deposit rate was rapid, and the bath was relatively stable. At a

pH of about 9.3, the generation of nickel powder was initi-

ated, and it was significant at around pH 9.5. However, white

titania was generated together with nickel powder at

excessively high pHs. Figure 4 shows the results obtained by

changing the temperature of the bath. The plating reaction

occurred even at room temperature, and the rate of deposit

was higher with increases in temperature. However, water

evaporation and ammonia dispersal were not negligible at a

temperature of more than 343 K. Based on these results, a

bath temperature between room temperature and 323 K was

considered appropriate for the generation of nickel powder.

Figure 5 shows the results obtained by changing the con-

centration of nitrilotriacetic acid (NTA). The plating reaction

was rapidly suppressed at an NTA concentration of more

than 0.045 mol dm-3, and nickel powder was readily gen-

erated at an NTA concentration of lower than 0.02 mol dm-3.

Since NTA suppressed the generation of nickel powder, but
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Fig. 2 Effects of Ni (II) concentration on Ni deposition rate
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Fig. 3 Effects of pH on Ni deposition rate
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Fig. 4 Effects of bath temperature on Ni deposition rate
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did not enhance it, we examined the generation of nickel

powder without adding NTA to the bath. Figure 6 shows the

results obtained by changing the concentration of trisodium

citrate. The concentration of trisodium citrate hardly affected

the plating rate, but Ti (IV) ions were unstable on the highly

alkaline side at a concentration of lower than 0.02 mol dm-3,

and white titania powder was generated. At a markedly high

concentration of trisodium citrate, the plating rate did not

change, but the electrolytic reduction from Ti (IV) ions to Ti

(III) ions was difficult, as reported in the previous study [13].

These experimental results indicated that the concen-

tration of nickel, pH, and temperature among various

reaction factors greatly affected the generation of nickel

powder. As an example, the generation of nickel powder

was performed under the following conditions: Without

adding NTA to the bath, 0.3 mol dm-3 of trisodium citrate

and 0.04 mol dm-3 of nickel sulfate (pH 9.5), in which the

concentration of Ti (III) ions was 0.1 mol dm-3, were

agitated in the bath at about 400 rpm using a stirrer with a

fluororesin propeller blade, and the reaction was performed

at 308 K for about 60 min. Nickel powder was collected

after filtration, rinsed with water, and dried. Figure 7 shows

an SEM image of the nickel powder. The yield was 98.5%.

The powder had a chain-like structure. SEM demonstrated

that the mean thickness of the chains was about 150 nm,

and the length ranged from 1 to 20 lm. The purity of the

nickel powder determined by ICP was higher than 99.9%.

3.2 Application of nickel powder to conductive paste

The obtained nickel powder and commercially available

nickel foil with a thickness of 1 mm (Nilaco Corporation)

were examined by X-ray diffraction measurement.

Figures 8 and 9 show the XRD patterns. These patterns

indicated orientations of (111) in the nickel powder and

(100) in the nickel foil. This difference in orientation may

be caused by rolling for the production of nickel foil. The

crystallite diameter determined by the Scherrer method was

1.7 nm for the nickel powder and 40.1 nm for the nickel

foil, indicating that it was significantly smaller in the for-

mer. Nickel powder forms chain-like clusters through

secondary agglutination, but the diameter of primary
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Fig. 7 SEM Image of nickel chain-like cluster
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particles is considered to be very small. Magnetic metals,

such as nickel, transform from multi-domain into single-

domain particles at a diameter of about 100 nm, and the

magnetic characteristics change. Since each nickel particle

with a primary diameter of less than about 10 nm acts like

a magnet, which can have only two poles, magnetically

connected chain-like clusters are considered to be formed.

If a conductive paste is produced using such chain-like

powder, it will be highly electroconductive.

Figure 10 shows the resistance of conductive sheets

produced using nickel powder. Since the contact resistance

between metal particles is reduced by compressing sheets

using rollers, the resistance of sheets produced using the

obtained nickel powder and commercially available

spherical powder became slightly low, and finally reached

almost the same level. However, the resistance of sheets

after the application of the chain-like powder paste was less

than about 1/8 compared to that after the application of the

commercially available spherical powder. These results

indicated that the chain-like powder paste-applied sheets

exhibited high conductivity without compressing them.

Figure 11 shows the relationship between the amount of

various applied powders and resistance. To exhibit the

same resistance as the spherical nickel powder, the amount

of chain-like nickel powder can be reduced. Since resis-

tance is low with a small amount of metal powder, the

electrostatic capacity of metal powder-applied sheets can

be low, suggesting that the nickel powder produced in this

study can be used for various purposes other than as a

conductive paste, such as to produce sheets that act against

electrostatic discharge.

4 Conclusions

We examined conditions required for the production of

nickel powder by the titanium redox method, and evaluated

the applicability of the produced nickel powder to a con-

ductive paste. The results were as follows:
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(1) The purity of nickel powder produced by the titanium

redox method was higher than 99.9%, and the

crystallite diameter determined by the Scherrer

method was 1.7 nm, which was smaller than that of

commercially available nickel foil (40 nm).

(2) The nickel powder produced by the titanium redox

method formed chain-like clusters. The resistance of

the chain-like powder-applied sheets was less than

about 1/8 compared to that of the spherical powder-

applied sheets. To exhibit the same resistance as

spherical powder-applied sheets, the amount of nickel

can be reduced by applying the chain-like nickel

powder.
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