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Abstract 

Metal nanoparticles has been attracted as raw materials for nanoinks and nanopastes, 

which are used to Printed Electronics. Synthesizing various metal nanoparticles has been 

researched. We investigated possibility of reducing metal oxide to metal by high-voltage 

pulses in this paper. This method should save electrical consumption power compared to 

conventional methods using high-temperature and high-pressure plasma such as arc 

discharge. Reduced Al nanoparticles were obtained by applying high voltage pulses to 

solutions. It was found from hydrogen generation using reduced Al nanoparticles by 

applying high voltage pulses to solutions to evaluate reduction rate that a high reduction 

efficiency of 97% was obtained at maximum. We concluded that using high voltage pulses 

for reduction is suitable for application to printed electronics because oxide film on 

reduced Al nanoparticles is thin. Also, because this method is similar to laser ablation in 

liquids using pulse lasers, the similarities were discussed in this paper. 
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1. Introduction 

Metal nanoparticles are a raw material of nano-ink and nano-paste of printed 

electronics for manufacturing electric and electronic circuits at low temperature, low cost 

and in a short time, and are currently attracting attention. Until now, silver has been 

attracting attention as a material, but copper is currently attracting attention because of its 

low cost among metals3). In this study, we investigated the possibility of large electron 

emission to the solvent by high voltage pulse and the reduction of metal oxide by solvated 
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electrons. This reduction method does not use an arc discharge that generates a high 

temperature, consumes low power, and requires only a simple device. In this paper, 

aluminum oxide was used as a material, and research was conducted to determine whether 

it can be used as a printed wiring. Aluminum is not yet considered for printed electronics. 

Research has already been conducted on metal-air batteries using metal plates made of Al 

nanoparticles. In addition, research and development for practical use of hydrogen 

production using aluminum fine particles are also being conducted. 

 

2.Experiment 

In this time, we conducted experiments on reduction of metal oxide fine particles 

using pulsed high voltage and nanoparticle formation. Fig. 1 shows the reduction 

experiment apparatus. The reason for using a pulse is that a current larger than the DC 

high voltage flows through the solvent at the time of rising of the high voltage pulse. A 

glass bottle having a needle electrode (300 μm in diameter) in a solution having a size of 

21 mmφ and a height of 49 mm as shown in Fig. 1 was used as a load for applying a high 

voltage in the reduction experiment. Aluminum oxide (α-alumina 400mg, average size 

5µm, high-purity chemical) was used for reduction experiments. The solvent and the 

aluminum oxide fine powder were placed in a glass bottle. Pure water (ion-exchanged 

water, 4 mL) or acetonitrile (ACN) (5 mL) was used as a solvent for the reduction 

experiment. 

   In the pulse high-voltage reduction experiment, an AC high voltage was generated 

from a DC low-voltage power supply (PR18-5A, TEXIO) and a high-voltage generation 

circuit, which was input to a two-stage Cockcroft-Walton circuit, and the ground side was 

set to-. Then, the output side of the capacitor with the gap was made positive and a high 

voltage pulse was generated at the output. 

   A high voltage probe and an oscilloscope (TDS2012C, Tektronix) were used to 

measure the pulse high voltage. In the reduction experiment with the application of a high 

pulse voltage, a stair-like high voltage pulse with a rising time of 200 ns was applied to 

the solvent. The repetition of the high voltage pulse was 0.3 Hz and a pulse high voltage 

of 3.6 kV peak was momentarily applied to the solvent. Thereafter, the voltage gradually 

decreased to 1.6 kV, and the gap attached to the capacitor was discharged to 3.6 kV again, 

and this was repeated in time. The voltage increase at the rise of this sawtooth high voltage 

pulse was 2.0 kV. Cockcroft output from the high-voltage AC power supply was 5.6 kV 

with no load, and 4.0 kV with the load (solvent and electrode) connected. With respect to 

the current flowing through the circuit, the time average output current was measured 

from the voltage waveform at the 120Ω resistor connected to the circuit using an 



oscilloscope. The time average output current of the Cockcroft-Walton circuit was 0.05 

mA and 0.04 mA when the solvent was pure water and ACN, respectively. At this time, 

when the solvent was ACN, the average output power of the pulse generation circuit was 

0.2 W. 

 

 

Fig.1. Experimental setup for reducing metal oxide. Adding pulse high voltage. 

 

 

3.Results 

 

 
Fig.2. Result on measured pH of pure water. Blue square: added high voltage 



pulses, square and red square and white: added DC 1kV. 

 

The measurement results of the passage of the pH time is shown in Fig.2. The square 

blue indicates the pulse change voltage application, and the hollow square red indicates 

the time change measurement result when 1 kV DC high voltage is applied. When the 

solvent was pure water, the pH was measured immediately after the application of the 

pulse high voltage, and the pH was found to be pH = 11. 

 

 

Fig. 3. Comparison of generated hydrogen. Circle: added high voltage pulses. Liquid was pure 

water. Square: added high voltage pulses. Liquid was ACN. White square: added DC 1kV. 

 

It was confirmed that if Al nanoparticles produced were produced. Fig. 3 shows a 

comparison of the amount of hydrogen generated. The hollow squares are the results of 

experiments using reduced Al nanoparticles generated by reduction with a DC high 

voltage of 1 kV for hydrogen generation. The open squares indicate the case where the 

solvent is pure water when a high DC voltage is applied, the open squares indicate the 

case where the solvent is pure water when the high voltage pulse is applied, and the 

squares indicate the case where the solvent is ACN when the high voltage pulse is applied. 

From Fig. 3, it can be seen that when hydrogen is produced using nanoparticles generated 

by reduction by applying a pulsed high voltage, the reaction rate with water vapor 

increases, and the reaction rate becomes almost 100% with less water injection. On the 

other hand, it was found that the reaction rate of the reduced alumina particles obtained 

0

10

20

30

40

50

60

0 2 4 6 8 10
Injected water (mL)

53 mL

DC 1kV

Pulse Water

Pulse ASN



by applying a high DC voltage of 1 kV with water vapor was inferior to the case of 

applying a high pulse voltage. 

As a result of the hydrogen production experiment, it was found that the generated 

fine particles were almost aluminum. The weight of the reduced aluminum fine powder 

used for hydrogen generation was 40 mg, and the amount of hydrogen generated when 

the reduced aluminum fine powder was completely reduced was 53 mL (break line in 

Fig.3.). When the solvent was pure water or ACN under pulsed high voltage application, 

the reduction rates were estimated to be 94% and 97%, respectively, from the 

experimental results. The Al nanoparticles generated in the reduction experiment with a 

DC high voltage of 1 kV were evaluated to have a lower reduction ratio of 92%. 
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