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Surface morphology of a glow discharge electrode in a solution

Genki Saito, Sou Hosokai, Masakatsu Tsubota, and Tomohiro Akiyamaa)

Center for Advanced Research of Energy and Materials, Hokkaido University, Sapporo 060-8628, Japan

(Received 14 March 2012; accepted 31 May 2012; published online 9 July 2012)

This paper describes the surface morphology of a glow discharge electrode in a solution. In the

experiments detailed in the paper, the effects of electrolysis time, solution temperature, voltage,

electrolyte concentration, and surface area on the size of nanoparticles formed and their amount of

nanoparticles produced were examined to study the surface morphologies of the electrodes. The

results demonstrated that the amount of nanoparticles produced increased proportionally with the

electrolysis time and current. When the voltages were below 140 V, surfaces with nanoparticles

attached, called “Particles” type surfaces, were formed on the electrode. These surfaces changed

and displayed ripples, turning into “Ripple” type surfaces, and the nanoparticle sizes increased

with an increase in the amount of nanoparticles produced. In contrast, at voltages over 160 V, the

surfaces of the electrodes were either “Random” or “Hole” type and the particle sizes were

constant at different amount of nanoparticles produced. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4732076]

I. INTRODUCTION

When a high direct current (DC) voltage is applied to a

conductive electrode in a solution, a plasma layer is gener-

ated at the interface between the electrode and the solution.

The formation of the plasma layer is due to the heating of

the solution near the electrode. The electrode under such

conditions was named “a glow discharge electrode” by

Hickling and Ingram,1 who studied light emission from such

electrodes. They performed a conventional electrolysis of

water and increased the current by increasing the voltage

from a low value. Since the heating of the solution due to

electrical resistance was concentrated at the electrode/solu-

tion interface, the solution near the cathode heated to its boil-

ing point and a gas layer containing hydrogen gas and steam

was generated. If the voltage was sufficiently high, the gas

layer formed a glow discharge plasma that was accompanied

by light emission. The emission spectra of this radiation

depended on the constituent elements of the electrolyte and

electrode materials.2–4 A glow discharge electrode can be

used for the synthesis of organic-inorganic superabsorbent

composition5 and degradation of pollutants.6

Recently, a solution plasma was applied in the synthesis

of nanoparticles.7 Gold nanoparticles were synthesized from

the solution of HAuCl4.8,9 Paulmier et al. report the synthesis

of TiO2 nanorods using contact glow discharge electroly-

sis.10 The nanoparticles of Ni, Ti, Ag, and Au were produced

by the electrode dissolution during a solution plasma using a

glow discharge electrode.11 Previous reports indicate that

this solution plasma produces not only metallic nanoparticles

but also oxide nanoparticles such as ZnO (Ref. 12) and

CuO.13 In addition, the size and composition of these nano-

particles can be controlled by changing the experimental

conditions.14,15 This method for producing nanoparticles has

many advantages: (1) it requires a simple experimental setup

without the need for a vacuum chamber; (2) there is no need

to supply any gas; (3) a conductive electrode is used as the

raw material, and harmful reductants or expensive agents are

not required; and (4) it can be applied to any electrically con-

ductive metal/alloy. To produce nanoparticles for various

applications, control of the particle size and efficient produc-

tion are essential. However, in spite of their importance, the

parameters that are essential for controlling the formation of

nanoparticles have not been well understood. Further, the

relationship between the surface morphologies of the elec-

trode and the experimental conditions has not been reported.

The surface morphologies may be helpful in understanding

the mechanism of nanoparticle formation. In this study, we

investigated the surface morphology of a glow discharge

electrode in a solution. In the experiments detailed in the pa-

per, the effects of electrolysis time, solution temperature,

voltage, electrolyte concentration, and surface area on the

size of nanoparticles formed, and their amount of nanopar-

ticles produced were examined to study the surface morphol-

ogies of the electrodes. Finally, key factors affecting the

formation of nanoparticles were discussed carefully.

II. EXPERIMENTS

A. Experimental setup

As reported previously,13 the experimental setup con-

sisted of two electrodes in a glass cell with a capacity of

300 ml. The cathode consisted of a Ni wire with a diameter of

1.0 mm and purity of more than 99.9 mass% (Kojundo chemi-

cal, Saitama, Japan) placed at the center of the glass cell. The

upper and lower parts of the cathode were shielded by a quartz

glass tube to keep the exposed length constant. The exposed

portion functioned as the actual electrode. The anode con-

sisted of a Pt wire with a length of 1000 mm, diameter of

0.5 mm, and purity of 99.98 mass% (Nilaco, Tokyo, Japan),

and it was bent into a semicircular mesh. The distance

between the electrodes was maintained at 30 mm. A glow dis-

charge plasma was generated around the cathode and was

maintained by applying a voltage using a direct current powera)E-mail: takiyama@eng.hokudai.ac.jp.
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supply (ZX800H, Takasago, Tokyo, Japan). A NaOH solution

was used as the electrolyte. The solution temperature was

recorded every 5 s at a depth of 10 mm using a polymer-

coated thermistor thermometer (Ondotori TR-71Ui, T&D,

Nagano, Japan). The current and voltage were recorded every

2 s using a DC power supply.

B. Experimental conditions and procedure

The standard conditions were an electrolysis time of

60 min, voltage of 140 V, electrolyte concentration of 0.1 M,

and exposed length of 10 mm without any agitation. To study

the effect of the experimental conditions on the nanoparticles

produced, we changed the electrolysis time, voltage, electro-

lyte concentration, solution temperature, and exposed length

from their standard condition values. Table I (Appendix A)

shows the experimental conditions. There were samples with

the same experimental conditions, and these are denoted by

asterisks. For example, the conditions for T-60, V-140, and

l-10 were the same. To change the solution temperatures, the

solutions were cooled or heated.

The experimental procedures are as follow. First, the so-

lution was heated to 60 6 3 �C. Then, the voltage was

increased from 0.0 V to a preset level at a rate of 0.5 V�s�1,

and the electrolysis voltage was maintained at the preset

level for a preset time. In the case of changing the electrolyte

concentration, we determined the rate of voltage increase

needed to increase the voltage to the preset level in less than

300 s, because the prewarmed solution tended to cool down.

Finally, after electrolysis, the products of the process were

collected by centrifugation and washed with deionized water.

Subsequently, the products were observed using an H-700

(Hitachi High-Technologies, Japan) transmission electron

microscope. The collected particles were characterized by

x-ray diffractometry (XRD) using a Miniflex II (Rigaku,

Tokyo, Japan) diffractometer. The post-experiment cathode

wires were also observed using a JSM-7001F (JEOL, Tokyo,

Japan) field-emission scanning electron microscope. The an-

alytical method for calculating the mean diameter and ana-

lyzing the nanoparticle production is given in Appendix B.

III. RESULTS AND DISCUSSIONS

A. Electrolysis time

The electrolysis times were changed in the range from 1

to 360 min. Figure 1 shows the SEM images of the Ni wire

after electrolysis for different electrolysis times. When the

electrolysis times were less than 5 min, surfaces with par-

ticles attached to them were generated. We named such elec-

trode surfaces “Particle” in order to categorize the different

surface morphologies. After more than 30 min of electrolysis

time, a rippled pattern was formed on the electrode surface,

leading to what we have termed as a “Ripple” surface. A

Ripple surface on the electrode during an electrode-melted

solution plasma was first found, and it was probably caused

by the sputtering effect. The orientation of these patterns was

different at different areas of the electrode. Some areas did

not have any Ripple patterns. These patterns probably

depended on the crystal grains and the spacing of the ripple

became wider with time. Figure 2(a) shows the relationship

between the electrolysis time and nanoparticle production.

This result indicates that the production increases in propor-

tion to the electrolysis time. Figure 2(b) shows the plot of the

mean diameter against the produced amount. The diameter

of the nanoparticles produced in the early stages of the elec-

trolysis is small. The particle size tends to increase with an

increase in the production. This tendency was in agreement

with the results of a previous paper in which the electrolysis

time had been changed from 10 to 30 min.11 From the XRD

pattern, products were metallic nickel and didn’t contain

the nickel oxide (supplementary material available).24 These

FIG. 1. SEM images of the Ni cathode wire observed after electrolysis for different electrolysis times.
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Downloaded 06 Aug 2012 to 133.87.147.16. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



results suggest that coarse particles were formed due to the

rough surface. These results also suggested that the particle

size depended on the amount of nanoparticles produced.

Therefore, when the effects of the experimental conditions

on the particle size are investigated, the total amount of

nanoparticles produced should be carefully considered.

B. Electrolysis temperature

In order to control the solution temperatures, the electroly-

sis solution was either cooled or heated. For the T-1 condition,

the electrolysis solution was cooled using ice water. In con-

trast, the electrolysis solution was heated with a heater for the

T-5 condition. In the case of the T-3 condition, the electrolysis

solution was cooled in the air. We measured the solution tem-

perature at a certain point. There was a temperature distribu-

tion in the electrolysis solutions without agitation. Figure S4

shows the SEM images of the electrode surface after the

experiment. The labels show the average temperatures of the

solution during 60 min. For solution temperatures below

80 �C, the Ripple pattern was formed, similar to the pattern

seen in the t-30, t-60, and t-360 conditions. At solution temper-

atures over 92 �C, the surfaces were Particle type. This differ-

ence in the surfaces can be explained by the nanoparticle

production. Figure 3(a) shows a plot of the amount of nanopar-

ticles produced against the mean diameter. The nanoparticle

production decreased at high solution temperatures. The parti-

cle size was also decreased with a decrease in the nanoparticle

production. Thus, in the case of less nanoparticle production,

the electrode surface was Particle type. Figure 3(b) shows a

plot of the mean diameter against the average current over

60 min. The high temperatures caused a decrease in the current

because the gas layer completely covered the electrode and

prevented the current from flowing. XRD patterns shown in

Figure S7 indicate the solution temperature did not affect the

composition of the products. From these results, it can be seen

that the production can be controlled by current and not by the

solution temperature. A high current produces a large amount

of particles. However, in the case labeled 64 �C, the production

decreased despite the high current. This was because the elec-

trolysis solution was too cold to fully form a plasma layer, and

the electrolysis of water occurred at the interface between elec-

trode surface and solution. This result also suggested that the

suitable range for the solution temperature is from 69 to 80 �C.

C. Voltage

We investigated the effect of voltage on the particle size

and production by changing the voltage from 80 to 200 V. The

edge of the electrode was shielded by using a quartz glass

tube. As reported previously, the edge-shield maintainsa partial

plasma region.15 After transition from partial-plasma region to

full-plasma one, the products are oxidized and agglomerated.

In the case of voltages from 80 to 120 V, the light emissions

with a glow discharge were not clear. For the range from 140

to 180 V, the light emissions were observed, and the intensity

of the light emission increased with an increase in the voltage.

According to a video of the electrode surface taken by using a

high-speed camera, the net area of plasma was quite small.

Therefore, an increase in the light emission means that the net

area of the discharge expands with an increase in the voltage.

At 200 V, in spite of the use of the edge-shield, the discharge

condition of the plasma transitioned to that of a full plasma, in

which the particles were partially oxidized and agglomerated

due to an increase in the surface temperature.15 The current

was probably concentrated at the interface between the elec-

trode and the quartz glass tube.

Figure 4 shows SEM images of the electrode after the

experiments. When a voltage of 80 V was applied, an undulat-

ing surface was generated. This undulating surface is probably

related to the crystal grains. Under the high temperature con-

dition caused by the high voltage, the electrode surface

FIG. 2. (a) Plot of nanoparticle produc-

tion against electrolysis time. The

amounts of nanoparticles produced were

calculated using the difference in the

weight of the electrode before and after

electrolysis. (b) Plot of mean diameter

against the production at different elec-

trolysis times. The mean diameter was

measured from the TEM images.

FIG. 3. (a) Plot of nanoparticle produc-

tion against the mean diameter. The

labels show the average temperatures of

the solution over 60 min. (b) Plot of the

mean diameter against the average cur-

rent over 60 min.
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changed due to thermal expansion. Melted particles were also

observed. For the range from 100 to 120 V, Particle type

surfaces were formed. At 140 V, a Ripple type surface was

formed. When the voltage was 160 V or 180 V, the surface

had a random shape, which we have named “Random” for the

purpose of classification. The high voltage caused a transition

to the Random type surface. At 200 V, with a transition to full

plasma, the electrode surface was quite rough. This is due to

an increase in the surface temperature.

Figure 5(a) shows a plot of the nanoparticle production

against the maintained current over 60 min at different vol-

tages. In the range from 80 to 180 V, the current decreased

with an increase in the voltage. As in the cases of changing

the electrolysis time and solution temperature, described in

Secs. III A and III B, the nanoparticle production increased

with an increase in current. However, the high voltage values

caused a low current and high production. The nanoparticles

were formed by the concentration of the current.11 Therefore,

the nanoparticle production increases with an increase in the

current. High voltages accelerate the electrons and ions in the

plasma sheath.16 The energy of the electrons increased owing

to this acceleration under high voltage. Hence, the production

increased with a decrease in the current at high voltages. The

electric power needed to maintain the plasma tends to be a

constant value. Based on this, the current was decreased with

an increase in the voltage. We predict that the heat balance

determines the electric power needed to maintain the plasma.

When the solution is cooled, the electric current increases in

order to make up for the heat loss, as shown in Sec. III B.

Detailed information on the electric power settings under each

condition is supplied as in the supplementary material.

Figure 5(b) shows a plot of the nanoparticle production

against the mean diameter at different voltages. In the range

from 80 to 120 V, a small amount of particles was obtained.

This result indicated that the particles can be formed at 80 V.

The nanoparticle production increased with an increase in

the voltage. At voltages below 140 V, the mean diameter

increased with an increase in the production. This is because

FIG. 4. SEM images of the Ni cathode

wire observed after electrolysis at differ-

ent voltages.

FIG. 5. (a) Plot of the average current

over 60 min against the nanoparticle pro-

duction. (b) Plot of the mean diameter at

different applied voltages against the

nanoparticle production.
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the electrode surface became rough with an increase in the

nanoparticle production, as was the case of in Sec. III A.

However, in the range from 140 V to 180 V, the mean diame-

ter decreased with an increase in the production. This result

suggested that the voltage affected nanoparticle formation.

In the case of the Ripple surface at 140 V, coarse particles

were attached to the electrode surface (see arrows). We have

also observed coarse particles in the products as shown in

Fig. 6. The formation of these coarse particles increased the

mean diameter. In contrast, the Random surface, which was

formed at 160 and 180 V, does not have any coarse particles.

This is the reason for the decrease in the particle size with an

increase in the voltage. According to a previous report in

which the voltage was changed from 100 to 160 V,11 the par-

ticle size decreased with an increase in the voltage in the

case of not only Ni but also other elements. At 200 V, the

particle size increased because of the transition to a full

plasma. Figure 7 summarizes the XRD patterns of the prod-

ucts. The full plasma at 200 V produced both metallic nickel

and nickel oxide. This was exactly the same as the result

obtained in the reported data.17,18 The measurement of the

surface temperature of the electrode indicated that the tem-

perature of full plasma was more than 2000 �C, in contrast,

the temperature without transition to full plasma was less

than 100 �C. The transition to full-plasma increased the sur-

face temperature, and the products were oxidized as a result

of high-temperature corrosion. The increase of the products

size at the full plasma can be explained by the increase of a

gas volume and a high temperature. According to the

report,19 the size of the product produced by wire explosion

is increased with increasing the gas volume over the cathode.

Therefore, the large size of particles produced in the full

plasma might be caused by the large volume of plasma zone.

D. Electrolyte concentration

As above mentioned in Sec. III C, the transition to a

full-plasma due to an increase in the voltage happened at

200 V, in spite of the use of an edge-shield. The solution for

using higher voltages without a transition to full-plasma is to

use low electrolyte concentrations. When the concentration

of the electrolysis solution is low, the current decreases due

to an increase in the solution resistance. We previously

reported that the use of low electrolyte concentrations could

enable the use of high voltages without a transition to the

full-plasma14 state. As a result, we successfully maintained a

plasma condition without a transition to the full-plasma state

at 600 V by using an electrolyte concentration of 0.001 M.

The mean diameter decreased with a decrease in the produc-

tion, as shown in Table II (Appendix C). During the change

in the electrolyte concentration from 0.001 to 1.0 M, the

highest nanoparticle production occurred at 180 V with an

electrolyte concentration of 0.1 M. In the case of concentra-

tions of 0.001 M and 1.0 M, the amounts of particles

FIG. 6. TEM images of the products at different applied voltages.

FIG. 7. XRD patterns of the products at different applied voltages.

013306-5 Saito et al. J. Appl. Phys. 112, 013306 (2012)

Downloaded 06 Aug 2012 to 133.87.147.16. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



produced were too small to be to able to collect any. Figure 8

shows the SEM images of the electrode after this set of

experiments. When the electrolyte concentrations were

0.001 M at 600 V and 0.005 M at 490 V, pores were formed

on the electrode surface (arrows show), which we have

named “Hole” for the purpose of classification. These pores

on the electrode were also formed in other reported experi-

ments.2,14 These surfaces were of the Random type in the

case of 0.01 M and 0.1 M. At 1.0 M, the surface was of the

Particles type. As mentioned in Sec. III C, the high voltage

probably accelerates the charged particles such as electrons,

Naþ, and OH�. There is a possibility that pores formed on

the surface of the electrode at high voltage due to sputtering

rather than the melting of the electrode surface.

E. Surface area

One way to increase the nanoparticle production is to

extend the plasma area by using an electrode with a large

surface area. The exposed length of the cathode wire was

varied to 10 mm, 20 mm, and 30 mm. We predicted that the

nanoparticle production would increase in proportion to the

surface area. However, this did not happen because the cur-

rent did not triple, as shown in Table II. The heat balance

determines the electric power consumed. When the surface

area tripled, the heat loss is also required to triple. However,

the solution temperatures increased from 76 to 90 �C with

the tripling of the surface area. If the solution temperature

remains constant for each surface area, the production would

have increased in proportion to the surface area. This result

also suggested that cooling of the solution is essential to

extend the plasma area.

F. Summary of the results

As mentioned in Secs. III A–III E, the key factors affect-

ing the formation of nanoparticles are the current and voltage.

The other factors such as solution temperature, electrolyte

concentration, and surface area affect the current and voltage.

For example, the solution temperature and surface area of the

electrode just change the current. The high temperature caused

a decrease in the current because the gas layer fully covered

the electrode and prevented the flow of current. The voltage

also affected the current and particle size. At high voltages,

the current decreased and the production increased. Low elec-

trolyte concentration can increase the voltage, which probably

causes sputtering of the electrode.

The role of the current is to control the amount of nano-

particles produced. Figure 9 shows the plot of current against

the production rate. The shapes in the inset show the morphol-

ogy of the electrode surface. This plot does not contain the

t-1, t-5, V-80, and V-100 conditions because the amounts of

nanoparticles produced in these cases were too small. The T-1

and T-2 conditions were also removed because a conventional

electrolysis of water occurred at the interface between the

electrode and the solution interface. From this plot, the current

increased with the production rate because the current concen-

tration produces a nanoparticle.

Figure 10 shows the plot of the mean diameter against

the production density, i.e., the amount of nanoparticles pro-

duced per unit area. Interestingly, the surface morphologies

affected the mean diameter and the production density. In

addition, voltage changed the electrode surface. In the case

of voltages below 140 V, the surfaces were either Particle or

Ripple type. For voltages over 160 V, the surfaces changed

to Random or Hole types, and these surfaces produced par-

ticles that were smaller than those produced from Ripple

surfaces. The difference between Particle and Ripple type

surfaces is in the production density; the production density

was below 1.7 mg/cm2 for Particle type surfaces and over

FIG. 8. SEM images of the Ni cathode

wire observed after electrolysis at differ-

ent concentrations.

FIG. 9. Plot of mean current against the production rate. The inset shapes

are a guide to the different morphologies of the electrode surface. The cur-

rent increased with an increase in the production rate.
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1.7 mg/cm2 for Ripple type. Compared to Ripple surfaces,

the Particle surfaces produced particles with a smaller diam-

eter. The Particle surfaces probably change into Ripple surfa-

ces during particle production. The spacing of the ripples

became wider at a high production density, and the mean di-

ameter increased with an increase in the production density.

In contrast, the sizes of the particles produced from Random

type surfaces were constant at different production densities.

G. Formation mechanism of nanoparticles

Previous reports indicate that the nanoparticles are pro-

duced via two mechanisms in the solution plasma: local melt-

ing of an electrode11 because of the current concentration,

which is induced by the electrothermal instability,20,21 and

uniform sputtering in the form of a bombardment of charged

particles in the plasma.2,22 In the case of ion beam sputtering,

Xeþ, Arþ, Krþ, and Neþ ions have been used with an acceler-

ating voltage of 1–60 kV. In the solution plasma, the main

species in the plasma are OH�, Naþ, Hþ, and ionized Ni.3

These ions seem to be too small to bombard the electrode sur-

face. Additionally, the applied voltage of 140 V is relatively

small, as compared to the ion beam irradiation. It is unlikely

that nanoparticles formation during the glow discharge was

induced by the ion sputtering process. Therefore, we consider

that the local melting of an electrode produced nanoparticles.

The current tends to concentrate in the pointed projection like

a tip owing to the highly inhomogeneous electric field.23 The

surface morphology strongly affects the products size. Smooth

and uniform surface, such as Particle and Random type, pro-

duces a small particle. When electrode surface grows to the

Ripple and Rough type, the coarse particles are generated due

to the inhomogeneous distribution of the current.

IV. CONCLUSION

In this study, we investigated the surface morphology of

a glow discharge electrode in a solution. From these results,

the morphologies of the electrodes were changed according

to the experimental conditions. It was determined that the

current and voltage are the main factors. The following con-

clusions were drawn:

(1) The production increased proportionally with electroly-

sis time and current.

(2) When the voltages were below 140 V, surfaces with

nanoparticles attached were formed on the electrode.

These surfaces changed, and displayed ripples and the

sizes of the particles produced increased with an increase

in the production.

(3) For voltages over 160 V, the surfaces of the electrodes

were Random or Hole type, and the particle sizes were

constant at different production densities.

In this study, we found a strong connection between the

production and the electrode surface. These findings can

help not only in the optimization of the experimental condi-

tions but also in investigation of the formation mechanism of

the nanoparticles in a solution plasma.

APPENDIX A: SUMMARY OF THE EXPERIMENTAL
CONDITIONS

TABLE I. Experimental conditions. Samples with the same experimental

conditions are denoted by asterisks.

Sample

name

Time

(min.)

Temperature

Control

Maintained

Voltage

(V) Electrolyte

Electrode

Length

(mm)

t-1 1 Natural

cooling in air

140 0.1 M

NaOH

10

t-5 5

t-30 30

t-60a 60

t-360 360

T-1 60 Quenched using

ice water

140 0.1 M

NaOH

410

T-2 Quenched using

25 �C water

T-3a Natural

cooling in air

T-4 Heated using

hotplate

T-5 Strongly-heated

using heater

V-80 60 Natural

cooling in air

80 0.1 M

NaOH

10

V-100 100

V-120 120

V-140a 140

V-160 160

V-180b 180

V-200 200

0.001 M 60 Natural

cooling m air

600 0.001 M NaOH 10

0.005 M 490 0.005 M NaOH

0.01 M 400 0.01 M NaOH

0.1 Mb 180 0.1 M NaOH

1.0 M 70 1.0 M NaOH

l-10a 60 Natural

cooling in air

180 0.1 M

NaOH

10

1-20 20

l-30

200

30

aSame conditions.
bSame conditions.

FIG. 10. Plot of the mean diameter against the production density. The inset

shapes are a guide to the different morphologies of the electrode surface. The

surface morphology affected the mean diameter and production density. The

most suitable condition for the production of nanoparticles was the one in

which the particle diameter was small and the production density was high.

The Random type surface has a small diameter and high production density.
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APPENDIX B: ANALYTICAL METHOD

In order to determine the mean diameter of the nanopar-

ticles, four photographs of the spherical particles were taken

for each experiment with the same magnification. From these

four photographs, we measured the diameters of over 1000

particles whose diameters were greater than 10 nm. We cal-

culated the volume mean diameter from this data. The vol-

ume mean diameter DV differs from the number mean

diameter Dn as shown by Eqs. (B1) and (B2). Here, the di

stands for the diameter of particle I, and Vi mean the volume

of the spherical particle with the diameter di.

Dn ¼
X

di

n
(B1)

DV ¼
X
ðdi � ViÞX

Vi

(B2)

We selected the volume mean diameter rather than number

mean diameter because we could obtain a Gaussian distribu-

tion of the particle diameters by using a volume mean

diameter.

The amount of nanoparticles produced (or Production)

was calculated from the difference in the weight of the elec-

trode before and after the experiments. We measured the

electrode weight 5 times and calculated the average value.

The nanoparticle production M (mg), production density d

(mg�cm�2), and production rate v (mg�s�1) were derived by

the equations listed below. Here, Mb is electrode weight

before electrolysis and Ma is the weight after electrolysis. S

is a surface area of the exposed part of the electrode, and t

means the electrolysis time.

M ¼ Mb �Ma (B3)

d ¼ Mb �Ma

S
(B4)

v ¼ Mb �Ma

t
(B5)

APPENDIX C: SUMMARY OF THE EXPERIMENTAL
RESULTS

TABLE II. Experimental results. The breakdown voltage corresponds to the highest value of the current. The maintained current, power, and temperature are

the average values during electrolysis. The production rate and density were derived by dividing the production by the electrolysis time and surface area,

respectively.

Breakdown Maintained Particle size

Sample name

Voltage

(V)

Current

(A)

Power

(W)

Temp.

( �C)

Current

(A)

Power

(W)

Temp.

( �C)

Production

(mg) N

Volume mean

diameter (nm)

Number mean

diameter (nm)

t-1 53.8 3.12 167 62.0 0.438 61.4 84.9 0.20 673 205 90

t-5 49.8 2.80 139 64.5 0.484 67.7 83.4 0.21 712 326 108

t-30 52.8 2.88 152 62.7 0.438 61.4 84.9 0.56 912 410 108

t-60 52.7 2.87 151 64.7 0.431 60.3 76.2 0.90 1950 361 113

t-360 50.8 2.76 140 64.3 0.424 59.3 69.2 5.86 777 439 119

T-1 71.9 2.54 183 48.8 0.991 138 64.3 0.69 842 389 115

T-2 60.9 1.86 113 53.0 0.606 84.8 68.5 0.83 1050 433 101

T-3 59.9 1.95 117 59.9 0.319 44.6 80.2 0.62 995 465 110

T-4 45.9 1.60 73.4 66.3 0.219 30.7 92.0 0.14 1005 253 104

T-5 43.9 1.21 53.1 65.4 0.200 28.0 99.1 0.18 1384 215 102

V-80 49.8 2.78 138 63.4 0.831 66.4 87.4 0.01 1076 168 61

V-100 52.8 2.59 137 60.1 0.593 59.3 85.9 0.01 664 187 61

V-120 51.8 2.90 150 62.3 0.503 60.3 84.2 0.50 796 261 87

V-140 51.8 2.74 142 64.5 0.413 57.8 85.3 0.86 1950 361 113

V-160 51.8 2.74 142 64.9 0.360 57.6 83.6 1.20 501 271 102

V-180 51.8 2.76 143 60.1 0.371 66.7 81.3 2.07 1257 222 61

V-200 46.6 2.99 139 63.7 0.801 160 93.3 2.85 921 380 133

0.001 M 479 0.40 192 74.3 0.125 75.3 87.8 0.17 – – –

0.005 M 275 0.63 174 67.7 0.130 63.8 85.8 0.47 2072 129 56

0.01 M 176 0.99 174 72.5 0.176 70.2 85.6 0.70 465 198 77

0.1M 79.8 0.87 69.4 68.2 0.371 66.7 81.3 2.07 1257 222 61

1.0 M 21.5 2.91 62.6 62.7 0.544 38.1 73.2 0.32 – – –

l-10 51.8 2.74 142 64.5 0.431 60.3 76.2 0.90 1950 361 113

l-20 53.8 4.94 266 65.2 0.590 82.5 89.0 2.15 1210 630 66

l-30 55.8 6.86 383 61.4 0.718 100 89.7 2.53 837 611 120
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