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Abstract

Plasma irradiation was used to create nanostructured vanadium oxide with potential commer-

cial and industrial applications. Morphology changes were induced at the nano- and micro-meter

scale, accompanied by the growth of helium nanobubbles. Micrometer-sized pillars, cube-shaped

nanostructures, and fuzzy fiberform nanostructures were grown on the surface; the necessary con-

ditions in terms of the incident ion energy and the surface temperature for those morphology

changes were revealed. Hydrogen production experiments using a photocatalytic reaction with

aqueous methanol solution were conducted on the fabricated samples. Enhanced H2 production

was confirmed with the plasma irradiated nanostructured sample that had been oxidized in air

atmosphere. Photocatalytically inactive vanadium oxide exhibited a high photocatalytic activity

after nanostructurization of the surface by helium plasma irradiation.

PACS numbers:

∗Electronic address: kajita.shin@nagoya-u.jp
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I. INTRODUCTION

Vanadium (V) oxides can be used in various applications including energy storage [1],

batteries [2], sensors [3], nanobeams [4], chemical catalysts [5], and photocatalysts [6–8].

Because nanostructures and micro-structures can improve the performance in devices by

increasing its surface area, various methods have been utilized to fabricate mesoporous V

oxides such as the sol-gel process [9], the hydrothermal process [10], the polyol process [11],

and ion beam sputtering [12]. As a photocatalyst, V oxides is a candidate material for

photo-assisted water-splitting devices, particularly because its band gap is lower than the

3.0-3.2 eV range of titanium dioxide (TiO2) [7]. However, only a limited number of studies

have been reported on the photocatalytic activity of V oxides for H2 production [7, 8, 10].

In the mid-2000s, it was discovered that fiberform nanostructures called fuzz was grown

on tungsten surface by helium (He) plasma irradiation [13]. He atoms implanted on the

surface form clusters and He bubbles near the surface while diffusing in the W matrix

[14]. Sub-micrometer sized protrusions and pinholes occurred in conjunction with the He

bubble growth [15]. Those initial morphology changes are thought to develop into fiberform

nanostructures. Similar fuzzy nanostructure growth has been identified on other metals

including molybdenum, nickel, titanium, iron, rhenium, and tantalum [16–21], indicating

that significant morphology changes accompanied by the He bubble growth are common

to many metals. As the plasma irradiation’s bottom up approach only requires a one-

step dry process [22], materials fabricated using this process are anticipated to be useful for

industrial application. Oxidized helium irradiated tungsten and titanium have been explored

as potential photocatalytic materials. Partially oxidized fuzzy tungsten had a visible light

response to decompose methylene blue [23] and enhanced performance to split water [24]. On

oxidized nanostructured Ti, it was also identified that the efficiency of H2 production from

aqueous methanol solution was enhanced by the formation of nanostructures [25]. He plasma

irradiation of V was recently reported to create whisker like structures on the metal surface

[26]; however, fuzzy nanostructure formation on V has yet to be disclosed. Morphology

changes and necessary conditions for fuzz formation strongly depend on materials. The

shear modulus was likely to be an important parameter whether fuzz can be formed by He

plasma irradiation [27]. The shear modulus of vanadium in room temperature is 47 GPa,

which is much lower than that of molybdenum and tungsten; V is categorized in the metal

3



where fuzzy structures are not easily formed. Thus, it is of importance to conduct systematic

He plasma irradiations to V sample and identify the relationship between the irradiation

condition and morphology changes.

In this study, we show that He plasma irradiation causes various morphology changes,

including fiberform nanostructures, to occur on the V surface. Performing systematic experi-

ments varying the surface temperature and the incident ion energy of the plasma irradiations,

we identified the necessary irradiation conditions to form fuzzy fiberform V nanostructures.

The resulting samples were characterized by scanning electron microscope (SEM), transmis-

sion electron microscope (TEM), thermal desorption spectroscopy (TDS), and X-ray pho-

toelectron spectroscopy (XPS). Optical reflectance measurements were also taken. Using

these fabricated samples, we conducted photocatalytic experiments to evaluate H2 produc-

tion from a methanol solution. These experiments demonstrated that nanostructurization

by He irradiation activated the photocatalytic reactivity of V2O5 to produce H2.

II. METHODS

A. Helium plasma irradiation

He plasma irradiation was conducted using the linear plasma device NAGDIS-II [18]. In

the NAGDIS-II device, as described in [28], high density plasma up to 1020 m−3 can be

produced in a steady state. The plasma is produced between a 108 mm diameter LaB6

cathode, which is heated by a carbon heater with a typical heating power of 3 kW, and a

hollow anode made of copper. A cusp magnetic field is employed to confine the plasma from

the source region. Typically, the discharge voltage for He plasmas is ∼100 V. The length

of the plasma was approximately 2.5 m, and the irradiation region was ∼1.5 m away from

the plasma source region. Figure 1(a) shows a schematic of the experimental setup for the

He plasma irradiation. A V plate with a thickness of 0.1 mm was used for the irradiation

experiments. Before the plasma irradiation, the roughness Ra of the sample measured by a

laser microscope (VK-9510, Keyence) was 0.44 µm. As shown in the later section, the top

surface layer (�1 µm) was oxidized and composed of intermixed V(III) and V(IV) oxides

and a V(V) oxide layer. The major grains identified before the plasma exposure were V

(200) and (211).
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The sample was installed on a water cooling stage to control the irradiation tempera-

ture, particularly when the surface temperature was <1000 K. The incident ion energy was

controlled by biasing the sample negatively. The surface temperature was measured with

a radiation pyrometer, and the ion flux was measured with an electrostatic probe located

∼30 cm upstream of the region where the sample was installed. The sample was placed in

the center of the plasma column, and the sample normal was rotated ∼45 degree from the

magnetic field line to measure the temperature from the viewing port. Since the ions were

accelerated in the electric sheath formed in front of the sample, the ions were impinged on

the surface almost from the normal direction. The He flux can be controlled in the range

of 0.1-10×1022 m−2s−1 by changing the magnetic field strength and the discharge current.

In this study, the discharge current and the He ion flux were in the ranges of 10-25 A and

0.9-2.6×1022 m−2s−1, respectively. The He gas pressure was ∼11 mTorr. The magnetic field

strength in the source region was 0.1 T, but it was decreased to one fourth of the value in

the downstream region to control the flux to the sample. The sample was exposed to the

plasma for 1 hour.

B. Photocatalytic experiments

Figure 1(b) shows a schematic of the experimental setup for the photocatalytic H2 produc-

tion experiment. The amount of the H2 produced from a 20 vol% aqueous methanol solution

was measured using a gas chromatograph (Shimadzu, GC-8A). Methanol is frequently used

as a sacrificial reagent to enhance the H2 production from the reduction of H2O, and the

amount of 20 vol% was a typical value used for H2 production experiments from a methanol

solution [29]. A xenon lamp was used for the light source, and a cold ultra violet (UV)

mirror and a short-pass optical filter of 430 nm was utilized to select for UV light; the UV

power measured 2.0 mW/cm2. The sample material used for the photocatalytic experiments

had a surface area of 10×10 mm2 and was 0.1 mm thick. The sample and 10 ml of aqueous

methanol solution were installed in a cylindrical-shaped quartz reactor whose diameter and

height are ∼40 and 200 mm, respectively. Before irradiation, the air inside the reactor was

evacuated using a rotary pump, and the pressure inside the reactor was ∼30-50 Torr during

the UV irradiation.
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III. MORPHOLOGY CHANGES

Figure 2(a-c) shows the SEM micrographs of the He plasma irradiated V samples, and

blisters, protrusion, and pinholes were formed on the surfaces. Figure 2(a,b) are the SEM

micrographs of the same sample at different magnifications. The surface temperature, the

incident ion energy, and the He fluence in Figs. 2(a,b) and 2(c) were 760 K, 115 eV, and

1.6×1025 m−2 and 730 K, 115 eV, and 1.3×1026 m−2, respectively. Because the temperature

was determined by the heat flux from the plasma and the heat resistance between the cooling

stage and the sample, it was not easy to control them separately. The major difference for

these two samples was originated from the difference in the fluence, and difference in the

temperature by 30 K was not significant, as shown later. Many white spots were observed

on the surface of both the samples. The sizes of the spots are less than 200-300 nm in Fig.

2(a,b), and it increased significantly when the He fluence is higher in Fig. 2(c), though

the incident ion energy and the temperature were similar. The sizes of the spot were more

uniform in Fig. 2(c) than those in Fig. 2(a,b). The subtle difference in the temperature did

not cause this difference. Because similar uniform spot size distribution was identified even

at the surface temperature of 890 K and the fluence of 6.1×1025 m−2, it was likely that the

uniform size distribution appeared when the fluence was higher than ∼5×1025 m−2.

Although those structures have not been identified on tungsten samples exposed to He

plasmas, they were similar to the voids and nano-pillars formed on aluminum, copper, and

titanium surfaces exposed to He plasmas [30]. It was discussed that He ions induced void

growth and physical sputtering played a key role for the morphology changes. Because the

sputtering threshold energy of V by He ion bombardment is ∼30 eV [31], it is noted that

considerable sputtering occurs in the present study. Combination of physical sputtering, de-

position, and He bubble growth are likely to be deeply related with the morphology changes.

As shown in the inset of Fig. 2(b), in addition to white spots, black dots (pinholes) were

identified on the surface. The pinholes have been frequently observed on He irradiated sur-

faces and were caused by He bubbles formed beneath the surface [32]; the pinholes indicated

the formation of He bubbles, which will be discussed later with TEM observations.

Figure 3(a-c) shows SEM micrographs of He plasma irradiated V surfaces when the

surface temperature was higher than 1000 K during the irradiation. The temperature, the

incident ion energy and the He fluence were, respectively, (a) 1130 K, 75 eV, and 4.3×1025
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m−2; (b) 1040 K, 115 eV, and 4.8×1025 m−2; and (c) 1110 K, 115 eV, and 9.4×1025 m−2.

It is seen that fuzzy structures were observed on the surfaces when the incident ion energy

was 115 eV. The results suggested that there existed an energy threshold around 100 eV

to form fuzzy structures on V surface. In addition, cube shaped structures are found in

Fig. 3(b,c) when the fuzzy structures were grown on the surface. Tripathi et al. irradiated

V samples with He ions at the incident ion energy of 100 eV in the surface temperature

range of 823-1173 K [26]. In Ref. [26], sub-micrometer sized cube shaped surface pores were

homogenously formed on V samples after the He plasma irradiation, and the size of these

pores increased with the surface temperature. Moreover, whiskers were observed when the

surface temperature was around 1000 K, which is consistent with the temperature where

fuzz appeared in this study. Since the He fluence and flux in this study was one order of

magnitude higher than those in [26], the whiskers grew into fuzzy structures.

Figure 4(a-c) shows TEM micrographs of a V sample exposed to He plasma. Techniques

such as a focused ion beam or electric polishing are usually used to prepare TEM sample.

However, those methods might damage the fuzzy structures or would require coating on

the surface. In this study, we used a semi-circular 3 mm in diameter sample, which can be

installed to TEM sample stage directly, for this irradiation in particular. The incident ion

energy was 110 eV, the surface temperature was 1090 K, and the ion fluence was 8.9×1025

m−2. Fine fibers that were less than 50 nm in diameter can be seen entangled together:

the feature is quite similar to W fuzz [15]. As shown in Fig. 4(b,c), many He bubbles are

visible inside the structure. The He bubbles were not ideal spherical or hexagonal shapes.

The shape of He bubbles would be spherical when the He gas pressure inside the bubble was

balanced with the surface tension [33]. Irregular shapes indicated that the inner pressure

was less than the equilibrium pressure, probably because of an active supply of thermal

vacancies to He bubbles [34]. The size of the He bubbles are mostly less than 10 nm in

diameter; a few bubbles are larger than 20 nm. On the surface, a thin (∼2 nm) layer can be

identified that presumably corresponds to the oxidized layer. When the sample was oxidized

in the air atmosphere, the surface was covered by ∼2 nm thick oxidized layer. The layer

would be much thicker if the sample had been oxidized while heating, as will be done later.

To understand the migration of He inside the V sample, it is helpful to analyze the gas

desorption properties. Figure 5 shows the TDS spectrum from a He irradiated V sample at

843 K. The temperature was increased from room temperature at a rate of ∼1.1 K/s. Two
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large desorption peaks were identified at 1000 and 1250 K. Similar to other metals [20, 35],

the gas desorption around the low temperature peak indicates the onset of the significant

He migration that would be required for the growth of He bubbles and the formation of

fuzzy structures. On the other hand, if too much He desorption occurs, these fine structures

would be reintegrated to the surface. Likely, it would be difficult to form these structures

when the temperature was sufficiently higher than 1250 K, although we did not conduct

experiments at that temperature range.

Figure 6 summarizes the relationship between the morphology changes on the V surfaces

and the corresponding irradiation conditions, i.e., the incident ion energy and the surface

temperature (these are the key parameters for the morphology changes for tungsten [16]).

The He fluence plotted in Fig. 6 was in the range of 5×1024 - 1.3×1026 m−2. When the surface

temperature was less than 900 K and the incident ion energy was lower than 100 eV, no

significant morphology changes were observed. The surface was flat even after the He plasma

irradiation. When either the surface temperature or the incident ion energy increased, the

surface became rough with nanopillar or micropillar-like structures and pinholes. When the

surface temperature was higher than 1000 K and the incident ion energy was higher than

100 eV, fuzzy structures were observed on the surface. As discussed with TDS spectrum,

this temperature dependence can be explained by the He migration and the formation of

He clusters. A recent object kinetic Monte Carlo simulation explained the temperature

dependence of W fuzz growth as being based on the trapping and de-trapping of He in

He-vacancy clusters [36]. To our knowledge, the incident ion energy dependence has yet

to be well understood. Although He atoms can be implanted on W when the incident ion

energy is higher than ∼5 eV [37], the threshold energy for fuzz growth does not agree with

the energy. Subtle difference in the penetration depth may be related to the consequent

He migration [38], but no quantitative analysis has been provided. In the case of tungsten,

a minimum threshold energy for fuzz growth is recognized to be around 20-30 eV. At the

moment, we cannot explain the mechanism that causes V nanostructure growth to occur at

a higher threshold energy than that of W.

When fine structures were formed on the V surface, the surface turned visually black.

The optical reflectance (including specular and diffuse reflectance) was measured by a spec-

trophotometer (UV-2600, Shimadzu, Co.), which equips a small integrating sphere. Figure

7 shows the wavelength dependence of the optical reflectance of a pristine V sample and
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of the V samples exposed to the He plasmas at 990, 1120, and 1190 K. The incident ion

energy was 115 eV for all three samples. On the sample exposed at 990 K, micro-pillars

were observed, while the samples exposed at 1120 and 1190 K had fuzzy structures. On the

pristine V sample, the optical reflectance was higher than 50% at the wavelength of >350

nm. The optical reflectance decreased when the wavelength was less than 350 nm and was

30% at 250 nm. The optical reflectance significantly decreased in a wide wavelength from

UV to visible range on all three samples exposed to the He plasmas. At a wavelength range

shorter than 500 nm, the optical reflectance was less than 5% for all the three samples. At

longer wavelengths, the reduction ratio was higher for higher irradiation temperature. For

example, the reflectance at 800 nm decreased from 17% at 990 K to 6% at 1190 K. When

the irradiation temperature was 990 K, since the scale length of roughness should be smaller

than that at 1190 K, the reflectance is lower for a shorter wavelength range (<500 nm) and

higher for a longer wavelength range (>500 nm) compared to that of the 1190 K irradiation

sample.

Blackening has also been observed on fuzzy W [39], presumably because the material

properties were significantly changed. In metals, the free electron density is an important

parameter to determine the plasma frequency [40]. Since the density decreased by an order

of magnitude due to the fuzz formation [41], it is likely that the reflectance decreased due to

the decrease in the plasma frequency. Although the decrease in the optical reflectance does

not necessarily correspond to electron excitation on the oxidized V surface layer, there is a

possibility that electron excitation may be higher after nanostructure formation.

IV. PHOTOCATALYTIC EXPERIMENTS

As summarized in Table I, we used four samples (V1-V4) for H2 production experiments: a

pristine V sample without any treatment (V1), an oxidized V sample (V2), a nanostructured

V sample (V3), and an oxidized nanostructured V sample (V4). For V3 and V4, during

plasma irradiation, the surface temperature was ∼1070 K and the incident ion energy was

115 eV. For V2 and V4 samples, the oxidization was conducted using a furnace at 773 K for

0.5 hours.

Figure 8 shows the XPS V2p spectra of V1-V4 after calibrating the energy using the O

1s peak at 530.0 eV. A mixture of five different oxidation states can be found in vanadium
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oxides, and it is not simple to define the phases from XPS analysis. The five oxidation

states have V2p peaks in the energy range of 512.35 (V0+) to 517.2 (V5+), as indicated by

dotted lines in Fig. 8 [42]. All the samples have a peak at 517.2 eV, corresponding to V+5,

suggesting the existence of V2O5. However, the fact that the spectra was broader than pure

V2O5 spectrum indicated the existence of several intermixed phases from V5+ to V3+ [43].

Previously, even on VO2 (V4+) powder pellet, a V5+ peak was identified due to an over

oxidized layer on the surface [42]. Thus, the broadened spectrum with its peak at 517.2 eV

indicated that intermixed V(III) and V(IV) oxides were covered by a V(V) oxide layer. The

difference between the samples was not clearly identified from the XPS spectrum, which has

a sensitivity in the range of ∼10 nm. The TEM observation in Fig. 4(c) was conducted four

days after the He plasma irradiation, and the thickness of the oxidized layer was 2-3 nm.

On the other hand, the XPS analysis and photocatalysis experiments were conducted about

eight months after the irradiation; the thickness of the oxidized layer could be much greater

than that observed in Fig. 4(c).

Figure 9 shows the X-ray diffraction (XRD) pattern of the four vanadium samples. Cop-

per K-α was used for the radiation source, and the XRD had a sensitivity up to the depth

of ∼1 µm. Two vanadium peaks can be identified at 60.9 (200) and 76.7 (211) degrees

[44]. The V peak intensity decreased after plasma irradiation. This could be caused by a

decrease in the size of the crystal grains due to the nanostructurization. Also, the spectrum

became sharper on V3 compared to V1, indicating that the bulk crystal structure improved

during plasma irradiation by an annealing effect. The ratio of the intensities at 60.9 and

76.7 degrees was altered from V1 to V4; the 76.7 degree peak almost disappeared on V4

sample. This suggests that the crystal structure was altered during these processes, partially

because of recrystallization as it was observed at 873 K [45]. A peak at 27.7 degree, which

corresponds to the VO2 peak [46], was identified on the samples oxidized at 773 K (V2

and V4). It is noted that a peak corresponding to V2O5 (possibly in the range of 20.3-21.7

degrees) is not identified on any of the samples. After the plasma irradiation, small peaks

appeared at ∼42 and 65 degrees on V3. The peak at ∼42 degree is likely to correspond to V

(110). Because only V (200) and (211) peaks were observed before the plasma irradiation,

the results suggested that the plasma irradiation slightly changed the crystal orientation.

The peak at ∼65 degree could correspond to VO2 (301) or VO (220) [47]. However, since the

peak at ∼65 degree still remained even on V4 sample, it is unlikely that difference appeared
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on V3 increased the photocatalytic reactivity shown later. From the XRD analysis, it was

found that oxidization at 773 K formed a VO2 layer on the metallic bulk V; the thickness

could be less than 1 µm, but it was likely much thicker than 100 nm.

Figure 10(a) shows the time course of the H2 produced from the 20 vol.% aqueous

methanol solution by UV light irradiation. The H2 increased with time in all cases including

the blank case (control experiment), where no photocatalyst was introduced. Except for the

V fuzz sample, the hydrogen produced was less than that of the blank sample, indicating

that no clear photocatalytic reaction occurred on the pristine and oxidized samples, i.e., on

V1, V2, and V4.

These results were similar to W case, where methylene blue decomposition by visible light

irradiation was occurred only on a fuzzy W sample oxidized in the air atmosphere [23]. Even

though V2O5 is originally inactive. it is known to become photocatalytically active when

it is highly dispersed on silica [48]. Nanostructurization can alter the band and potential

structures, and, consequently, change the photocatalytic reactivity. Similar to the highly

dispersed cases, the photocatalytic activity was exhibited on the nanostructured sample. The

reason photocatalytic activity was exhibited only on V3 sample, where nanostructured V was

oxidized in the air atmosphere, could be attributed to the fact that the surface was covered

with nanometer sized V oxides, similar to the W case. On fuzzy WO3, the interface between

WO3/W was crucial for methylene blue decomposition by photocatalysis. The initial photo-

excitations due to the surface plasmon resonance followed by electron injections into the

conduction band of the nano-sized WO3 moiety at the WO3/W interface likely caused a

chemical reaction to occur on the sample surface [49]. Similarly, there was a possibility

that photo-excitation and electron injection have occurred in the interface between V and

V oxides near the surface and contributed to proceed the reaction. This interface did not

exist on V2 and V4 samples, because V had changed to VO2, and the nanostructures did

not exist on V1.

Figure 10(b) summarizes the amount of hydrogen produced by 2 hours of UV light irradi-

ation. The hydrogen was produced at ∼2.5 µmol for two hours from the blank case. On the

fuzzy V sample without oxidization (V3), the hydrogen production was significantly higher

than that of the background level. It was confirmed that hydrogen production occurred by

photocatalytic reaction. In Fig. 10(b), the same experiments were conducted three times for

V3 using the same sample. The hydrogen production efficiency was sufficiently higher than
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that of the blank case even on the third iteration, confirming the repeatability of the V3 sam-

ple’s photocatalytic reactivity. The amount of hydrogen produced for two hours was 3.9 µmol

from the nanostructured V sample without additional oxidization. Subtracting the back-

ground hydrogen production, the effective hydrogen production rate was 0.7 µmol/h from

the fuzzy V sample. For the unit area, this corresponds to 7 mmol/m2/h at 2.0 mW/cm2

UV irradiation. Photocatalytic hydrogen production experiments from aqueous methanol

solutions have also been conducted using microstructured TiO2 formed using He plasmas

[25]. The amount of hydrogen produced was ∼0.4 µmol/h, which was 60% higher than the

TiO2 sample without He plasma irradiation. Although the aqueous solution was different

and the UV power was likely to be slightly altered, the hydrogen production capability of

the fuzzy V sample was similar to or greater than that of the TiO2 sample fabricated using

He plasmas. This value was lower in efficiency by approximately one order of magnitude

compared to the previously reported 800 mmol/m2/h at 27 mW/cm2 UV irradiation using

nanostructured VO2 photocatalysts [7]. Degradation of crystallinity by the formation of He

bubbles/clusters and the difference in the height of the nanostructured layer are potential

reasons to cause the difference in the efficiency. We expect to achieve improvements by using

samples exposed to the plasma under different conditions and different oxidation states. In

this study, the photocatalytic experiments were conducted using samples exposed to the air

for long time (∼8 months). Thus, it is important to investigate the aging behavior and the

optimum exposure time to the air for considering practical applications.

V. CONCLUSIONS

In this study, vanadium plates were subjected to helium plasma irradiation under vary-

ing irradiation conditions of surface temperature and incident ion energy. In addition to

nano/micro-pillars, fiberform nanostructures were formed when the surface temperature

was higher than ∼1000 K and the incident ion energy was higher than 110 eV. When nanos-

tructures were formed on the surface, the optical reflectance decreased to less than 10% from

UV to visible wavelengths. Transmission electron microscope (TEM) observation of the fab-

ricated V nanostructures revealed that He bubbles existed inside the structure and that the

nanostructures were covered with a 2-3 nm thick oxide layer. Although fuzzy nanostructures

have been formed on other metals such as tungsten and molybdenum, this is the first time
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that fiberform structures have been identified on a vanadium surface. These results indicate

that the nanostructure growth can occur on most metals, except for those with a low shear

modulus [20].

Photocatalytic activity was investigated using hydrogen production from a 20 vol.% aque-

ous methanol solution under UV light irradiation. Four samples were tested: a pristine V

sample, an oxidized V sample at 773 K, a nanostructured V sample, and an oxidized nanos-

tructured V sample. XPS analysis confirmed that intermixed V(III) and V(IV) oxides were

covered by a V(V) oxide layer on all the samples. Only the nanostructured V sample

oxidized in the air atmosphere had the capability to produce hydrogen. The other three

samples were photocatalytically inactive. This suggests that nanostructurization by plasma

irradiation enhances the photocatalytic activity in a similar fashion to highly dispersed pho-

tocatalysts. Because vanadium oxides are used in various fields of research, it is of interest

to investigate the applicability of these findings to other usages, including batteries, sensors,

and photocatalysts.
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TABLE I: Summary of the XPS analysis for V1-V4 samples.

V1 V2 V3 V4

pristine oxid. (pristine) fuzz oxid. (fuzz)

V4+p3/2 [%] 2.4 5.5 9.2 8.8

V5+p3/2 [%] 55.3 47.5 42.5 42.4

V5+p1/2 [%] 18.7 21.1 21.7 21.9

V5+p [%] 74.0 68.6 64.2 64.3
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FIG. 1: Schematics of the experimental setup for (a) He plasma irradiation in the linear plasma

device NAGDIS-II and (b) photocatalytic H2 production experiments.
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FIG. 2: SEM micrographs of He plasma irradiated vanadium samples. The surface temperature,

the incident ion energy, and the He fluence were, respectively, (a,b) 760 K, 115 eV, and 1.6×1025

m−2 and (c) 730 K, 115 eV, and 1.3×1026 m−2.
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FIG. 3: SEM micrographs of He plasma irradiated vanadium samples. The temperature, the

incident ion energy and the He fluence were, respectively, (a) 1130 K, 75 eV, and 4.3× 1025 m−2;

(b) 1040 K, 115 eV, and 4.8×1025 m−2; and (c) 1110 K, 115 eV, and 9.4×1025 m−2.
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FIG. 4: TEM micrographs of nanostructured V.
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FIG. 6: The relation between the irradiation conditions (the incident ion energy and the surface

temperature) and surface morphology changes.
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FIG. 7: The wavelength dependence of the optical reflectance of a pristine V sample and the V

sample exposed to the He plasmas at 990, 1120, and 1190 K.
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FIG. 10: (a) Time course of produced H2 from 20 vol.% aqueous methanol solution during UV

light irradiation and (b) the total amount of produced hydrogen for 2 hour irradiation.
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