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ABSTRACT

Pulsed laser irradiation was performed on titanium in acetone and then the hydrogen storage
properties were investigated under a hydrogen atmosphere. TiOxCy films were formed by the
irradiation of Ti powders with a fluence of 0.36 J cm 2. The irradiation increased the hydrogen
absorption temperatures. Thus, the TiOxCy films showed a specific kind of hydrogen barrier effect.
Irradiation with a fluence of 0.36 J cm 2 was performed to coat the Ti plate. Although the TiOxCy
films formed on the surface, the amount of hydrogen absorption increased compared with the non-
irradiated plate because of the change in surface chemical bonding states and high porosity of the
films due to the irradiation. The phases generated by irradiation were controlled by the laser
fluence. With a low fluence of 0.17 J cm 2, TiO; films were formed instead of TiOxCy films, and

these dense films showed better hydrogen barrier effects than the non-irradiated plate.

Keywords: Titanium; Nd:YAG laser; hydrogen barrier coating; hydrogen absorption; titanium

oxycarbide; titanium oxide
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1. Introduction

Titanium is an excellent material for hydrogen capture because of its low AHaps value (—142 kJ
mol ! H,), which means that its H» equilibrium pressure at room temperature is low [1]. However,
hydrogen absorption with Ti requires thermal activation at a temperature above ~400 °C. Therefore,
improved absorption kinetics are needed for practical applications. The role of surface oxide layers
in the hydrogen absorption properties of Ti has been investigated. Hirooka et al. suggested that the
absorption process may be affected by the surface oxide layers, whereas the desorption process is
probably controlled by the hydrogen diffusion in Ti [2]. Hadjixenophontos ef al. showed that the
rate-limiting factor for hydrogen absorption is the transport of hydrogen atoms through the oxide
layers rather than the splitting of H> molecules at the oxide surface [3]. Shinzato et al. reported
that Ti without surface oxide layers can absorb hydrogen even at room temperature [4]. However,
Ti generates surface oxide layers even in a glovebox with oxygen and water levels of several ppm;
thus, the absorption temperature was increased with time in the glovebox [4]. In this way, the
kinetic barrier effects of the surface oxide layers are significant. To modify the surface oxide layers,
mechanical milling of Ti powders with acetone [5] or layered solid materials (graphite [5] and
hexagonal boron nitride [6]) is an effective method. In addition, Ti can absorb hydrogen even at
room temperature during self-shearing reactive milling under a hydrogen atmosphere [7]. However,
there are few studies on other surface modification methods besides milling that affect the
hydrogen absorption properties of Ti. Kondo et al. achieved enrichment of Pd on the surface of
Ti—Pd alloys by H>O2 immersion, which resulted in fast hydrogenation of Ti [8]. Although the
utilization of Pd is effective for selective hydrogen permeation, low-cost surface modification
methods would also be required. From a different point of view, for the application of titanium
and its alloys in structural materials, a hydrogen barrier coating is required to prevent hydrogen
intake—induced embrittlement [9—11]. Thermal spraying [12], enamel coating [13], and laser
carburization using carbon paste [14] have been performed in previous studies.

In this study, the effects of surface coating using nanosecond pulsed laser irradiation on the
hydrogen absorption properties of Ti were investigated. A facile method for the irradiation of
titanium using a pulsed laser and acetone solvent was performed. After pulsed laser coating, the
hydrogen absorption temperatures were analyzed. If hydrogen absorption temperatures are
decreased by coatings, this would be useful for developing excellent hydrogen permeation layers

for Ti as a hydrogen storage metal. Increasing hydrogen absorption temperatures by the application
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of coatings, would be helpful in developing superior hydrogen barrier coatings for Ti as a structural
material. The formation of titanium carbide nanoparticles by laser ablation of Ti targets in organic
solvents has been reported [15,16]. Also, irradiation below the ablation threshold in a liquid can
cause pulsed laser melting and various crystalline spherical submicron particles can be formed
[17]. In this study, irradiation in organic solvents with a relatively low fluence of several hundred

mJ cm 2 per pulse was applied.

2. Experimental
2.1 Sample Synthesis

Ti powder (99.98%, <45 um, Nilaco Corporation, Tokyo, Japan), polycrystalline Ti plates
(99.5%, 0.3 mm thick, Nilaco Corporation, Tokyo, Japan), and acetone (Specification Assay
>99.5%, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) were purchased and used in
this study. The samples were irradiated in acetone using a nanosecond pulsed Q-switched Nd:YAG
laser (Inlite II, Continuum, USA) with a wavelength of 532 nm, pulse width of 5-7 ns, and
repetition rate of 20 Hz.

Fig. 1 shows the experimental setups for laser irradiation. Fig. 1(a) shows the setup for the
powders. ~80 mg Ti powder and a stirring bar were put in a quartz screw vial with a capacity of 5
ml, and the vial was filled with acetone in an Ar-filled glovebox. Then, the closed vial was taken
out of the glovebox and laser irradiation was performed in air. The sample powders were stirred
during irradiation and no collective lens was used. The laser beam diameter was 5.5 mm and the
laser fluence was 0.36 J cm 2. After irradiation, the closed vial was put in the glovebox and the
cap was opened to allow the acetone to evaporate overnight. The irradiated number of pulses were
6000 and 54,000 pulses for the powder samples. For irradiation of the Ti plates, hydrogen barrier
effects were examined by comparing the two laser fluences of 0.36 J cm ™ or 0.17 J cm 2. The
number of pulses for Ti plate was fixed to 18,000 pulses. The Ti powders irradiated with 54,000
pulses showed an insufficient hydrogen barrier effects as shown in Fig. 3(f), thus the number of
pulses smaller than 54,000 pulses were selected for the irradiation of Ti plates. The plate sample
treatment was performed in air. First, Ti plates of dimensions 4 mm x 4 mm x 0.30 mm were
prepared using an Isomet low speed saw (Buehler, Illinois, USA). One of the Ti plates was polished
with #600, #800, and #1000 water-resistant polishing paper. After single-side polishing, the plate

was ultrasonically cleaned in acetone for 10 min. Each Ti plate (unpolished and polished) was put
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in a quartz screw vial, which was filled with acetone. As shown in Fig. 1(b), the reflected laser
was directed toward the Ti plate in acetone. The laser beam diameter was 5.5 mm, the same as that
used for irradiation of the powders. Laser irradiation of the Ti plates was performed on both the
front and back sides, but not on the end faces. To irradiate the sample evenly, the sample position
was adjusted manually during irradiation. After irradiation, the Ti plate was dried in air and then

stored in a desiccator decompressed with a rotary pump.

2.2 Characterization

The crystalline phases were characterized using an X-ray diffractometer with Cu Ka radiation
(XRD, MiniFlex, Rigaku, Tokyo, Japan). The sample morphologies were observed using a
scanning electron microscope (SEM, JSM-7001FA, JEOL, Tokyo, Japan) with an acceleration
voltage of 15 kV. The chemical bonding states of the Ti plates were investigated using a confocal
Raman microscope (XploRA, Horiba, Kyoto, Japan) with a laser wavelength of 532 nm in
conjunction with a grating having 2400 grooves/nm. X-ray photoelectron spectrometer (XPS, JPS-
9200, JEOL, Tokyo, Japan) was used to analyze the chemical bonding states of Ti plate surfaces.
Mg Ko radiation was used for the experiment. The samples were analyzed by some experiments
in air (Raman microscope and SEM), and then the XPS analysis was performed. The base pressure
during spectra acquisition was better than 5.0 x 10 Pa achieved by turbomolecular pump. The
size of sample analyzed area was 3 mm in diameter and the electron emission angle was 0°. Sputter
cleaning or charge neutralizer was not used during the analysis. The binding energy values were
calibrated by using the work function method [18]. The work function of TiO, was reported to be
4.64 eV [19], therefore the binding energy of C 1s peak was calibrated at 284.94 eV in this work.
The hydrogen absorption temperatures were evaluated using a pressure—composition—temperature
(PCT) apparatus (Suzuki Shokan, Tokyo, Japan). For the hydrogen absorption tests of the Ti
powders, activation treatment (one cycle of hydrogen absorption and desorption) was performed,
and then hydrogen reabsorption (a second hydrogen absorption) tests were conducted. For the
activation treatment, a hydrogen pressure of ~0.3 MPa was introduced in the PCT cell at room
temperature, and then the cell was heated to 580 °C at a heating rate of 10 °C min '. Then,
hydrogen was desorbed at 580 °C under a dynamic vacuum for 4 h. The activation conditions were
based on those used in a previous study [6]. For the hydrogen absorption tests of the Ti plates, a
hydrogen pressure of ~0.3 MPa was introduced in the cell and the cell was heated up to 580 °C at
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a heating rate of 10 °C min™'. The hydrogen absorption test of the polished Ti plate was conducted

immediately after the polishing treatment.

3. Results and discussion
3.1 Hydrogen absorption properties of Ti powder

Fig. 2 shows the XRD profiles and SEM images of the pristine Ti powder and laser-irradiated
powders. As shown in Fig. 2(a), the Ti powders irradiated with 6000 pulses and 54,000 pulses
showed peaks corresponding to hexagonal Ti. In addition, Ti powders irradiated with 54,000
pulses showed broad peaks corresponding to the TiC phase. The crystallite size of TiC estimated
by Sherrer equation was in the range of 12-15 nm. The background peaks originate from the grease
and polyimide films that are used to avoid contact with air. As shown in the SEM images and EDS
spectra in Fig. 2(b)-2(d), enrichment of carbon was observed as the number of pulses increased.
The existence of a slight amount of carbon in the unirradiated Ti powder in Fig. 2(b) would be due
to a residual gas contamination in the chamber atmosphere. The particle morphology changed with
the heat effects of YAG laser irradiation. Both irradiated powders showed melting surface
morphologies and several voids appeared on the surface. In the powders irradiated with 54,000
pulses, some spherical-like particles were observed on the surface, as shown in spot E in Fig. 2(d),
and the amount of carbon was particularly high in such areas. In addition, a small amount of
oxygen was detected from the EDS in Fig. 2(c) and 2(d). Thus, with a fluence of 0.36 J cm, laser
irradiation in acetone introduced a TiOxCy coating. From XRD, TiC phase was observed for the
powders irradiated with 54,000 pulses. Thus, the composition of TiOxCy would change toward the
stoichiometric TiC phase as the number of pulses increased (The process is discussed in Section
3.2). The hydrogen absorption properties of these Ti powders are shown in Fig. 3. The left and
right vertical axes show the hydrogen pressure and temperature, respectively. As shown in Fig.
3(a), 3(c), and 3(e), the hydrogen absorption temperature of Ti was slightly increased by the
irradiation. Although the pristine Ti powder absorbed hydrogen at ~404 °C with fast kinetics, the
irradiated samples absorbed at ~440 °C with slow kinetics. This is also confirmed in the
temperature profiles, where a temperature rise from hydrogen absorption is clearly observed for
the pristine powder, but not for the irradiated powders. The hydrogen absorption temperature of
the pristine Ti powder after the activation treatment decreased at ~167 °C. A significant decrease

of absorption temperature of Ti after activation was also observed in previous studies, probably
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because of the reduction of TiO; surfaces by the H, atmosphere at high temperature [20]. However,
the laser-irradiated powders showed high absorption temperatures above 260 °C after activation,
which indicates that the TiOxCy coating would have some hydrogen barrier effects. Previous
studies showed that mechanical milling of Ti with a small amount of acetone led to hydrogen
absorption at ~40 °C immediately after sample preparation, but high reactivity to H, was lost after
several days in a glovebox [5]. The results from this milling method suggest the formation of a
non-stoichiometric TiCx phase. Thus, non-equilibrium phase formation from mechanical milling
could generate hydrogen permeation films on the surface. It is also reported from density
functional theory simulations that the energy barriers for hydrogen diffusion in TiCx drop with a
low value of x [21,22]. However, a TiOxCy or TiC phase was formed with the laser irradiation in
this study, which causes the hydrogen barrier effects. Hydrogen absorption proceeded through two
steps as shown in Fig. 3(f). A slight absorption at 262 °C suggested that a small amount of non-
stoichiometric TiCx may be formed by the number of pulses increases, and this phase may absorb

hydrogen. Details of this phenomenon should be investigated in future study.

3.2 Hydrogen absorption properties of Ti plate

Since hydrogen barrier effects were observed for the powder samples in Section 3.1, laser
irradiation was also performed on Ti plates, whose hydrogen absorption temperatures would be
higher than those of the powders. Fig. 4 shows the hydrogen absorption properties of Ti plates. As
shown in Fig. 4(a), an unpolished Ti plate absorbed a small amount of hydrogen above 500 °C.
However, a Ti plate polished on one side absorbed a large amount of hydrogen compared with the
unpolished plate, which suggests that thin oxide films on polished Ti would give poorer hydrogen
barrier effects. Fig. 4(c) and 4(d) show the absorption properties of the irradiated plates with a
fluence of 0.17 J cm? and 0.36 J cm2, respectively. The irradiation was performed on the
unpolished plates because unpolished ones showed better hydrogen barrier effects, but did not
show the perfect barrier effects. The plates irradiated at 0.17 J cm™ and 0.36 J cm™ had a metallic
luster and were black, respectively. Compared with the unpolished plate, the amount of H»
decreased for the plate irradiated with a fluence of 0.17 J cm™. However, the plate irradiated with
a fluence of 0.36 J cm™ absorbed a large amount of H». Fig. 5 shows the SEM images of the
unpolished and polished plates after the hydrogen absorption tests. As shown in Fig. 5(a), it

appeared that surface of the plate was covered with oxide films for the unpolished plate. On the



182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

other hand, surface structures with cracks can be clearly shown for the polished plate in Fig. 5(b),
suggesting that the oxide film is thin for the polished plate. As shown in the ref. [3], the rate-
limiting factor for hydrogen absorption of Ti is the transport of hydrogen atoms through the oxide
film, thus the thick oxide film of unpolished plate would result in the superior barrier effects
compared with the thin film of the polished plate. Fig. 6 shows the SEM images, EDS spectra, and
Raman spectra of the unpolished plate and irradiated plates after the hydrogen absorption tests.
From the SEM end face observations, the plate irradiated with a fluence of 0.17 J cm™ showed a
film thickness of ~5 pum, indicated by the yellow arrows in Fig. 6(b). The film thickness of the
plate irradiated with a fluence of 0.36 J cm™ was greater than 15 pm as indicated by yellow arrows
in Fig. 6(c). From the surface observations, the morphology changes of the plates are clearly
observed. As shown in Fig. 6(d)—6(f), the unpolished Ti shows a morphology typical of a Ti plate,
and the irradiated plates have surface films with micron-sized particles. It can be seen from the
EDS spectra in Fig. 6(g) and 6(i) that only the oxygen amount increased with irradiation at 0.17 J
cm 2 compared with unpolished Ti. However, the carbon and oxygen amounts increased with
irradiation at 0.36 J cm 2 as shown in Fig. 6(k). Different chemical bonding states were detected
from the Raman spectra in Fig. 6(h), 6(j), and 6(1). Although rutile TiO, peaks were observed for
unpolished Ti, both anatase and rutile TiO> peaks were observed for the plate irradiated with a
fluence of 0.17 J cm 2 [23]. Peaks corresponding to TiOxCy phases were observed for the plate
irradiated with a fluence of 0.36 J cm ™2 [24]. Therefore, the results showed that TiO> films can be
grown with a fluence of 0.17 J cm 2 and TiOxCy films can be grown with a fluence of 0.36 J cm 2.
In order to analyze depth-dependent compositions, we performed the SEM-EDS analysis of the
plate irradiated with 0.36 J cm as shown in Fig. 7(a) and 7(b). From spot A to spot C, the ratio of
C and O were similar, thus depth-dependent composition change in the TiOxCy film was not
observed in the SEM-EDS. As shown in spot D for the bulk region, C and O was decreased
compared with the film region. Fig. 7(c) and 7(d) shows the XPS spectra of the irradiated plates
for Ti2p and O 1s, respectively. The analysis was performed for the outermost surface of the plates.
The Ti 2p spectra for both irradiated Ti plates were typical to TiO2 phase [25]. In the O 1s spectra,
the peaks at 529.9 eV corresponds to lattice oxygen of TiO,. The peak at 531.6 eV for the 0.36 J
cm 2 and the peak at 532.2 eV for the 0.17 J cm™ would correspond to C-O and C=0 species [25].

On the basis of above results, the TiOxCy phase was basically formed by the irradiation of Ti

plates with a fluence of 0.36 J cm 2. This phase was also formed for the irradiation of Ti powders
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as shown in Section 3.1, but as shown in the SEM-EDS, oxygen amounts in the powders were
smaller than those for in the plates. This difference could be ascribed to the thin oxide film
thickness of powders and the difference of dissolved oxygen amounts. The powder samples were
irradiated without exposure to air, but the plate samples were irradiated with exposure to air. The
formation process of TiOxCy phase can be understood by the reduction of TiO; in the reductive
gases formed by the decomposition of acetone by the high fluence irradiation. A previous study of
unfocused YAG laser irradiation to CuO nanoparticles in acetone showed the formation of Cu20
and Cu, and composition ratios of Cu0O and Cu increased as the fluence increased [26]. Under a
high fluence irradiation, acetone molecule on the irradiated powders would cause thermal
decomposition and reductive gases (containing C and H) could reduce CuO in this system [26].
Thus, the similar reduction process into TiO> could form TiCxOy phase. If the further reduction
proceeds, TiC phase also can be formed as shown in Fig. 2(a). In this study, the wavelength of the
laser was 532 nm. In general, TiO> does not absorb visible light, thus the heat generation with the
absorption of the laser would occur in metallic Ti just beneath the TiO; film, which would be also
helpful to understand the formation process. The details of the process should be investigated
further.

As shown in Fig. 4, the hydrogen absorption behavior of the unpolished Ti plate was similar to
those of Ti plates irradiated with 0.17 J cm™ and 0.36 J cm™. The irradiations were performed on
the unpolished plates and thus these plates showed similar behaviors. The similar microstructures
and surface chemical bonding states between the unpolished plate and the plate irradiated with
0.17 J cm™ would result in the almost identical absorption behavior. On the other hands, the
polished plate showed a large amount of absorption. This would be originated from the thin oxide
film and cracks formation by the polishing. The causes of the poorer hydrogen barrier effects with
irradiation at 0.36 J cm ™2 are the irradiated microstructures. Although a film with dome-shaped
particles was formed with a fluence of 0.36 J cm™2, the film porosity was high compared with that
of the film formed with a fluence of 0.17 J cm 2. In addition, many cracks were generated by the
shock waves of the YAG laser, as shown in Fig. 6(c). Thus, considering these microstructure
features, irradiation with a low fluence would be better for the barrier coating. In this study, a small
amount of hydrogen was absorbed by the plate formed with a fluence of 0.17 J cm™2. To prevent
hydrogen absorption by Ti plates completely, it could be promising to perform laser irradiation of

the plate end faces and form thick surface films by increasing the pulse number. Additionally, a
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composite coating should be considered for the synthesis of practical hydrogen barrier coatings
[27]. In this study, facile pulsed laser coating of Ti plates was performed with different fluences,

and the hydrogen absorption properties and microstructures of the coatings were investigated.

4. Conclusions

In this study, nanosecond pulsed laser irradiation was performed on Ti powders in acetone with
no collective lens. Under a fluence of 0.36 J cm ™2, carbon was introduced on the Ti surfaces, and
TiOxCy films were formed. The hydrogen absorption temperatures were slightly increased by the
laser irradiation. After one activation cycle of hydrogen absorption and desorption, the hydrogen
reabsorption temperature of non-irradiated Ti powders was low at ~167 °C. However, the laser-
irradiated powders absorbed hydrogen above 260 °C. Thus, TiOxCy films show hydrogen barrier
effects. For coating Ti plates as structural materials, pulsed laser irradiation was also performed
on Ti plates in acetone. Hydrogen absorption by Ti plates requires a high temperature above 500 °C,
which is higher than the absorption temperature of the powders. The TiOxCy film coatings on the
Ti plates irradiated with the same fluence as the powders (0.36 J cm2) had a large amount of
hydrogen absorption compared with the non-irradiated unpolished Ti plate. The change in
chemical bonding state, high porosity of the coating films, and crack formation by shock waves
result in poorer properties. Under irradiation at a low fluence of of 0.17 J cm 2, TiO> films can be
grown instead of TiO«xCy films, and these films resulted in improved hydrogen barrier effects. The
chemical bonding states of the surface films can be controlled by the laser fluence. This
fundamental study would be helpful for understanding the hydrogen absorption process of Ti, and

for developing hydrogen barrier coatings using a nanosecond pulsed laser.
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Fig. 4 Hydrogen absorption properties of the (a) unpolished Ti plate, (b) polished Ti plate, (c)
unpolished Ti plate irradiated with a fluence of 0.17 J cm 2, and (d) unpolished Ti plate irradiated
with a fluence of 0.36 J cm2. For (c) and (d), irradiation with 18,000 pulses was performed on
both the front and back sides. The insets show a picture of the Ti plate after the hydrogen
absorption test. The length of each Ti plate was ~4 mm.
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Fig. 6 Microstructures and chemical bonding states of the surface films of unpolished and
irradiated Ti plates after hydrogen absorption tests: (a—c) SEM images of the end faces of Ti plates,
(d—f) SEM images of the surfaces of Ti plates, (g, 1, k) EDS spectra from spots A, B, and C, and
(h, j, 1) Raman spectra of unpolished Ti, Ti irradiated with a fluence of 0.17 J cm™2, and Ti

irradiated with a fluence of 0.36 J cm 2.
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Fig. 7 (a) SEM image of end face of Ti irradiated with a fluence of 0.36 J cm 2, (b) EDS spectra
from spots A, B, C, and D, (c) XPS Ti 2p spectra of Ti plates irradiated with a fluence of 0.36 J
cm 2 and 0.17 J em™2, and (d) XPS O 1s spectra of Ti plates irradiated with a fluence of 0.36 J

cm Zand 0.17 J cm™2.
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