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This study presents the first experimental evidence of direct H, production from seawater without harmful
gas emissions (e.g., CO,, Clp), which uses multiphoton ionization water splitting with a femtosecond pulse
laser. According to H; analysis using a gas chromatograph, the H, production rate in seawater was 70 pmol
h~%, which was approximately 3.3 times more than the ultrapure water case reported in the literature. This
positive effect derives from focusing through the cuvette wall and the more significant Kerr effect in

seawater. Such ion enhancement was observed in the case of seawater and diluted seawater compared
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Accepted 17th March 2022 with the ultrapure water case, but excessive salt can lead to ion suppression and adverse effects. These
differences in salinity suggest appearances of nonlinear optical effects near the focal point and ionization

DOI: 10.1039/d2ra01337a of metallic elements with low ionization potential and are discussed in relation to results of bubble
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Introduction

Recently, hydrogen energy has garnered great attention from
researchers for its energy security and decarbonization. The
demand for hydrogen (H,) production is expected to increase
with the growth of electricity generation and electric mobility
using hydrogen fuel.* More than 95% of hydrogen currently in
use is produced through a process called the steam methane
reforming (SMR) process.>™ In the SMR process, CO, is
generated, and it needs to be efficiently separated from
natural gas.® In this regard, green H, production from water,
for example, electrolysis water splitting, photo-
electrochemical water splitting, and water radiolysis have
been developed.®*>

While the cost of H, production by water splitting will
decline with renewable energy becoming more prevalent, the
economic desalination technique of seawater is still under
development due to the high costs of the cation exchange
membrane and catalyst layer. Electrochemically active anions
interfere and compete with the catalysis in seawater.” In addi-
tion, toxic Cl, gas forms at anode, which requires regular
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visualization, gas composition analysis, and pressure measurement in gaseous products.

gaseous waste management system. The corrosion of tank and
pipes by Cl, also increases maintenance costs. Thus, a direct
and selective water splitting of seawater into H, and O,, in
which chlorine ions are not involved in the process, is a poten-
tially attractive breakthrough.™

Herein we present a game-changing solution for direct H,
production from seawater using multiphoton ionization water
splitting (MPI-WS) with a femtosecond pulse laser. The ioniza-
tion reaction triggered by multiphoton absorption of H,O
molecules (the ionization potential of 6.5 eV) produces H, and
O, gas."™*® This approach not only provides optical breakdown
and rapid process without desalination but also does not emit
CO, and Cl, gases selectively. The demonstration of the devel-
oped MPI-WS system was conducted using artificial seawater as
water sample. We analyzed the amount of H, production by
a gas chromatograph (GC) with a dielectric-barrier discharge
ionization detector (BID). The analyses highlight that the
femtosecond laser radiation produces more H, gas than the
ultrapure water case.'® The difference in the cell shape between
a rectangular and cylindrical cell and curvature particularly
affected gas production. Next, bubble generation from ultra-
pure water, seawater, and concentrated seawater were visual-
ized by a high-speed camera to make comparison among the
processes. Such results support the gas analysis results based
on the sizes of the regions and bubble growth due to the
nonlinear optical effect. Additionally, the differences in salinity
are discussed with gas composition analysis and pressure
measurement in gaseous products. The compact yet simple
equipment configuration requiring only a water tank allows
easy on-site installation that overcomes transportation
difficulties.'”**

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Hydrogen production

The experimental apparatus of H, production is depicted in
Fig. 1(a). Two types of reaction cells, rectangular and cylindrical,
were used. For the reproductive experiment, a standard rect-
angular vial (F15-UV-10, GL Science) with a volume of 5 mL. In
contrast, a cylindrical vial (11231047S, Shimadzu) with a volume
of 2 mL was selected. A liquid sample of ultrapure water or
artificial seawater was poured into the vial, which was then
sealed with a screw cap and PTFE silicone septum. The volumes
in a rectangular and cylindrical cell are 1 mL and 4 mL,
respectively, and the sample volumes were set so that the initial
gas volume is the same (1 mL). The vial was placed in upside-
down position so that the generated gas would not accumu-
late on the seal side, and the liquid sample was irradiated with
femtosecond pulse laser beams. A femtosecond pulsed laser
(Maitai, Spectra Physics) with a regenerative amplifier (Spitfire,
Spectra Physics) was used. The collimated laser beam, of which
the full-width half-maximum is approximately 3.8 mm, was
focused into the liquid sample using an objective lens (EPI L
Plan Apo 10x, NA = 0.28, f = 20.0, Mitsutoyo). Artificial
seawater (MARINE ART SF-1, Tomita Pharmaceutical) was used
as seawater sample. Its nutritional information is listed in Table

(a)

®
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S1.1 A 2.5 times concentrated sample was prepared using 10 L of
ultrapure water. The salt concentrations in samples were
measured with a salinity meter (TS-391, AS ONE).

Hydrogen analysis

The analysis procedure is displayed in Fig. 1(b). After laser
irradiation, 2 pL of gas sample was collected with a micro-
syringe (1701N, Hamilton). The gas sample was analyzed by
a gas chromatograph (GC-2010 plus, Shimadzu) with a BID,
where an analytical column (MICROPACKED ST, Shinwa
Chemical Industries) was used. The amount of hydrogen gas
generated was calculated using the calibration line obtained
from H, gas of known concentrations from the peak area,
considering the volume in the cell. A typical chromatogram
observed in the gas chromatograph and calibration line is
shown in Fig. S1.7

Time-resolved visualization of generated bubbles

The experimental apparatus for visualization of generated
bubbles is depicted in Fig. 1(b). A continuous white light source
(KTS-100RSV, Kenko) and high-speed camera (FASTCAM SA-X2,
Photron) were used for shadowgraph method. The lifetime of
generated bubbles ranges from microseconds to a few seconds,
which is much longer than laser ablation per pulsed laser beam.

(1) Femtosecond laser system, (ii) Half mirror, (iii) ND filter, (iv) Photo
detector, (v) Digital oscilloscope, (vi) Objective lens, (vii) Cell & liquid,
(viii) Light source, (ix) Diffusing glass, (x) High-speed camera

(b)

1) Preparation 2) H, production

3) Gas sampling 4) Hydrogen analysis

Screw cap with a septum
— Air and
Air | ’ generated gas
Laser
Liquid sample beam
(1 mL)
Cylindrical vial

Gas chromatograph

Sampling

Microsyringe @uL)

E | [

Fig. 1
laser incorporating the optical system for visualization experiments.
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(a) Experimental and hydrogen analysis procedure and (b) experimental apparatuses of the MPI-WS system using a femtosecond pulse
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Therefore, in these experiments, the frame rate was set to 1000
fps, and the exposure time was 1/25 000 s. For Fig. 4(a), (d) and
(e), the spatial resolution is 4.2 um pixel "' and the vertical and
horizontal sizes were 5.12 mm. For Fig. 4(b) and (c), the spatial
resolution is 2.2 um pixel * and vertical and horizontal ones
were 1.67 mm.

Results and discussion

The experimental conditions of the femtosecond pulsed laser
are listed in Table 1. The radiation times of 1, 2.5, and 5 minutes
were set in a shorter range than in the previous study because of
the high detection sensitivity of GC-BID.* H, of 0.6-6 uL was
detected after 1-5 minutes of laser irradiation. Other generated
species in the cylindrical cell detected using a mass spectrom-
eter are presented in Table S2 and Fig. S2.7 Here only the irra-
diation time was changed to about 3 hours from the above H,
production experiments to minimize the residual liquid in the
cell after laser irradiation. Notably, HC] gas was observed, not
Cl, gas, and its volume fraction was approximately 7 x 10~ *%.
These analyses demonstrated that the developed method could
substantially suppress the chlorine evolution reaction (CER) by
roughly four orders of magnitude compared to the latest
research on electrolysis, in which the yield of Cl, gas by CER was
reported to be 13%."°

Fig. 2(a) shows the comparison of H, production from
ultrapure water between a rectangular and cylindrical cell at the
radiation times of 5 minutes and Fig. 2(b) shows the linear
dependence between the amount of hydrogen gas, and the time
of femtosecond laser irradiation. First, the comparison of the
experimental configurations between this study and the
previous study is listed in Table S3.f Here there is a slight
difference in the NA value of an objective lens, but H, produc-
tion used a rectangular cell is in good agreement with that in
the previous work within the error bar, and the difference in the
NA value does not affect H, production (Fig. 2(a))."® Then, the H,
productions from both ultrapure water and seawater linearly
increase with the radiation time (Fig. 2(b)). The high signifi-
cance of our work is demonstrated through two important
findings: (i) H, production using ultrapure water in this study
was approximately 2.5 times higher than that in the previous
work where a rectangular cell was used.'® The use of cylindrical
cell caused the enhancement of the H, production due to the
effect of curvature;* and (ii) laser irradiation to seawater
produced approximately 1.3 times more H, gas than ultrapure
water, where the production rate in seawater was 70 pumol h™".

Table 1 Experimental conditions of femtosecond pulsed laser

Parameter Value
Wavelength 810 nm
Repetition rate 1000 Hz
Pulse width 130 fs
Pulse energy 0.5 mJ*

“ The pulse energy fluctuates approximately 10% per startup.
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This finding indicates that a decrease in H, production by the
salt component did not occur in seawater.

Fig. 3 shows the salinity dependence on the amount of
hydrogen gas at the radiation times of 5 minutes, and here in
addition to ultrapure water and seawater, we prepared 1/10 and
1/5 diluted seawater, and 2.5 times concentrated seawater.
While H, production from seawater was more than those from
diluted seawater samples, H, production decreased consider-
ably in the presence of excess salt. The findings prove that
salinity has a positive effect on H, production to some extent.

The effect of the salinity on bubble generation was then
visualized through a high-speed camera. The typical digital
images of generated bubbles in ultrapure water, 1/10 diluted
seawater, 1/5 diluted seawater, seawater, 2.5 times concentrated
seawater are shown in Fig. 4 (see videos for bubble generation in
ESIT). The bubbles generated in ultrapure water dispersed.
Conversely, the bubbles generated in the seawater were densely
populated, indicating the enhanced bubble growth. The single
bubble collapsed and dissolved into liquid in the sparse regime;
however, when the bubbles were close to each other, they coa-
lesced into a larger bubble. The bubble nuclei distribution at
the foci of the femtosecond pulse is lengthened/shortened
along its optic axis® by the Kerr effect,” which depends on
the liquid's nonlinear refractive index (n,).>* Through observa-
tion, the salinity seems to have an advantage over the bubble
growth.

The time evolutions of the inner pressure in cells, which
filled with ultrapure water, seawater, 2.5 times concentrated
seawater are shown in Fig. 5, in which Ap on the vertical axis
presents the increase from the initial pressure of the atmo-
spheric pressure. The details of the pressure measurements are
described in ESL.T While the inner pressure for all samples
increased almost linearly until 30 minutes, the absolute pres-
sure values showed the exact magnitude correlation as H,
production shown in Fig. 3, not the growth of bubbles shown in
Fig. 4. These results suggest plasma products in bubbles
generated in 2.5 times concentrated seawater include chemical
species that are not gaseous in a stable state and are re-
dissolved in water within the lifetimes of microseconds to
a few seconds. Indeed, bubble growth does not necessarily
indicate an increase in gaseous products in a stable state.
Therefore, although seawater has a positive effect on bubble
growth, excessive salt (~7%) does not necessarily enhance H,
production due to surface ion suppression, that is, the inter-
ference of Na, Mg, Ca, and other metals with low ionization
potential.**

Here we discuss hydrogen evolution reaction (HER) triggered
by multiphoton absorption. The photolysis reactions by
femtosecond laser pulses have been studied by Reuther et al.*®
and Meader et al.,>® and include

H,0 + nhv — H,0% — H* + OH* (1)
H,O + nhv > H" + ¢~ + OH (2)

Succedent reactions with highly reactive radicals can be
summarized as:

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Graph showing (a) the comparison of H, production from
ultrapure water between a cylindrical and rectangular cell at the
radiation times of 5 minutes and (b) the linear dependence between
the amount of hydrogen gas and the time of femtosecond laser irra-
diation, where the cylindrical cell was used. Error bars represent three
standard deviations.

€ — €aq (3)

H* + OH* — H,0 (4)
2H* — H, (5)
20H* — H,0, (6)

Kierzkowska-Pawlak et al. revealed that the initial multi-
photon absorption and sequent H, production depend on the
pulse energy, and the threshold pulse energy of hydrogen
production was estimated to be approximately 0.0017-0.0028

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bar chart displaying the salinity dependence on the amount of
hydrogen gas. Error bars represent three standard deviations.

m].*® Our experiments were performed with a moderate pulse
energy of approximately 0.5 mJ to increase the overall H,
production while decreasing the H, production per pulse. For
high values of the pulse energy (>0.3 mJ), H,0, decreases with
the decomposition of H,0, resulting in generating O,. This is
due to H,0, accumulations in the plasma volume generated by
successive laser pulses. The overall reaction taking into account
the decomposition of H,0, has been proposed as:

(X + DH,O — XH, + H,O, + (X — 1)/2)0O, 7)

The results of the chemical composition analysis using
a mass spectrometer indicate the formation of O,, as shown in
Table S2 and Fig. S2. Furthermore, the partial pressure of O,
generated from seawater increased compared with that gener-
ated from ultrapure water, suggesting accelerated decomposi-
tion of H,0,. According to the reaction (7), as the pulse energy
was the same value for both samples, H,0, decomposition
enhancement implies that the energy density in seawater is
enhanced compared with that in ultrapure water. As shown in
Fig. 2(a) and (b), the curvature of the cylindrical cell affects H,
production strongly, and a larger n, of the aqueous solution also
provides H, enhancement. In the literature, the n, values of
ultrapure water and physiological saline (included 0.9% NaCl)
have been reported to be (1.3 £ 0.6) x 10~ "* and (1.8 + 1.3) x
10" esu, respectively,? and that of seawater would be greater.
These understandings are consistent with the result of H,0,
decomposition enhancement.

The H, production capability of the MPI-WS system using
femtosecond laser pulses is estimated to be 0.3 g kW h™,
considering the experimental conditions of the pulse energy
(0.5 mJ per pulse) and repetition of femtosecond laser pulses (1
kHz). Our preliminary results are even comparable with leading
plasma methods, e.g., corona (2 g H, kW h™"),”” cost reduction
of ion exchange membranes, and catalysts owing to direct H,
production from seawater can have a critical advantage.
Furthermore, the light efficiency was evaluated by measuring
the transmittance of laser beams with a power meter. The
experimental apparatus and light efficiency for 30 minutes are

RSC Adv, 2022, 12, 9304-9309 | 9307
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Ultrapure water (a)

1/10 dlluted seawater (b)

1/5 diluted seawater (c)

Fig. 4 Typical digital images of bubbles generated in (a) ultrapure water, (b) 1/10 diluted seawater, (c) 1/5 diluted seawater, (d) seawater, and (e)
2.5 times concentrated seawater. The frame rate of the high-speed camera was set to 1000 fps. The vertical and horizontal sizes were 5.12 mm.

shown in Fig. S3 and Table S4,} respectively. The light efficiency
in seawater was evaluated to be 49% from the transmittance of
the incident laser beam, and this value was higher than that
reported by Reuther et al.™ The efficiency decreases with an
increase of pulse energy, as the probability of multiphoton
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Fig. 5 Graph showing time evolutions of the inner pressure during
femtosecond laser irradiation of ultrapure water, seawater, and 2.5
times concentrated seawater.
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absorption increases exponentially with an increase of pulse
energy. Note that H, production per pulse saturates and the
total H, production would not show a significant increase.

Conclusions

In conclusion, we propose a direct H, production method from
seawater by MPI-WS incorporating an optical breakdown
method. Notably, the differences in the curvature and nonlinear
refractive index reduce the reaction area of laser ablation and
gas production that result in ion enhancement. The reactions
related to HER are also supported by H,O, decomposition
enhancement and the Kerr coefficient in an aqueous solution.
H, production from seawater is estimated to be 0.3 g kW h™*. In
addition, emissions of Cl, gas are absent owing to the direct
laser radiation on H,O molecules. Our optical breakdown
method is simple but potentially paves the way to a green
society. Although the concept has been proved in this study, the
optimization in both optical and chemical influences is due,
and the optical configuration, e.g., the number of optical lenses,
optical lens (the numerical aperture), the curvature of a cylin-
drical cell, is practical.”® Experimental studies on under-
standing the H, production mechanism in the picosecond-to-
femtosecond time scale and improving H, production and
energy efficiency are suggested in the future.
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