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Abstract: A new method of hydrogen generation from water, by irradiation with CW infrared
laser diode of graphene scaffold immersed in solution, is reported. Hydrogen production was
extremely efficient upon admixing NaCl into water. The efficiency of hydrogen production increased
exponentially with laser power. It was shown that hydrogen production was highly efficient when
the intense white light emission induced by laser irradiation of graphene foam was occurring. The
mechanism of laser-induced dissociation of water is discussed. It was found that hydrogen production
was extremely high, at about 80%, and assisted by a small emission of O2, CO and CO2 gases.
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1. Introduction

Recently, hydrogen production has become particularly important due to the need to
produce green energy and, thus, reduce CO2 emissions resulting from the combustion of
fossil fuels to the atmosphere. Therefore, the scientific community worldwide is working
intensively to obtain hydrogen from different sources, such as: biomass [1–3], oil [4–6] or
methane [7–9] reforming, biological sources [10–12] and coal gasification [13–15]. It is also
worth mentioning that electrolysis of water is the most efficient method for large-scale hy-
drogen production applied in carbon-free energetics [16–20]. Taking into account the type
of electrolyte and operating conditions, four types of electrolysis can be distinguished: poly-
mer electrolyte membrane (PEM) water electrolysis [21,22], solid oxide electrolysis [23,24],
microbial electrolysis cells [25,26] and alkaline water electrolysis [27,28]. The production of
hydrogen from water and hydrocarbon liquids using a pulsed laser was a subject of several
publications [29–35].

The splitting of water by electrolysis is related to the formula:

2H2O→ 2H2 + O2 (1)

A generation of hydrogen from water and carbon due to intense laser irradiation
was discussed by Akimoto et al. [30] in terms of the steaming process of coal at high
temperatures (~800 ◦C). The interaction of water with carbon gives access to the synthesis
of carbon oxide, carbon dioxide and oxygen, according to the following steps:

C + H2O→ H2 + CO (2)

C + 2H2O→ 2H2 + CO2 (3)

C + 3H2O→ 3H2 + CO + O2 (4)

In our earlier experiments with methanol [36] and ethanol [37], we observed that the
efficient generation of hydrogen occurred when graphene demonstrated intense white light
emission under laser irradiation. This emission resulted from the multiphoton ionization
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of graphene. The multiphoton ionization is assisted by the emission of hot electrons
and precedes the broadband luminescence combined with the (sp2,sp3)→(sp3,sp2) hybrid
transition [38,39].

In the presence of graphene, the process of laser-induced splitting of water may be
schematically depicted:

〈C〉+N hν → 〈C〉+ + e− (5)

2e− + 2H2O→ 2H2 + O2 (6)

where N is the number of photons hν necessary for multiphoton ionization of graphene,
〈C〉 and 〈C〉+ denote graphene and a single ionized graphene molecule, respectively.

Distilled water is a poor electrical conductor, and after admixing NaCl, it becomes
an electrolyte solution (saline) conducting electricity [40]. It is known that hydrogen
production by the hydrolysis method is much more efficient for saline compared to distilled
water [16,41].

In the present work, we report experiments of laser-induced generation of hydrogen
from water and saline by using graphene aerogel as a photocatalyst and CW infrared laser
diode for excitation. The generation of H2 was a dominant process and increased with
excitation laser power, contrary to the generation of O2, CO and CO2 gases. The emission
of the last two molecules was due to graphene degradation. In this paper, the mechanism
of laser-induced hydrogen production in water is discussed in terms of the multiphoton
ionization of graphene, accompanied by intensive emission of white light and ejection of
hot electrons responsible for the dissociation of water molecules.

2. Results and Discussion

The experiments on hydrogen generation from water were performed using laser
irradiation of immersed graphene aerogel (GA) treated as a target. It was found that
graphene under irradiation with a focused laser beam demonstrated an intense white
light emission. The process is a point emission, occurring only in a spot of focused laser
beam [38,39]. The emission is due to the multiphoton absorption, leading to ionization of
carbon atom C, and it may be schematically described by the following formula:

C + N h̄ω → C+ + e− + WE (7)

where C+ is a single ionized carbon, e− is an ejected electron, N determines the number of
photons necessary for the multiphoton ionization, and WE denotes observed white light
emission. Light emission is preceded by the ejection of hot electrons, giving access to the
dissociation of water molecules on the surface of graphene aerogel, because the dissociation
energy of the water molecule (9.8 eV) is higher than the work function of graphene (4.5 eV).

In the course of the experiments, the laser-induced white emission (LIWE) process
was not stable for graphene aerogel immersed in distilled water and irradiated by CW LD,
even at low excitation power. It was found that the total intensity of white emission was
lower by more than one order of magnitude compared to saline. The respective plots of
excitation power dependences of the LIWE intensities for GA in distilled water and saline
are shown in Figure 1.

Graphene is a hydrophobic material, and the interaction of the laser beam with its
surface significantly limits the ejection of electrons from the GA surface and reduces the
emission of photons. NaCl salt significantly stabilizes and increases light emission from the
GA surface because saline becomes electrolyte, and hot electrons increase the dissociation
of water molecules. The LIWE process is very stable at 1% of saline water and more intense
by at least one order of magnitude.

It should be noted that the electric characteristics of NaCl solution in distilled water
strictly depend on the dynamics of the phenomena occurring in them [42]. Although CW
laser irradiation was used from a DC source, the dynamic characteristics of water should
be taken into account, which changes its properties significantly with increasing electrical
activity near LIWE spot on graphene. The gas products of laser-induced decomposition
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of distilled water and saline measured in an argon atmosphere as a function of excitation
laser power are listed in Tables 1 and 2, respectively.
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power in saline (a,b) and distilled water (c,d). The narrow dips observed at ~589 nm in the emission
spectrum of saline water may be assigned to the Na+ ions due to the dissociation of NaCl. They were
not seen for distilled water.

Table 1. The ratio of gas products of laser-induced decomposition of distilled water in a function of
applied laser power in an argon atmosphere.

Ar 20 mL/min H2O-Distilled Water

Laser Power
[W]

Gas Products

H2 [%] O2 [%] CO2 [%] CO [%]

10.0 47.00 10.44 11.23 31.33
9.0 54.42 6.80 11.56 27.21
8.0 54.30 9.05 9.50 27.15
7.0 53.25 11.83 11.24 23.67
6.0 55.56 7.94 12.70 23.81

One can see that with increasing excitation laser power for distilled water, the amount
of H2 significantly decreases for the excitation power density greater than 9 W. According to
Table 1, H2 reached 47.00% for excitation power 10 W, while the second fraction—CO—was
equal to 31.33%. The other gases, namely O2 and CO2, were emitted in much smaller
amounts, i.e., ~11%.
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Table 2. The ratio of gas products of laser-induced decomposition of 1% saline in a function of applied
laser power in an argon atmosphere.

Ar 20 mL/min H2O + 1% NaCl

Laser Power
[W]

Gas Products

H2 [%] O2 [%] CO2 [%] CO [%]

10.0 79.95 8.13 3.66 8.27
9.0 78.99 8.52 4.27 8.21
8.0 78.48 8.43 4.85 8.23
7.0 78.21 8.93 5.10 7.75
6.0 77.81 9.07 5.42 7.70
5.5 80.91 8.17 4.84 6.08
5.0 59.21 14.47 6.58 19.74
4.5 57.14 22.86 8.57 11.43

Table 2 shows that the percentage share of hydrogen in the saline increases from
57.14% to 80.91% for an excitation power increasing from 4.5 W to 5.5 W. Quite the opposite
trend was observed for O2, CO and CO2 gases, gradually decreasing with laser power. It
is important to note that the content of CO2 was extremely small (4.84%) for excitation
power 5.5W. An increase in laser power significantly increases the multiphoton ionization
of graphene assisted by intense white emission and ejection of hot electrons. An increase
in white emission and assisted electron emission is exponentially dependent on excitation
laser power. Therefore, a high generation of electrons is responsible for a strong increase in
hydrogen generation.

It can be observed that with increasing laser power in distilled water, the formation
of CO increases, while the amount of H2 decreases. This phenomenon probably occurs
because with increasing laser power, an increase in O2 generation is observed, leading to
higher binding of CO in relation to CO2. It is associated with greater binding energy of CO
than of CO2. One can note that, with increasing laser power, an amount of O2 increases in
contrast to H2 that decreases. The opposite situation is observed in the presence of NaCl.
One can suppose that in saline, the ejection of electrons is higher compared to distilled
water because ionization manifested in white light emission and emission of electrons is
almost five times more efficient.

The power dependence of laser-induced decomposition of H2O +1% NaCl into H2,
O2, CO and CO2 gases, is shown in Figure 2.

The excitation laser power dependence of the hydrogen evolution rate of distilled and
saline water is shown in Figure 3. The total flow of H2 was determined to be 1.61 mmol/h
and 0.10 mmol/h under the highest power of applied IR laser 10W for saline and distilled
water, respectively.

Figure 4 shows the increase in total pressure in the closed cuvette during the first
cycle of the water-splitting process. The rise in pressure by 1 bar was obtained after about
1000 s. The higher gas pressures over 1 bar in the cuvette were not measured. The relative
saline-splitting compression ratio (α)—estimated at about 1 mBar/sec—is relatively high.

The effective laser-induced hydrogen generation from water with carbon powder
by using Nd:YAG pulse laser irradiation in Vis and NIR was reported by Akimoto and
Maeda [30]. The authors obtained hydrogen generation at a level of 33% in the air atmo-
sphere and carbon monoxide at 11%. In argon, the amount of hydrogen was higher, about
48.7%, and CO was 20.5%. The content of CO2 was almost negligible, below 1%. In our
experiment, the amount of hydrogen was much higher, reaching nearly 81% and with small
amounts of oxygen O2 ~8%, carbon monoxide CO ~5% and carbon dioxide CO2 ~6% for
excitation power 5.5 W. It is important to stress that the efficient laser-induced generation
of hydrogen by using CW infrared laser diode occurred due to efficient emission of white
light assisted by the ejection of hot electrons, initiating the generation of hydrogen.
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3. Materials and Methods

The experiments were performed in a quartz cuvette filled with water. The 3D
graphene foam scaffold (synthesized according to the procedure described in details in [39])
immersed in water was subjected to irradiation with a focused laser beam (see Figure 5).
The CW laser diode (LD) 980 nm was used as an excitation source for the experiment. The
3D graphene foam scaffold applied in the study is shown in Figure 5b. Gas analysis was
performed using mass spectrometer Pfeiffer Vacuum OmniStar QMS 200 (Asslar, Germany).
Gas flow was managed by Brooks Instrument 5860E series mass flow controllers (Hatfield,
PA, USA). Additional calibrations were performed using GC-MS Perkin Elmer Clarus
680 SQ8S (Waltham, MA, USA) and Agilent GC HP 6890 (Santa Clara, CA, USA).
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Figure 5. Experimental set-up for hydrogen generation from water, using graphene as a photocata-
lyst (a); Photo of the cuvette of water with immersed graphene scaffold irradiated with 980 nm laser
beam (b).

It is worth mentioning that there are a two variants of hydrogen generation: “inflow
mode”—using Ar as a carrier gas—and “batch process” in a closed overpressure system.
At atmospheric pressure, the laser exposure time was 60 s—constant for all tests. The next
variant was a closed pressurized system (batch process) predisposed for assumed total of
1 bar of relative pressure (i.e., 2 bars with atmospheric pressure). The relative error of gas
concentration was 5% due to repeatability of the following laser irradiations.

The conductivity and pH parameters of saline and distilled water used in the exper-
iment were measured by us to be 1.60 × 104 µS/cm (pH = 5.8) and 10 µS/cm (pH = 7),
respectively. It is important to note the conductivity of saline water increased by almost
three orders of magnitude relative to distilled water. The experiments on laser-induced
hydrogen generation were performed for distilled water and 1%wt NaCl dissolved in
H2O (saline).

4. Conclusions

In this paper, we have reported the laser-induced hydrogen generation from water
by using graphene foam as a photocatalyst. The experiments were performed for distilled
H2O and saline. The results showed that hydrogen production was much more efficient
for salted water. As a result of laser irradiation, the main gas products were hydrogen,
oxygen, carbon oxide and carbon dioxide. It was found that the process was characterized
by threshold behavior and was strongly dependent on excitation laser power. Hydrogen
generation increased strongly with increasing laser power in a range of 4.5–5.5W. The
fraction of hydrogen significantly increased compared to other gases, such as oxygen,
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carbon oxide and carbon dioxide. The percentage of generated hydrogen for salted water
reached nearly 81% compared to distilled water at 47%. It is the highest-efficiency process
of laser-induced hydrogen generation from water reported in the literature. The technology
of laser-induced hydrogen generation by using the relatively stable and cheap high-power
laser diodes and graphene as a photocatalyst seems to be very promising for applications
in the construction of small-scale hydrogen generators, coupled directly to fuel cells.
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writing—review and editing, W.S., P.W., W.M., R.T. and M.S.; visualization, P.W., W.M., R.T. and M.S.;
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12. Das, D.; Veziroǧlu, T.N. Hydrogen production by biological processes: A survey of literature. Int. J. Hydrogen Energy 2001,
26, 13–28. [CrossRef]

13. Burmistrz, P.; Chmielniak, T.; Czepirski, L.; Gazda-Grzywacz, M. Carbon footprint of the hydrogen production process utilizing
subbituminous coal and lignite gasification. J. Clean. Prod. 2016, 139, 858–865. [CrossRef]

14. Huang, J.; Dincer, I. Parametric analysis and assessment of a coal gasification plant for hydrogen production. Int. J. Hydrogen
Energy 2014, 39, 3294–3303. [CrossRef]

15. Seyitoglu, S.S.; Dincer, I.; Kilicarslan, A. Energy and exergy analyses of hydrogen production by coal gasification. Int. J. Hydrogen
Energy 2017, 42, 2592–2600. [CrossRef]

16. Slama, R. Ben Production of Hydrogen by Electrolysis of Water: Effects of the Electrolyte Type on the Electrolysis Performances.
Comput. Water Energy Environ. Eng. 2013, 2, 54–58. [CrossRef]

http://doi.org/10.1002/er.1939
http://doi.org/10.1016/j.apenergy.2016.04.018
http://doi.org/10.1016/j.ijhydene.2009.08.078
http://doi.org/10.1016/j.apenergy.2013.03.080
http://doi.org/10.1016/j.ijhydene.2012.01.023
http://doi.org/10.1016/j.cej.2011.08.005
http://doi.org/10.1016/j.jcat.2011.03.015
http://doi.org/10.1016/j.energy.2010.05.020
http://doi.org/10.1016/j.jcat.2008.11.007
http://doi.org/10.1016/j.ijhydene.2013.02.032
http://doi.org/10.1016/S0360-3199(03)00094-6
http://doi.org/10.1016/S0360-3199(00)00058-6
http://doi.org/10.1016/j.jclepro.2016.08.112
http://doi.org/10.1016/j.ijhydene.2013.12.054
http://doi.org/10.1016/j.ijhydene.2016.08.228
http://doi.org/10.4236/cweee.2013.22006


Molecules 2022, 27, 718 8 of 8

17. Atlam, O.; Kolhe, M. Equivalent electrical model for a proton exchange membrane (PEM) electrolyser. Energy Convers. Manag.
2011, 52, 2952–2957. [CrossRef]

18. Siracusano, S.; Baglio, V.; Briguglio, N.; Brunaccini, G.; Di Blasi, A.; Stassi, A.; Ornelas, R.; Trifoni, E.; Antonucci, V.; Aricò, A.S. An
electrochemical study of a PEM stack for water electrolysis. Int. J. Hydrogen Energy 2012, 37, 1939–1946. [CrossRef]

19. Barbir, F. PEM electrolysis for production of hydrogen from renewable energy sources. Sol. Energy 2005, 78, 661–669. [CrossRef]
20. Staffell, I.; Scamman, D.; Velazquez Abad, A.; Balcombe, P.; Dodds, P.E.; Ekins, P.; Shah, N.; Ward, K.R. The role of hydrogen and

fuel cells in the global energy system. Energy Environ. Sci. 2019, 12, 463–491. [CrossRef]
21. Grubb, W.T. Batteries with Solid Ion Exchange Electrolytes.1. Secondary Cells Employing Metal Electrodes. J. Electrochem. Soc.

1959, 106, 275–278. [CrossRef]
22. Xu, W.; Scott, K. The effects of ionomer content on PEM water electrolyser membrane electrode assembly performance. Int. J.

Hydrogen Energy 2010, 35, 12029–12037. [CrossRef]
23. Dönitz, W.; Erdle, E. High-temperature electrolysis of water vapor-status of development and perspectives for application. Int. J.

Hydrogen Energy 1985, 10, 291–295. [CrossRef]
24. Laguna-Bercero, M.A. Recent advances in high temperature electrolysis using solid oxide fuel cells: A review. J. Power Sources

2012, 203, 4–16. [CrossRef]
25. Kadier, A.; Simayi, Y.; Abdeshahian, P.; Azman, N.F.; Chandrasekhar, K.; Kalil, M.S. A comprehensive review of microbial

electrolysis cells (MEC) reactor designs and configurations for sustainable hydrogen gas production. Alex. Eng. J. 2016, 55, 427–443.
[CrossRef]

26. Liu, H.; Grot, S.; Logan, B.E. Electrochemically assisted microbial production of hydrogen from acetate. Environ. Sci. Technol.
2005, 39, 4317–4320. [CrossRef] [PubMed]

27. Zeng, K.; Zhang, D. Recent progress in alkaline water electrolysis for hydrogen production and applications. Prog. Energy
Combust. Sci. 2010, 36, 307–326. [CrossRef]

28. Burnat, D.; Schlupp, M.; Wichser, A.; Lothenbach, B.; Gorbar, M.; Züttel, A.; Vogt, U.F. Composite membranes for alkaline
electrolysis based on polysulfone and mineral fillers. J. Power Sources 2015, 291, 163–172. [CrossRef]

29. Kawai, T.; Sakata, T. Hydrogen evolution from water using solid carbon and light energy. Nature 1979, 282, 283–284. [CrossRef]
30. Akimoto, I.; Maeda, K.; Ozaki, N. Hydrogen generation by laser irradiation of carbon powder in water. J. Phys. Chem. C 2013,

117, 18281–18285. [CrossRef]
31. Maeda, K.; Ozaki, N.; Akimoto, I. Alcohol additive effect in hydrogen generation from water with carbon by photochemical

reaction. Jpn. J. Appl. Phys. 2014, 53, 05FZ03. [CrossRef]
32. Seyitliyev, D.; Kholikov, K.; Grant, B.; San, O.; Er, A.O. Laser-induced hydrogen generation from graphite and coal. Int. J. Hydrogen

Energy 2017, 42, 26277–26288. [CrossRef]
33. Coughlin, R.W.; Farooque, M. Hydrogen production from coal, water and electrons. Nature 1979, 279, 301–303. [CrossRef]
34. Barmina, E.V.; Simakin, A.V.; Shafeev, G.A. Hydrogen emission under laser exposure of colloidal solutions of nanoparticles. Chem.

Phys. Lett. 2016, 655–656, 35–38. [CrossRef]
35. Kierzkowska-Pawlak, H.; Tyczkowski, J.; Jarota, A.; Abramczyk, H. Hydrogen production in liquid water by femtosecond

laser-induced plasma. Appl. Energy 2019, 247, 24–31. [CrossRef]
36. Strek, W.; Mista, W.; Wiewiorski, P.; Tomala, R. Laser induced hydrogen emission from ethanol with dispersed graphene particles.

Chem. Phys. Lett. 2021, 775, 138649. [CrossRef]
37. Strek, W.; Wiewiórski, P.; Mista, W.; Hanulia, T.; Tomala, R. Laser-Induced Hydrogen Generation from Methanol with Graphene

Aerogel as the Target. ACS Omega 2021, 6, 3711–3716. [CrossRef] [PubMed]
38. Strek, W.; Cichy, B.; Radosinski, L.; Gluchowski, P.; Marciniak, L.; Lukaszewicz, M.; Hreniak, D. Laser-induced white-light

emission from graphene ceramics–opening a band gap in graphene. Light Sci. Appl. 2015, 4, e237. [CrossRef]
39. Strek, W.; Tomala, R.; Lukaszewicz, M.; Cichy, B.; Gerasymchuk, Y.; Gluchowski, P.; Marciniak, L.; Bednarkiewicz, A.; Hreniak, D.

Laser induced white lighting of graphene foam. Sci. Rep. 2017, 7, 41281. [CrossRef] [PubMed]
40. Widodo, C.S.; Sela, H.; Santosa, D.R. The effect of NaCl concentration on the ionic NaCl solutions electrical impedance value

using electrochemical impedance spectroscopy methods. In AIP Conference Proceedings; AIP Publishing LLC: Melville, NY, USA,
2018; Volume 2021, p. 050003.

41. Yu, Z.; Xu, J.; Meng, L.; Liu, L. Efficient hydrogen production by saline water electrolysis at high current densities without the
interfering chlorine evolution. J. Mater. Chem. A 2021, 9, 22248–22253. [CrossRef]

42. Shiva Kumar, S.; Himabindu, V. Hydrogen production by PEM water electrolysis—A review. Mater. Sci. Energy Technol. 2019,
2, 442–454. [CrossRef]

http://doi.org/10.1016/j.enconman.2011.04.007
http://doi.org/10.1016/j.ijhydene.2011.06.019
http://doi.org/10.1016/j.solener.2004.09.003
http://doi.org/10.1039/C8EE01157E
http://doi.org/10.1149/1.2427329
http://doi.org/10.1016/j.ijhydene.2010.08.055
http://doi.org/10.1016/0360-3199(85)90181-8
http://doi.org/10.1016/j.jpowsour.2011.12.019
http://doi.org/10.1016/j.aej.2015.10.008
http://doi.org/10.1021/es050244p
http://www.ncbi.nlm.nih.gov/pubmed/15984815
http://doi.org/10.1016/j.pecs.2009.11.002
http://doi.org/10.1016/j.jpowsour.2015.04.066
http://doi.org/10.1038/282283a0
http://doi.org/10.1021/jp4012558
http://doi.org/10.7567/JJAP.53.05FZ03
http://doi.org/10.1016/j.ijhydene.2017.08.149
http://doi.org/10.1038/279301a0
http://doi.org/10.1016/j.cplett.2016.05.020
http://doi.org/10.1016/j.apenergy.2019.04.010
http://doi.org/10.1016/j.cplett.2021.138649
http://doi.org/10.1021/acsomega.0c05238
http://www.ncbi.nlm.nih.gov/pubmed/33585751
http://doi.org/10.1038/lsa.2015.10
http://doi.org/10.1038/srep41281
http://www.ncbi.nlm.nih.gov/pubmed/28112254
http://doi.org/10.1039/D1TA05703K
http://doi.org/10.1016/j.mset.2019.03.002

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Conclusions 
	References

