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Abstract.  The hydrogen generation under irradiation of aqueous 
colloids of iron and beryllium nanoparticles by 10-ns pulses of the 
first harmonic of a Nd : YAG laser with an energy density of about 
80 J cm–2 in the solution is experimentally investigated. The partial 
hydrogen content in the atmosphere above the colloidal solutions of 
nanoparticles first increases with increasing irradiation time and 
then reaches a stationary level (400 – 500 Torr). The hydrogen gen-
eration rate, being nonzero in the case of irradiation of pure water, 
passes through a maximum with an increase in the nanoparticle 
concentration. The results obtained are discussed in terms of the 
dissociation of water molecules under a direct electron impact from 
the optical breakdown plasma formed in the liquid.

Keywords: hydrogen generation, laser irradiation, colloids of iron 
and beryllium.

1. Introduction 

Laser ablation of solids in liquids is a physical method of 
fabricating various nanoparticles. If the laser beam energy 
density on the target placed in a liquid is sufficiently high for 
melting the target surface, the molten region is sputtered in 
the form of nanoparticles under the recoil pressure of the 
liquid vapour. Many metals used as targets (e.g., gold or sil-
ver) have a high melting temperature (on the order of 
103   K). At this temperature, the liquid vapour contacting 
with the molten region may undergo chemical changes. 
This effect is indeed observed, for example, during laser 
ablation of a brass or bronze target in ethanol [1]. The gen-
eration of nanoparticles of the corresponding alloys is 
accompanied by ethanol pyrolysis up to the formation of 
glassy carbon, as evidenced by the Raman spectra of dry 

nanoparticles. One might expect the formation of other 
reaction products (in particular, gaseous) during laser abla-
tion of solids in liquids.

The generation of nanoparticles during laser ablation in 
liquids occurs under nonequilibrium conditions, character-
ised by large temperature and pressure gradients. Therefore, 
we can suggest that the chemical decomposition of the liquid 
surrounding the target may occur in a different way as com-
pared with isothermal heating. In addition, the elevated tem-
perature in the laser-irradiated region may facilitate the cata-
lytic effect of the newly formed nanoparticles on the liquid 
vapour. The generation of nanoparticles of noble metals (Au, 
Ag) has been investigated in many studies. In particular, the 
formation of nanoparticles of these metals in water is accom-
panied by the generation of gaseous hydrogen [2]. Laser irra-
diation of colloidal solutions gives rise to the so-called nano-
plasma around the nanoparticles located in the laser beam 
waist [3]. At sufficiently high nanoparticle concentrations, 
these plasma particles may merge into a microscopic plasma 
of the laser breakdown in the liquid. It is of interest to study 
this process when fabricating nanoparticles of other metals 
(with a higher reactivity).

In this study, we chose iron and beryllium as target met-
als. Iron nanoparticles have already been successfully 
obtained by laser ablation in organic liquids (ethanol, isopro-
pyl alcohol) and in water [4, 5]. An analysis of their transmis-
sion electron microscope (TEM) images shows that the par-
ticles have a contrast core, presumably consisting of metallic 
iron, and a less contrast iron oxide shell. The existence of 
metallic iron lattice is confirmed by X-ray diffraction patterns 
of the nanoparticle powder. It should be noted that particles 
with a metal core can be formed even in experiments on laser 
ablation of iron in water [5], despite the high temperature and 
large specific surface of the metal sputtered into water. This 
fact indicates low reactivity of shell vapour, which may be 
caused by hydrogen generation. In principle, H2 may sup-
press oxidation of iron nanoparticles heated to a high tem-
perature during a laser pulse.

It was shown in our previous work [6] that the beryllium 
particles obtained by ablation in water are single-crystal ones. 
An analysis of the optical properties of these nanoparticles 
showed that their colloidal solution is transparent for visible 
light and absorbs only in the far-UV spectral region. Thus, 
the interaction of beryllium nanoparticles with radiation in 
the visible and IR ranges is weaker than that of iron nanopar-
ticles; however, beryllium nanoparticles may also have a 
metal core. Therefore, it is of interest to compare the hydro-
gen generation efficiency under irradiation of beryllium and 
iron nanoparticles.
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2. Experimental 

Beryllium and iron particles were formed by laser ablation of 
bulk targets in a liquid. The beam of an ytterbium-doped 
fibre laser with a wavelength of 1060 – 1070 nm was focused 
using an objective ( f = 42 cm) onto the surface of a metal 
plate immersed in water having a volume of 4 mL. The thick-
ness of the liquid layer above the target did not exceed 1 mm. 
The laser pulse duration was 8 ns, the pulse repetition rate 
was 200 kHz, and the pulse energy was 0.1 mJ. The focused 
beam was moved over the sample surface with a velocity of 
300 mm s–1 using a system of mobile mirrors with an electric 
drive. To minimise the repeated effect of laser radiation on 
the particles formed, the exposure time was chosen to be no 
longer than 2 min [7]. The size distributions of the particle 
mass and number of particles were measured using a CPS 
disk centrifuge. The concentrations of beryllium and iron 
particles in the obtained colloids were, respectively, 13 and 
72 mg mL–1.

A powder of beryllium nanoparticles obtained by abla-
tion was also investigated by X-ray diffraction. Samples of 
different concentrations in Milli-Q water with a conductivity 
of 0.6 mS were fabricated from the colloids. Then each sample 
(4 mL in volume) was exposed to 1064-nm Nd : YAG laser 
pulses; the pulse duration was 10 ns, the pulse repetition rate 
was 10 kHz, and the pulse energy was 2 mJ. During irradia-
tion the laser beam was moved along a circular trajectory 
with a velocity of 1000 mm s–1 using a system of mobile mir-
rors with an electric drive (Fig. 1). The laser beam waist was 
located in the cell with colloid at a distance of 2 – 3 mm from 
the input window surface (above it); it formed a plasma ring 
(visible by the naked eye) during circular motion. Focusing 
was performed by an objective with a focal length of 90 mm. 
The laser spot diameter in the focus was about 50 mm.

The hydrogen concentration above the colloid surface 
was measured using an amperometric sensor, which was her-
metically mounted in the cell with a sample. The excess pres-
sure caused by the gas formation was relieved using a glass 
capillary immersed in water to a depth of 1 cm. Thus, the 
pressure in the cell was equal to atmospheric. The internal 
electrolyte of the sensor was separated from the volume with 
the measured gas by a membrane permeable to only hydro-
gen. The sensor recorded either the hydrogen concentration 
(in mg L–1) or its partial pressure (in Torr). The sensor was 
calibrated in air (in the absence of hydrogen) and at a hydro-
gen pressure of 1 atm. The instrumental measurement error 
was 5 %. The total gas volume above the colloid in our exper-
iment was 10 mL, and the sensor response time was 5 min.

3. Results 

The average sizes of the beryllium and iron particles obtained 
by ablation were, respectively, 35 and 20 nm; at the same 
time, a large fraction of the material was concentrated in par-
ticles having sizes of 450 nm (beryllium) and 50 nm (iron) 
(Fig. 2).

Images of the nanoparticles obtained by laser ablation of 
a beryllium target in water are shown in Fig. 3. A high image 
contrast generally corresponds to the metallic phase of the 
sample, whereas the regions with a lower contrast can be 
assigned to beryllium oxide BeO.
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Figure 1.  Experimental setup for studying the hydrogen generation: ( 1 ) 
electrode; ( 2 ) membrane; ( 3 ) capillary; ( 4 ) colloidal solution; ( 5 ) cool-
ing system; ( 6 ) plasma ring; ( 7 ) window; ( 8 ) laser beam. 
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Figure 2.  Size distributions of the iron and beryllium nanoparticles 
used for hydrogen generation.
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The suggestion about the presence of metal nanoparticles 
in the colloid is confirmed by the diffraction pattern of the 
dried colloidal solution (Fig. 4). One can see peaks of both 
metallic Be and ВеО. The typical irradiation time of colloids 
was about 1 h. Since nanoparticles undergo laser fragmenta-
tion for this time, their size distribution significantly shifts to 
smaller values.

The nanoparticles were placed in pure water and then 
irradiated by a scanning Nd : YAG laser beam. Nanoparticles 
change their morphology and average size under laser irradia-

tion due to the fragmentation; therefore, the data of Fig. 2 
correspond to only the initial particle size. Figure 5 shows 
dependences of the partial hydrogen pressure in the cell on the 
irradiation time for samples with different nanoparticle con-
centrations. It can be seen that the addition of nanoparticles 
nonmonotonically affects the hydrogen generation: an 
increase in their concentration first increases the hydrogen 
yield and then reduces it. However, in both cases, there is an 
intermediate particle concentration at which the partial 
hydrogen pressure reaches a maximum. For example, if we 
compare the partial hydrogen pressures after 20-min irradia-
tion, this concentration for the colloid of beryllium nanopar-
ticles is 0.5 mg mL–1, whereas for iron nanoparticles it amounts 
to 3 mg mL–1 (Fig. 6).

As can be seen in Fig. 5, hydrogen generation is also 
observed in the case of laser irradiation of pure water (con-
taining no controlled impurities), although introduction of 
nanoparticles leads to an increase in the partial H2 pressure.

The maximum hydrogen generation rate is observed at 
exposure times ranging from 10 to 15 min. A comparison 
of the absolute values of maximum hydrogen generation 
rates yields dependences on the colloid concentration 
(Fig. 7) similar to the concentration dependences of hydro-
gen pressure.
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Figure 3.  TEM images of (a) beryllium colloid (general view) and (b) 
high-contrast nanoparticles; the photographs were made in scattered 
electrons.
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Figure 4.  X-ray diffraction pattern of powder of nanoparticles ob-
tained by ablation of a beryllium target in water. 
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Figure 5.  Dependences of the partial hydrogen pressure on the irradia-
tion time of the colloids of beryllium and iron nanoparticles. Colloid 
concentrations are indicated near curves.
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Figure 7 shows that, in comparison with pure water, the 
addition of iron nanoparticles affects to a greater extent the 
hydrogen generation rate than the addition of beryllium 
nanoparticles. The experiments with different nanoparticle 
concentrations were performed at identical tunings of the 
electric drive of the system of mobile mirrors, responsible for 
the position of laser spot in the cell, because the hydrogen 
yield depends also on the motion velocity of the beam focused 
in the cell (Fig. 8).

4. Discussion 

The dependences of the partial hydrogen pressure and hydro-
gen generation rate on the concentration of beryllium and 
iron nanoparticles have pronounced maxima (Figs 6, 7). 
Apparently, their existence is due to the dependence of the 
laser beam intensity in the waist on the particle concentration 
and on the optical properties of nanoparticles at the laser 
wavelength. The peak position depends on the nanoparticle 
material; its variation is explained by the difference in the 
metal densities ( rFe = 7.874 g cm–3, rBe = 1.85 g cm–3 [8]). 
Because of this difference, the iron mass exceeds that of beryl-
lium when the numbers of added particles per colloid unit 
volume are the same. The absorption cross sections of Be and 
Fe particles of the same size at a wavelength of 1064 nm differ 
by only 10 %, whereas the wavelength-integrated absorption 
cross section of iron particles is twice as large as the corre-
sponding parameter for beryllium; this ratio is consistent with 
the difference in the effects of particles on the hydrogen gen-

eration rate. The integration over wavelength is justified, 
because the luminescence spectrum of the liquid breakdown 
plasma is practically continuous, being determined by the 
bremsstrahlung of plasma electrons [9]. This result may be 
due to the formation of a ‘nanoplasma’ around individual 
particles [3, 10]. The laser heating of nanoparticles in a dielec-
tric medium (the water used in our experiments can be consid-
ered such) was investigated in [10]. Indeed, the laser wave-
length (1064 nm) significantly differs from the wavelengths of 
vibrational and electron levels of H2O molecules. After form-
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Figure 6.  Dependences of the partial hydrogen pressure on the colloid 
concentration; the exposure time is 20 min; the curves are normalised to 
the pressure at zero concentration.
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Figure 7.  Dependences of the maximum hydrogen generation rate on 
the nanoparticle concentration; the curves are normalised to the genera-
tion rate at zero concentration (pure water).
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ing a nanoplasma, the particles interact not only with the 
laser radiation but also with the plasma, due to which the par-
ticle material significantly affects the absorption cross sec-
tion. In addition, the nanoplasma formed around individual 
nanoparticles absorbs laser radiation proportionally to the 
electron concentration in it. Note that the plasmon reso-
nances of both iron and beryllium nanoparticles in water are 
also significantly spaced from the laser wavelength (210 nm 
for Fe nanoparticles with a diameter d = 10 nm) [6, 11]. The 
absorption coefficient k of iron and beryllium at a wave-
length of l = 1064 nm is 4 [12, 13]; therefore, the absorption 
of laser radiation by iron nanoparticles with d ~ exp(– ad) 
(a = 2pk/l) is negligible. Hence, the 1064-nm laser radiation is 
absorbed by only the nanoplasma surrounding individual 
nanoparticles.

The work function of nanoparticles is smaller than that of 
bulk material in view of their small radius; therefore, laser 
radiation induces field electron emission from them [14]. The 
emitted electrons absorb laser radiation via inverse brems-
strahlung [15], which leads to heating of nanoparticles and 
causes thermionic emission from them [10]. Laser radiation 
heats electrons, due to which their average energy increases. 
When the energy reaches the critical value Ecr » 1.5D (D is the 
ionisation potential of water molecules (6.5 eV) [16]), water 
molecules undergo shock dissociation with formation of an 
electron avalanche. The above-described processes are low 
sensitive to the nanoparticle morphology, e.g., to the presence 
of an oxide film on them.

If the concentration of nanoparticles is sufficiently high 
and the average distance between them is small, individual 
nanobubbles merge to form a microscopic plasma (the plasma 
channel length along the laser beam axis was about 100 mm 
under our experimental conditions). Specifically this circum-
stance explains the existence of optimal H2 generation rate 
with respect to the particle concentration. With a further 
increase in the concentration of nanoparticles, the scattering 
of laser radiation from them becomes dominant, and the 
intensity in the laser beam waist decreases.

The occurrence of microscopic plasma, which can be seen 
by the naked eye, is accompanied by the formation of large 
gas bubbles, whose sizes are comparable with the beam diam-
eter. This fact explains the observed dependence of hydrogen 
generation efficiency on the laser beam velocity (Fig. 8). For 
example, for a beam velocity of 100 mm s–1 and a pulse repeti-
tion rate of 10 kHz, the distance between the points exposed 
to two neighbouring pulses is 10 mm, which is much smaller 
than the laser spot diameter (50 mm). Therefore, the focusing 
of the radiation of each subsequent pulse is deteriorated 
because of the presence of the vapour bubbles formed by the 
previous pulse. An increase in the beam velocity leads to an 
increase in the distance between the focusing points of neigh-
bouring pulses. The focusing quality for each subsequent 
pulse is improved until the distance between the points irradi-
ated by two neighbouring pulses exceeds the gas bubble size. 
For example, at a velocity of 1000 mm s–1, the exposure points 
of two neighbouring pulses are spaced by 100 mm, and a fur-
ther increase in the beam velocity does not affect the hydro-
gen generation efficiency.

The plasma electrons interact with water molecules, 
inducing their dissociation. Starting with an electron energy 
exceeding 16 eV, the dissociation of water molecules caused 
by the electron impact can be implemented in several different 
channels. The data reported below were obtained for the 
interaction between water molecular beams and electron 

beams of varied energy, with subsequent determination of the 
composition of reaction products by mass spectroscopy. 
These channels are as follows [17]:

e + H2O ® H+ + OH + 2e (Eap = 16.95 eV);

e + H2O ® H+ + OH– + e (Eap = 16.00 eV);

e + H2O ® H+ + OH(X2P) + 2e (Eap = 18.70 eV);

e + H2O ® H2
+ + O + 2e (Eap = 20.70 eV);

e + H2O ® HO+ + H + 2e (Eap = 18.11 eV);

e + H2O ® O+ + H2 + 2e (Eap = 19.00 eV);

e + H2O ® O+ + 2H + 2e (Eap = 26.80 eV).

The subscript ‘ap’ denotes the instant of appearance of the 
corresponding products.

The dissociation of water molecules by electron impact 
from the plasma of liquid breakdown indicates that electrons 
with necessary energy are present in it at a laser beam inten-
sity of 1012 W cm–2, a value used in our experiments. It can 
also be seen that O and H are present simultaneously in the 
dissociation products; therefore, the inverse reaction with the 
formation of H2O may occur. This circumstance explains the 
tendency of the partial hydrogen pressure to a constant value 
during laser irradiation: the newly formed hydrogen reacts 
again with oxygen to form water. The reaction occurs in the 
gas bubbles falling in the laser beam and is accompanied by 
pronounced microexplosions.

One might suggest that the water decomposition product 
under laser irradiation of the two colloidal nanoparticle solu-
tions under study is also oxygen; preliminary data confirm 
this suggestion. The hydrogen generation under laser irradia-
tion of carbon powder in water was observed in [18], but at a 
laser energy density in the medium three orders of magnitude 
lower than that used by us. It was also reported in [18] about 
the release of some other gases (CO, CO2, and CH4) along 
with hydrogen. It was suggested in [18] that carbon particles 
act as a catalyst of the reactions. Apparently, the formation of 
H2 under irradiation of carbon powder occurs in the same 
way as in our study, despite the lower laser energy density in 
the medium (100 mJ cm–2). This density is sufficient for the 
formation of ‘nanoplasma’ on individual particles. Carbon 
can hardly be considered as a catalyst, because it enters the 
composition of some reaction products: CO, CO2, etc.

Hydrogen generation may also occur as a result of laser 
ablation of bulk targets in water, because scanning the target 
surface by a laser beam is accompanied by the formation of 
vapour bubble breakdown plasma, which follows the laser 
spot on the target. However, this hypothesis needs experimen-
tal confirmation.

5. Conclusions

Beryllium and iron nanoparticles were obtained by laser abla-
tion of corresponding metal targets in water using an ytter-
bium-doped fibre laser with a pulse duration of 8 ns. A beryl-
lium particle consists of a metal core in an oxide shell. The 
hydrogen generation under irradiation of colloidal solutions 
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of Be and Fe nanoparticles by a nanosecond neodymium laser 
with an intensity of ~1012 W cm–2 and a pulse duration of 
10 ns was experimentally investigated. It was shown by the 
example of Be and Fe nanoparticles that the hydrogen yield 
depends on the particle material, provided that the particles 
are of the same average size. The optical properties of beryl-
lium and iron differ by only 10 % at a laser wavelength of 
1064  nm, whereas the ratio of the wavelength-integrated 
absorption cross sections is consistent with the ratio of hydro-
gen yields. It was concluded that nanoparticles are addition-
ally heated because they absorb the continuous emission spec-
trum of the plasma of laser-induced liquid breakdown. The 
hydrogen generation is related to the formation of optical 
breakdown plasma on nanoparticles and explained by the dis-
sociation of water molecules under electron impact.
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