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ABSTRACT: Hydrogen, as a clean energy carrier, plays an important role in addressing
the current energy and environmental crisis. However, conventional hydrogen production
technologies require extreme reaction conditions, such as high temperature, high pressure,
and catalysts. Herein, we study the microscopic mechanism of laser-induced water plasma
and subsequent H, production with real-time time-dependent density functional theory
simulations and ab initio molecular dynamics simulations. The results demonstrate that
intense laser excites liquid water to generate nonequilibrium plasma in a warm-dense state,
which constitutes a superior reaction environment. Subsequent annealing leads to the
recombination of energetic reactive particles to generate H,, O,, and H,0, molecules.
Annealing rate and laser wavelength are shown to modulate the product ratio, and the
energy conversion efficiency can reach ~9.2% with an annealing rate of 1.0 K/fs. This
work reveals the nonequilibrium atomistic mechanisms of hydrogen production from
laser-induced water plasma and shows far-reaching implications for the design of optically

controllable hydrogen technology.
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iven the current challenges of global climate change and

diminishing fossil fuel reserves, there is an urgent need
for the development of sustainable and environmentally
friendly energy sources. Hydrogen, owing to its ability to
supply energy without emitting greenhouse gases, is considered
to play a vital role for a greener and more sustainable future.'
In recent years, hydrogen production based on water splitting
has been widely investigated. However, conventional methods
such as water electrolysis,4 thermochemical water decom-
position,”® and photocatalytic water splitting,” ™ suffer from
extreme reaction conditions of high temperature and high
pressure, or require specific catalytic environments and noble
metal catalysts. This leads to realistic issues of high costs,
environmental pollution, and low conversion efliciencies.
Therefore, it is necessary to design novel strategies for green
and efficient hydrogen gas prodcution.'’

It was found that the intense laser pulses can violently excite
liquid water'""” and lead to ultrafast plasma generation in
liquid water.'” The generation of water plasma is highly
beneficial for laser-based catalysis, synthesis, and manufacture
in heterogeneous systems. On the other hand, the water
plasma also constitutes a highly active environment for
hydrogen production in pure water. For example, Chin and
Lagacé'* investigated the formation of H, from water splitting
by the intense femtosecond pulses and detected the ultimate
products of H,, O,, and H,0, with no specific stoichiometry.
Then, Maatz et al.'> demonstrated the production of H, and
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O, with a ratio of 2:1 from laser-irradiated aqueous systems.
Under appropriate irradiation conditions, Pawlak et al.'®
achieved the selective production of H, and H,0, (without
0,) from liquid water. Despite these experimental observa-
tions, the microscopic mechanisms of water plasma generation,
e.g., active species, charge transfers, and reaction pathways, are
still illusive due to the complex interactions and ultrafast
timescales. A comprehensive study of photoinduced ultrafast
nonequilibrium dynamics, including plasma generation and
ultrafast annealing, is highly desired for understanding and
modulating photoinduced gas production.

Here, we investigate the microscopic mechanism of laser-
induced H, production from nonequilibrium water plasma
with the real-time time-dependent density functional theory
(rt-TDDFT) """ simulations and ab initio molecular dynamics
(AIMD) simulations. We find that the laser-induced hydrogen
production from water plasma can be divided into the steps of
violent water dissociation and subsequent hydrogen recombi-
nation processes, as shown in Figure 1. The intense laser
irradiation triggers the photoionization of a large portion of
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2. Water Plasma

Figure 1. Schematic of laser-induced plasma in liquid water to produce hydrogen molecules. The initial liquid water is excited by the laser pulses
and violently decomposes into various energetic chemical groups, forming water plasma at the femtosecond timescale. Then the ultrafast annealing
process promotes the retention of desired products (H,, O,, and H,0,) at a picosecond timescale, and an absorbed photon-to-chemical energy

conversion efficiency of up to 9.2% is achieved.
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Figure 2. Rt-TDDFT simulations of water plasma generation and ultrafast relaxations at a femtosecond timescale. (A) Temporal evolutions of
averaged O—H distances of initial water molecules. The electric field of the laser pulses is also shown. (B) The electronic occupation and
instantaneous electronic density of states at t = S0 fs, which is averaged with 8 independent trajectories. (C) The electrons on hydrogen and oxygen
nuclei during the first 50 fs of rt-TDDFT simulations. (D) Temporal evolution of active particles during photoexcitation with A = 800 nm and E, =

2.4 V/A.

water molecules and gives rise to ultrafast formation of water
plasma comprising various energetic chemical groups at the
femtosecond timescale. The plasma state provides an active
environment for the subsequent generation of H,, O,, and
H,0, molecules via the recombination of respective radicals
within several picoseconds. The wavelength of the laser pulses
plays a crucial role in the excitation of water molecules and
directly affects the generation efficiency of water plasma. The
ultrafast annealing inhibits the reactions of energetic chemical
groups recombining back into water molecules and promotes
the yield of useful products. A high absorbed photon-to-
chemical energy conversion of 9.2% is obtained with an
annealing rate of 1.0 K/fs. Our results provide a realistic
method for H, generation from laser-induced water plasma

without any catalyst and reveal the underlying microscopic
dynamic mechanism, which is of great significance to realize
efficient hydrogen production by femtosecond laser pulses.
The laser-induced water plasma generation spans several
characteristic timescales'® and includes several elemental
processes, e.g.,, photoexcitation, water dissociation, heating,
and cooling. Here, we adopt the combined simulation
strategies to study the generation and subsequent annealing
of laser-induced water plasma from femtosecond to picosecond
timescales. The nonadiabatic rt-TDDFT simulation is
employed to simulate the photoexcited water plasma
generation at a femtosecond timescale, and the finite-
temperature (T;)-based AIMD*’ annealing simulations are
used to simulate the subsequent cooling processes at a
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Figure 3. Annealing simulations and molecule formations during cooling processes. (A) Temporal evolutions of the numbers of various
components with an annealing rate of 1.0 K/fs (traj1 in Table S1). The final configuration of the rt-TDDFT simulations was chosen as the initial
state for the annealing simulation. (B) Temporal evolutions of H, production under different annealing rates with the same initial configuration
(traj8 in Table S1). The arrows denote the end times of annealing simulations. (C) The distance between HI—H2 atoms (marked in green in the
inset) is different with different annealing rates. (D) The averaged molecular productions with different annealing rates. The pink, purple, and blue

regions denote H,, O,, and H,0, molecules, respectively.

picosecond scale. In experiments, the nonequilibrium water
plasma can couple with the external environments at the
picosecond timescale;'” thus, the nonequilibrium water plasma
intrinsically undergoes ultrafast annealing processes to give rise
to energy dissipation during picosecond-long cooling pro-
cesses. What’s more, additional experimental operations, e.g.,
passing an inert gas stream”’ or applying an electric field,”” can
further accelerate the cooling processes of water plasma.

We chose the laser pulse with a Gaussian envelope to excite
liquid water in rt-TDDFT simulations in Figure 2A, and the
laser wavelength is 800 nm with a maximum electric field
strength of 2.4 V/A. Similar simulation setups were used in our
previous work.'” A total of eight trajectories are simulated to
give the converged evolutions following photoexcitation.
Figure S1A shows the temporal evolutions of the electronic
excitation of photoexcited liquid water. The valence electrons
are promoted to the conduction band during the irradiation of
laser pulses, and then the photoexcited electrons and holes
recombine in the subsequent relaxation processes. The excited
valence electrons reach ~16% at t = S0 fs, which is large
enough to trigger the ultrafast water plasma generation in
liquid water,"” and the tunneling ionization accounts for the
electronic excitation processes here.'”*>** Figure 2B shows the
instantaneous electronic occupation and the electronic density
of states at t = 50 fs. One can see that the electronic occupation
presents a Fermi—Dirac distribution with an electronic
temperature T, of ~40000 K. The bandgap is closed, indicating
that a metallicity occurs.

The intense electronic excitations lead to a violent response
of ionic subsystems. The bonds of water molecules are greatly
stretched during the laser pulses (Figure 2A), and water

molecules dissociate to generate various chemical groups or
particles, such as H*, OH*, O*, H;0", and HOO*. Figure 2C
shows that the hydrogen nuclei lose electrons upon photo-
excitation, and the number of electrons of oxygen nuclei
decreases from ~6.6 to ~6 e, demonstrating the emergence of
O* radicals. These active species can recombine to generate
various transient chemical groups or molecules.

Figure 2D exhibits the numbers of various particles in rt-
TDDFT simulations, and a three-stage relaxation process of
energetic particles is obtained following photoexcitation. In
stage I, a large number of free H" and O* combine to generate
OH?*, and the changes of these particle numbers have a ratio of
1:1:1. The number of water molecules remains unchanged. In
stage 11, the free H" combines with adjacent OH* and OH*
equally. The changes in particle numbers of H" and O* have a
ratio of 2:1. The number of OH* seems unchanged; the
number of water molecules increases; and O* is almost
exhausted in this stage. In stage III, H" ions mainly recombine
with OH* to form water molecules. The depletion of free
hydrogen ions shows an exponential decay with a time
constant of ~198 fs. The variations of particle numbers are
consistent with those from charge analysis of oxygen and
hydrogen nuclei (Figure S2). The emergence of O* and OH*
radicals is consistent with experimental measurements.'* We
note that a few other particles (H;0*, HOO*) and transient
molecules (H,, O,, H,0,) are also generated (Figure S3A),
and Figure S3B shows an instantaneous structure at ¢t = 400 fs.
The main processes of H" recombination can be represented
by the following reactions:

H* + 0" + ¢~ —» OH" (1)
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H* + OH" + ¢~ - H,0 (2)

After the ultrafast relaxation of highly nonequilibrium water
plasma within 400 fs, the ionic subsystems are heated and
reach a high ionic temperature of more than 3000 K (Figure
S1B). At the same time, the electronic subsystems undergo the
corresponding cooling processes due to the energy transfer to
ionic subsystems (Figure S1B). The nonequilibrium electronic
and ionic subsystems still have two different “effective
temperatures” of ~10* and ~10° K, respectively.

The Gibbs free energy barriers of molecular dissociation
reactions (as a function of temperature) can give important
implications for subsequent relaxation processes.”> As shown
in Figure S4, the high temperatures stabilize the severe
dissociative configurations of water plasma, and the active
particles can recombine to generate various molecules with the
cooling of water plasma. At the same time, the energy zero
point of H,O dissociation lies at a higher temperature than
those of H, and H,0, dissociation, which suggests that the
active radicals of water plasma prefer to recombine into H,O
molecules during extremely slow cooling processes. On the
other hand, the ultrafast annealing processes may enhance
these secondary recombination reactions and retain the
possible H, and H,0, molecules during the ultrafast cooling
processes of water plasma. Therefore, the annealing rate v, of
water plasma can be a key factor affecting the reaction
pathways and the species of products. We employ the T-based
AIMD simulations to simulate the long-time cooling processes
of water plasma at the picosecond timescales. The final
configurations of rt-TDDFT simulations are used for the
annealing simulations of picosecond atomistic dynamics.

Figure 3A shows the evolution of molecular production from
annealed water plasma with an annealing rate of 1.0 K/fs (trajl
in Table S1). The particle number of each molecule exhibits an
exponential evolution, demonstrating that the random
recombination of radical particles accounts for the generation
of stable gaseous molecules. When the system reaches the
ultimate ambient conditions, the stable H,, O,, and H,O,
molecules are reserved in liquid water, consistent with
experimental measurements.'*™'® In the system of 32 water
molecules, the amount of H, O,, and H,0, molecules
produced during the annealing process is S, 2, and 1,
respectively. According to the above results, the overall
reaction of liquid water under the irradiation of the intense
laser can be expressed as

1
H,0 - H,+ -0
2 2 2 2 (3)

2H,0 - H, + H,0, 4)

Among them, reaction (3) is dominant.

Figure 3B shows the hydrogen yields from water plasma as a
function of annealing rates with the same initial configuration
(traj8 for each annealing rate in Table S1). It is obvious that
the hydrogen production rate is proportional to the annealing
rate. The time constant of free H" depletion is about 390 fs for
the annealing rate of 2.0 K/fs (Figure SS), which is comparable
to that of 198 fs in rt-TDDFT simulations. The annealing rate
of 2.0 K/fs gives the fastest hydrogen production rate of ~2
molecules/ps, which reflects the faster evolution along the free
energy profiles. Interestingly, the highest hydrogen yield of 4
hydrogen molecules during the annealing processes occurred at
an annealing rate of 2.0 K/fs, which is 4-fold higher than that

at 0.2 K/fs. The yields increase with cooling rates confirms the
gas formation mechanisms of random combinations of
adjacent free radicals. We note that the slow cooling rate
leaves the system in its high-energy state at the initial stage of
annealing processes, and transient H, molecules may exist
(Figure 3B).

To directly illustrate the recombination processes, the
temporal evolution of distances between two adjacent
hydrogen ions is tracked during ultrafast annealing in Figure
3C, and the H1 and H2 ions have an initial distance of 1.24 A.
With v, = 0.2 K/fs, the high ionic temperatures lead to the fast
movement of two hydrogen ions. The weak bonding does not
constrain the two hydrogen ions, and they move apart despite
the initial spatial neighboring. The two hydrogen ions are very
likely to recombine with the O* or OH* to form more stable
H,0 molecules. With a higher annealing rate of 0.5, 1.0, and
2.0 K/fs, the distance between two hydrogen ions gradually
evolves to a constant value of ~0.76 A after initial bond length
oscillations, which demonstrates the production of hydrogen
molecules.”® In addition, the H, formation process is much
faster with a higher annealing rate, which is consistent with
Figure 3B. For two hydrogen atoms (H3 and H4) with a large
initial distance of 3.65 A, the hydrogen molecule can only form
with the fastest annealing rate of 2.0 K/fs as shown in Figure
Sé.

Figure 3D summarizes the average yields of various
molecules under different annealing rates, which are obtained
from eight annealing trajectories (Table S1). One can see that
the production yields increase with annealing rate, and the
average production of H,, O,, and H,0, molecules at v, = 1.0
K/fs are 3.25, 1.25, and 0.75, which are 4-fold, 5-fold, and
twice as much as at v, = 0.2 K/fs, respectively. The production
yields of H, and O, are almost saturated at v, = 2.0 K/fs. It is
noteworthy that the production of H,0, at 2.0 K/fs is twice as
much as that at 1.0 K/fs, which is attributed to the faster
cooling processes. Therefore, the adjustment of annealing rate
can be employed to modulate the product selectivity and
reaction pathways.

The ultrafast annealing processes drive the system to cool
rapidly and constrain the systems at local energy minima with
various active molecules. According to the product yields and
the enthalpy changes of respective reactions, the absorbed
photon-to-chemical (APTC) conversion efficiency can be
estimated with the following formula

AEmol
Nypre(%) = —= X 100%
absorb

where AE, is the chemical energy change at 300 K and E .1,
~ 106.5 eV is the total energy absorbed by the system with the
electric field strength E, = 2.4 V/A and wavelength 4 = 800
nm. The #,prc increases almost linearly with the annealing rate
from 2.9% at 0.2 K/fs to 9.2% at 1.0 K/fs and reaches 12.1% at
v, = 2.0 K/fs (Figure S7 and Table S2). Experimentally, an
efficiency of 2.1% is obtained at a slower annealing rate of 1 X
10~% K/fs.2° It is noted that the intense expansion and carrier
diffusion are highly efficient for active species to survive, and
they enhance the secondary reactions of gas formation,'>*”**
which are hard to include in present quantum mechanics
simulations with a finite supercell size. The fast annealing rate
in simulations compensates for these effects and gives rise to
reasonable efficiency.
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Figure 4. Effect of the wavelength on water plasma generation and molecular production efficiencies. (A) The excited valence electrons (black dot)
at t = 50 fs in nonadiabatic simulations are a function of wavelength. The electronic excitations match well with the absorption coeflicients of liquid
water (red triangle). Experimental data are taken from ref 30. (B) The final product yields and number of H" are at SO fs under the laser irradiations

of different wavelengths.

As hydrogen production is attributed to photoinduced water
plasma and subsequent annealing processes, the modulation of
plasma generation is supposed to affect the hydrogen
production efficiency. There are many factors that can affect
the efficiencies of water plasma generations, such as laser
wavelength, pulse duration, repetition rate, spot size, state of
the sample (gas, cluster or liquid), surrounding environments,
and external conditions.”> The optical absorption efficiency is
dependent on the wavelength of laser pulses, thus determining
the thermodynamic properties of the generated water plasma.
The impact ionization can take place during the irradiation of
long laser pulses, leading to the strong absorption of the later
part of laser pulses, and the high repetition rate may lead to the
heat accumulations between consecutive pulses. The small spot
size corresponds to the large specific surface area of generated
water plasma, which accelerates the diffusion processes and
enhances the heat dissipation and annealing rate. The initial
state (gas, cluster, or liquid) and possible solutes can also affect
the thermodynamic evolution of systems. The surrounding
environments, e.g., heterogeneous interfaces, modulate the
generations and states of water plasma by field enhancement
effects, photocarrier transfer, and heat dissipation.”**’ Other
external conditions, e.g., electric and magnetic fields, directly
affect the diffusions of photocarriers and transient species,
affecting the thermodynamic properties of highly ionized water
plasma.

Here, we consider the influence of laser wavelength on the
generation of nonequilibrium water plasma, and the wave-
length from 266 to 800 nm is chosen. Figure 4A shows the
effective proportion of excited electrons in liquid water as a
function of the laser wavelength. The tunneling ionization is
demonstrated to account for the electronic excitation of ~16%
valence electrons with the wavelength of 800 nm,"’ and the
266 nm laser pulses can lead to the strong single-photon
excitation of ~19% valence electrons due to above-gap
photoabsorption. Therefore, both laser pulses lead to intense
electronic excitations and water plasma generation (Figure S8A
and Figure 2B). On the other hand, an excitation minimum of
~9% is obtained at the wavelength of 400 nm, and the bandgap
is closed owing to structural distortions (Figure S8B). We note
that the electronic excitations are well consistent with the
experimental absorption spectrum of liquid water,”” though the
small redshift is observed due to a smaller theoretical bandgap
of ~4 eV. The strong electronic excitation leads to the
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breakdown of water molecules, and the fraction of free protons
exhibits a similar profile with electronic excitation (Figure 4B).

Following the above annealing procedures, we annealed the
water plasma induced by different laser wavelengths (800, 532,
400, and 266 nm) with an annealing rate of 1.0 K/fs. Figure 4B
shows the yields of H, O,, and H,0, molecules under
different laser-excited liquid water. One can see that the
production yields of H,, O,, and H,0, molecules exhibit nearly
similar proportions of 5:2:1 regardless of the laser wavelength.
Besides, the production yields exhibit a similar trend with
electronic excitation and proton fraction. This indicates that
the random states of photoinduced water plasma are strongly
related to subsequent molecule production processes, demon-
strating the random scattering and recombination mechanisms
of molecular production. In the system of 32 water molecules,
the hydrogen yield is 5 molecules for a 266 nm laser and 4.3
molecules for 800 nm, and even the minimum yield can reach
0.7 molecules for a 400 nm laser. Therefore, it has a great
potential to utilize sunlight to generate hydrogen molecules via
focusing sunlight in liquid water or driving water photosplitting
with solar based lasers.

In conclusion, we reveal the microscopic mechanisms of
direct hydrogen production in laser-induced water plasma with
the combined nonadiabatic rt-TDDFT and T;-based AIMD
annealing simulations. The intense irradiation of laser pulses
leads to water molecule dissociation into various active ions
and radicals, resulting in the generation of nonequilibrium
water plasma. The subsequent random scattering and
recombination of active species during the annealing processes
lead to the formation of various molecules, including H,, O,,
and H,0,. The fast annealing rate v, significantly increases the
hydrogen production yields and suppresses the active particles
from recombining back into water molecules. Besides, the
adjustment of annealing rates is shown to modulate the
production ratios and reaction pathways. The calculated
photo-to-chemical conversion efficiency is 9.2% at v, = 1.0
K/fs. In addition, the laser wavelength can affect the efficiency
of water plasma generation and the subsequent molecule
formation. This work not only demonstrates a novel and green
method for efficient hydrogen production without catalyst but
also offers new insights into the fundamental chemical
processes during plasma generation and subsequent ionic
dynamics.
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