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Ab initio simulation of laser-induced water decomposition close to carbon nanotubes
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First-principles simulations were used to investigate water (H,O) decomposition induced by a femtosecond
laser with high flux ~1 x 10?° photons/(sec cm?). One goal of our research is to find metamaterials that locally
enhance the laser field to reduce the threshold laser intensity required to decompose H,O molecules. In this
work, small-diameter (6.3 A) single-walled carbon nanotubes were found to reduce the threshold power by
90% compared with the power required to decompose H,O in the gas phase. The present results suggest a
strategy for the design of materials with high energy efficiency for H,O decomposition based on polarizability
and morphology (curvature) to enhance the local field. We demonstrate that carbon nanotubes enhance the local
field resulting in a power enhancement of approximately eight times.
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I. INTRODUCTION

Photo-induced water (H,O) decomposition can be an al-
ternative to the use of conventional fossil fuels for energy
production. The decomposition of H,O by light typically
requires photons in the vacuum-ultraviolet region [1]. How-
ever, the maximum flux of such high-energy photons that
can be achieved using currently available light sources is
limited. Lower-energy photons at sufficiently high flux may
also effectively increase the decomposition yield. Recent de-
velopments in femtosecond (fs) laser technology [2—7] allow
a high photon flux (high power) to be applied to a focused
region of a material to promote nonthermal processes. This
high photon flux can be used to promote H,O decomposition
via multiphoton excitation and attain a high decomposition
yield. Herein, based on first-principles simulations, a method
for improving the efficiency of photo-induced H,O de-
composition using nanostructure-based field enhancement is
proposed.

In this study, we examined the use of carbon nanotubes
(CNTs) as an active optical-field enhancer. The polarizability
of CNTs enhances the optical field for HO decomposition
in a manner similar to the polarizability of two-dimensional
graphitic sheets [8]. However, the source of the polarizability
of CNTs is quite different from those in a two-dimensional
material and can be derived from two components that arise
from parallel and perpendicular polarizations to the nanotube
wall [9]. Furthermore, the curvature of CNTs achieves spatial
concentration of the optical field. The results of this study
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are potentially applicable to the design of materials for laser-
field enhancement. Selective syntheses of (6,5) CNTs with a
diameter of 7.5 A [10] and (6,4) CNTs with a diameter of
6.9 A [11] were recently reported. In this work, we examined
semiconducting (8,0) CNTs with a diameter of 6.3 A and ob-
served significant enhancement of the optical field. (Metallic
CNTs have higher polarizability than semiconducting CNTs,
and thus would be expected to show greater enhancements.
Therefore, the semiconducting CNTs used here would be ex-
pected to provide a lower bound on the optical field enhance-
ment.) Although CNTs are hydrophobic materials, attraction
between monolayer H,O molecules and CNTs at an average
distance of 3.5 A from the CNT wall have been reported
and this attraction originated mainly from van der Waals
interactions [12].

By performing real-time electron-ion dynamics based on
time-dependent density functional theory (TDDFT) [13] in
the presence of fs-laser fields of various intensities, we de-
termined the threshold intensity for H,O decomposition. Our
simulations demonstrated that CNTs enhance H,O decompo-
sition upon fs-laser irradiation with an optical wavelength of
800 nm, allowing the power to be reduced by more than a
factor of four compared with the decomposition of an isolated
H,0O molecule in the liquid or gas phase. Furthermore, at an
optical wavelength of 400 nm, a power reduction of more
than a factor of seven was achieved. The threshold-power
reductions obtained using optical wavelengths of 800 and
400 nm were superior to the reduction obtained using planar
sheets [8] by factors of two and three, respectively. Since
the considered photon energy exceeds the band gap of (8,0)
CNT, the electronic excitation is crucial for optical field
enhancement.
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II. COMPUTATIONAL METHODS

To investigate the laser-mediated decomposition of H,O in
the vicinity of an (8,0) CNT, we computed the electron-ion
dynamics within the real-time (RT)-TDDFT scheme in the
presence of a laser field coupled with classical molecular
dynamics (MD) simulation within the scheme of Ehrenfest
dynamics [14]. In this work, the optical field was treated us-
ing the dipole approximation. The Perdew-Zunger local den-
sity approximation (LDA) functional [15] was used. For the
laser-mediated decomposition of an isolated H,O molecule
and an H,O molecule above a graphene sheet, the general-
ized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) functional [16] afforded quantitatively the
same intensity threshold for decomposition as that computed
by LDA [8], although these functionals provide different
H,0-graphene van der Waals interactions, resulting in H,O-
graphene distances that differ by 0.45 A. (A detailed dis-
cussion of this exchange-correlation functional effect will be
provided in a future paper.) Therefore, LDA was employed
in all of the present calculations to reduce the computational
cost of prolonged simulations. The validity of the Ehrenfest
approach has been discussed in Refs. [17,18], and adequate
results can be expected in the absence of strong nonadiabatic
coupling.

We numerically integrated the time-dependent Kohn-Sham
equation,

i%l/ffs(r, 1) = [H* (@, 1) + Veu (0, DY (r, 1), (1)
by using the fourth-order split-operator scheme [19,20]
with a time-step interval of 0.03 a.u. (7.26 x 1074fs). In
Eq. (1), wfs(r, t) is the time-dependent Kohn-Sham orbital
and HXS(r, t) is the Kohn-Sham Hamiltonian, which is a
functional of the time-dependent charge density p(r, t) con-
sisting of the sum of the norms of the occupied Kohn-Sham
orbitals. Ve (r, t) incorporates the applied optical electric
field (E-field) [21] that interacts with both electrons and
ions. A plane-wave basis set was used to express the Kohn-
Sham orbitals, charge density, and potentials with a cutoff
kinetic energy of 71 Ry. The total energy and forces were
computed using the momentum-space formalism [22]. This
scheme affords a total energy precision of 3 x 107> eV per
atom and a force precision of 0.05eV/A. The interaction
between ions and valence electrons was expressed using the
norm-conserving pseudopotentials [23] with separable forms
[24]. The calculations were performed using the FPSEID code
[25,26] and numerical stability was evaluated with the crite-
rion of energy conservation in the presence of a dynamical
external field [27].

As a CNT model, semiconducting (8,0) CNTs were used in
this study with a triple cell along the CNT axis (96 C atoms per
unit cell). The vacuum region was taken in the two orthogonal
axes normal to the CNT axis. In one direction, the wall-to-wall
distance of the CNT array was taken as 7 A. In the other
direction, the wall-to-wall distance was taken as 14 A. Along
the longer axis, a time-varying E-field was applied to mimic
an optical field, the polarity of which was smoothly inverted
in the middle of the vacuum region to satisfy the periodic
boundary conditions. In all cases, we used I" points for the

FIG. 1. Structure of an (8,0) CNT surrounded by 15 water
molecules. Hatched (red) balls represent O atoms, white balls rep-
resent the C atoms of the CNT, and the smallest balls represent H
atoms. The red arrow indicates the optical polarization vector. This
structure is viewed from a direction normal to the CNT axis.

momentum-space integration [28]. In this work, we focus on
the case of a full width at half maximum (FWHM) of 10 fs, but
larger FWHM values may be investigated in future studies.

III. RESULTS

Our simulations revealed that the decomposition of an iso-
lated H,O molecule occurred at maximum E-field intensities
of 8.5 and 7 V/A for 10-fs laser pulses with optical wave-
lengths of 800 and 400 nm, respectively. (For the accessibility
of such field intensities, see Ref. [29] and Sec. S1 of the
Supplemental Material [30].) We performed RT-TDDFT-MD
simulations to examine the H,O decomposition with 15 H,O
molecules around an (8,0) CNT; see Fig. 1. Computational
details in the MD part of the current simulation are described
in Sec. S2 of the Supplemental Material [30].

We set the frequencies of the E-field oscillation corre-
sponding to wavelengths of 800 and 400 nm with FWHM of
10 fs. The intensity of the E-field was varied from 2to 7 V/A
with an interval of 0.5 V/A. Throughout the simulations, we
plotted the distances from each O atom to its first- and second-
neighbor H atoms as a function of time (Fig. 2). We also
measured the distance from each H atom to its first-neighbor
O atoms, the results of which are not shown here. In doing so,
it was possible to avoid missing the case in which one H(O)
atom was shared by two O (three H) atoms, resulting in the
emission of H(O) atoms from several H,O molecules.

The dynamical change of the O-H bond lengths at the
threshold intensities of the E-field of 4 V /A for a wavelength
of 800 nm and 2.5 V/A for a wavelength of 400 nm is shown
in Figs. 2(a) and 2(b), respectively. It is interesting to note
that significant O-H elongation occurred after the optical field
had ended. This is consistent with excited-state dynamics
initiated by electronic excitation, followed by subsequent
lattice dynamics [7]. A corresponding theoretical model for
this mechanism was reviewed in Ref. [31]. Compared to the
the case of an isolated H,O molecule, the threshold intensity
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FIG. 2. (a) The top panel depicts the time variation of O-H bond lengths. The solid (blue) and dashed (red) curves indicate the first- and
second-neighbor O-H distances, respectively. The bottom panel depicts the applied optical E-field corresponding to the top panel, with an
optical wavelength of 800 nm, an FWHM of 10 fs, and a maximum E-field intensity of 4 V/A. (b) Same as (a), but for an optical wavelength
of 400 nm and a maximum E-field intensity of 2.5 V/ A. (c) Same as (b), but CNT is forced to be frozen.

was reduced from 8.5 to 4 V/A at 800 nm, corresponding to a
power reduction by a factor of 4.46. For an optical wavelength
of 400 nm, the threshold intensity was reduced from 7 to
2.5 V/A, corresponding to a power reduction by a factor of
7.64. (Note that the power is proportional to the square of
the optical E-field.) At the threshold intensity and an optical
wavelength of 800 nm, as shown in Fig. 2(a), each O atom
has a first-neighbor H atom at a distance of less than 2 A,
whereas some of the O atoms have second-neighbor H atoms
at a distance of over 3 A. This behavior suggests that H,O
decomposition generates H atoms and hydroxyl (OH) groups
rather than O atom radicals. In contrast, at a wavelength of
400 nm, O radicals were also emitted, which is denoted by the
nearest O-H bond length, shown in Fig. 2(b), increasing over
3A.

The reduction of the threshold power was attributed to op-
tical E-field enhancement by the CNT. Figure 3(a) shows the
time variation of the total E-field (sum of applied and induced
E-fields) around a pristine (8,0) CNT for a maximum optical
E-field of 3 V/A and a wavelength of 800 nm. The induced
field was derived by subtracting the self-consistent potentials
on the discrete grids used in the current simulations. The time
variation of the induced E-field is plotted at a position 3.3 A
from the CNT wall in the direction of the optical polarization
vector. Within the time range studied, the motion of the CNT
was not significant; therefore, the time variation of the E-field
at a fixed point can be used to discuss the E-field modulation.
As shown in Fig. 3(a), the total E-field around the CNT was
found to increase with time up to twice the intensity of the
applied E-field [32], which is consistent with the reduction in
the threshold power for water decomposition.

In contrast, for the wavelength of 400 nm, the field en-
hancement cannot be simply depicted owing to the significant
radial expansion of the CNT due to the weakening of the C-C
bonds on the tube wall by electronic excitation. We simulated
the H,O decomposition at 400 nm by freezing the CNT
motion, and again observed significant O-H elongation, indi-
cating the formation of H, OH, and O radicals; see Fig. 2(c).
We thus conclude that the influence of radial expansion of the

CNT on H;0 decomposition is marginal. Upon performing
an extended simulation, we observed oscillation of the radius
rather than breakage of the CNT. The radial expansion may
be dependent on the FWHM of the laser pulse, which will be
explored when performing simulations over longer timescales
becomes possible.

The general question is whether there exists a preferred
location of the H,O molecules for the decomposition. To ad-
dress this issue, we monitored the profile of the self-consistent
field potential at 800 nm, as shown in Fig. 3(b), with the
corresponding time indicated by the arrow in Fig. 3(a). The
detailed profile originating from the ion potential was smeared
out by extracting the self-consistent field potential without an
optical E-field, and the value of the potential was averaged
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FIG. 3. (a) Time variation of applied and generated E-fields
around an (8,0) CNT with an optical wavelength of 800 nm and
a maximum field intensity (Ey,y) of 3 V/A. The solid (blue) line
indicates the applied E-field, and the thick dashed (red) line indicates
the E-field at a distance of 3.3 A from the CNT wall along the
direction of optical polarization. (b) Contour lines showing the total
potential change of a pristine (8,0) CNT taken for the potential
difference between ¢ = 0 and 18 fs [see arrow in (a)] with a pulse
of wavelength 800 nm and E,. =3 V/A. The interval of the
potential contour is 2.48 V. This contour map is drawn on a plane
perpendicular to the CNT axis. The initial positions of the H,O
molecules are superimposed.
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FIG. 4. Snapshot of the RT-TDDFT-MD results for the case
shown in Fig. 2(a). The two left panels are at t = 0 and the two
right panels are at t = 48.8fs. The O atoms of decomposed H,O
molecules are depicted by larger circles with lighter shading and
indicated by numbers 1-6.

along the CNT axis. Since the intervals between the potential
contour lines show the field, the optical field concentration
around the CNT can be observed. By superimposing the initial
positions of the H,O molecules, the molecules indicated by
numbers 1-6 should be exposed to a stronger field, and
these molecules indeed decomposed, as demonstrated in the
snapshot of the TDDFT-MD results presented in Fig. 4. This
figure shows side and top views of the system for 1 =0
and r = 48.8fs. (The diameter of the CNT is expanded by
0.69 A at 48.8 fs, and this expansion initializes oscillation in
the radial breathing mode rather than destroying the CNT.)
This unit cell provides six pairs of OH and H radicals.
Therefore, the amount of H production provides a lower value
for the decomposition yield since larger numbers of H,O
molecules have not yet been examined.

IV. CONCLUDING REMARKS

In summary, the enhancement of the laser-induced decom-
position of HO in the vicinity of a CNT was demonstrated by
RT-TDDFT Ehrenfest dynamics. The enhancement factor ex-
ceeds that obtained using two-dimensional sheets in our pre-
vious work [8]. The mechanisms underlying the enhancement

are understood to be polarization and curvature effects of the
CNT. For an applied laser pulse with an FWHM of 10 fs, the
threshold power required for H,O decomposition was reduced
by more than a factor of four with a wavelength of 800 nm,
and by more than a factor of seven with a wavelength of
400 nm, compared with the case of an isolated H,O molecule.
At a wavelength of 400 nm, significant radial expansion of
the CNT was observed, which turned into oscillation during
extended simulations. The influence of the radial expansion
on H,0O decomposition was found to be negligible. Since
the laser power is controlled by beam focusing, reducing the
power is beneficial for allowing irradiation of a larger area
and thus obtaining a higher yield of H atom production. In
this study, we focused our attention on single-walled CNTs,
but we expect that the use of multiwalled CNTs would be
of future interest. Although multiwalled CNTs possess larger
diameters, they should also exhibit higher polarizabilities.
Electrochemical H,O decomposition, in which CNTs played
arole to provide wide surface area for catalytic metals coated
on CNT surfaces, was studied [33,34]. It would also be inter-
esting to explore the effect of enhancement of electric field
in an electrochemical reaction as experienced in the present
work. Finally, it should be noted that nanotubes with thicker
diameters with smaller band gap than the current (8,0) CNT
could be the subject of study. In the meantime, we must note
that the field enhancement would be closer to those obtained
in planar graphene [8] as the diameter is increased.
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