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TOPICAL REVIEW — Water at molecular level

Water on surfaces from first-principles molecular dynamics∗

Peiwei You(游佩桅)1,3, Jiyu Xu(徐纪玉)1,3, Cui Zhang(张萃)1,2,†, and Sheng Meng(孟胜)1,2,3,4

1Beijing National Laboratory for Condensed Matter Physics and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
2Songshan Lake Materials Laboratory, Dongguan 523808, China

3School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
4Collaborative Innovation Center of Quantum Matter, Beijing 100190, China

(Received 25 May 2020; revised manuscript received 25 May 2020; accepted manuscript online 3 July 2020)

Water is ubiquitous and so is its presence in the proximity of surfaces. To determine and control the properties of
interfacial water molecules at nanoscale is essential for its successful applications in environmental and energy-related
fields. It is very challenging to explore the atomic structure and electronic properties of water under various conditions,
especially at the surfaces. Here we review recent progress and open challenges in describing physicochemical properties of
water on surfaces for solar water splitting, water corrosion, and desalination using first-principles approaches, and highlight
the key role of these methods in understanding the complex electronic and dynamic interplay between water and surfaces.
We aim at showing the importance of unraveling fundamental mechanisms and providing physical insights into the behavior
of water on surfaces, in order to pave the way to water-related material design.
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1. Introduction
The frontier basic research of water science has impor-

tant applications in energy, environment, national defense, and
other fields. The seemingly simple hydrogen oxygen com-
position of water presents extremely rich and complex struc-
tures and properties in different environments (surface, pres-
sure, photoexcitation, etc.), which is a major challenge in the
current scientific research.[1–4] Determining and adjusting the
electronic and dynamic properties of water in contact with sur-
faces at the atomic level are crucial to solve the essential prob-
lems in the wide applications of water.

One profound matter related to water at surfaces is hy-
drogen production, arising from photocatalytic water splitting,
which provides a promising way to harvest solar energy and
gain clean renewable energy.[5–7] The most essential topic of
photocatalytic water splitting is the interactions between wa-
ter molecules and photocatalytic materials. A variety of photo-
catalytic materials have been discovered and intensely studied,
such as metal oxides (e.g., TiO2), sulfides (e.g., MoS2), metal-
free materials (e.g., g-C3N4), metal co-catalyst (e.g., Pt),[6,8,9]

and so forth. The most important aspects of semiconductor
photocatalysts for water splitting are the size of band gap and
the positions of conduction band minimum (CBM) and va-
lence band maximum (VBM), which are critical to utilize most
visible light from the solar spectrum and gain reasonable effi-

ciency of water splitting reaction. The microscopic insight into
the fundamental properties and dynamic behaviors of the inter-
play between the liquid and photocatalysts may significantly
improve the device performance and accelerate the process
of material design. Research on the transport characteristics
of water molecules and various ions/molecules in nanomateri-
als has also shown great application prospects in desalination,
heavy metal pollution control, ion screening, and artificial bi-
ological channels.[10–13]

First-principles approaches are effective means to un-
veil the microstructure and electronic properties of water at
surfaces, providing both computational microscopes and pre-
dictive tools. The practical applications of first-principles
methods based on density functional theory (DFT)[14,15] rely
on approximations for the exchange–correlation energy that
describes the electron–electron interactions. The general-
ized gradient approximations (GGA)[16] are the most pop-
ular forms for the exchange–correlation term, which pro-
vide reasonably accurate description of ground-state proper-
ties of solids, however, are inaccurate in describing the struc-
ture of liquid water at ambient conditions.[17,18] Instead, hy-
brid exchange–correlation functionals can be employed to
reduce the self-interaction error and alleviate the inaccura-
cies of GGA in describing liquid structure and electronic
properties.[19,20] Considering van der Waals (vdW) corrections
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on the exchange–correlation interactions has been shown to
improve certain properties of aqueous solutions, oxides, and
2D materials.[21–23] Recently developed strongly constrained
and appropriately normed (SCAN) functional is an important
achievement of constructing non-empirical semi-local func-
tional based on constraints. It can predict accurately the
structure and energy information of various bonding systems,
reaching the accuracy level of hybrid functionals, at the GGA
level of computational cost.[24,25] Semi-local functionals often
fail in describing excited-state properties of water at surfaces
quantitatively. The problem can be eased by the adoption of
hybrid functionals and the DFT+U approach, where U stands
for the Hubbard correction,[26,27] and the proper amount of ex-
act exchange and the magnitude of the Hubbard correction are
generally dependent on the system.

DFT combined with molecular dynamics gives birth
to first-principles molecular dynamics (FPMD), providing a
powerful tool to track dynamic change and evolution of in-
teractions between the liquid and surfaces. Taking advan-
tage of highly different dynamical characteristics of elec-
trons and nuclei, the Born–Oppenheimer approximation, also
known as adiabatic approximation, is often applied in many
FPMD, where the electronic and nuclear motions are solved
separately. On the other hand, many phenomena of water
on surfaces, such as photo-induced dynamics and electron–
phonon couplings, stem from nonadiabatic dynamics, where
the electronic evolutions and nuclear motions of the system
are strongly coupled. Thus, time-dependent density functional
theory (TDDFT) is required, where time-dependent Kohn–
Sham equations are numerically solved. With classical nu-
clear approximations, Ehrenfest dynamics[28,29] is a practical
approach dealing with nonadiabatic excited-state time-domain
propagation. Nuclei move in the mean field of electronic po-
tential energy surfaces and forces acting on the nuclei are cal-
culated on-the-fly.

First-principles scheme as we briefly introduced above
can be extremely effective at answering the frontier questions,
unraveling mechanisms, and providing fundamental insights
into the entangled electronic and dynamic properties of water
in the proximity of surfaces. In the following, we focus on
presenting recent progress in describing the complex interac-
tions and reactions of water with surfaces using first-principles
methods. The rest of this review is organized as follows: we
discuss water splitting reactions catalyzed by plasmonic metal
nanoparticle and metal-free photocatalyst in Sections 2 and 3,
respectively. We then focus on the moisture-enhanced corro-
sion process in Section 4 and address water transport on 2D
nanomesh in Section 5. Finally, we give our outlook and con-
clusions in Section 6.

2. Plasmon-induced water splitting

Plasmonic metal nanostructures combining with ox-
ide semiconductors as a co-catalyst for water splitting
have gained increasing attention because of their enormous
light harnessing capability and easy tunability of plasmon
excitations.[30–32] One typical example is the titania supported
gold nanoparticles (Au/TiO2 NPs).[33,34] Upon the excitation
wavelength of gold plasmon band, hot electrons with enough
energy to overcome the Schottky barrier can be injected from
gold NPs to TiO2, leading to relatively high catalytic perfor-
mance. On the other hand, the direct injection of hot electrons
from plasmonic gold NPs to water molecules, driving water
splitting in a Schottky-free junction, was also observed.[35]

High catalytic activity of plasmonic metal clusters is mainly
attributed to: (i) field enhancement (FE) induced by elevated
electric field near the nanostructure;[36] and (ii) electron trans-
fer to foreign molecules by nonradiative plasmon decay.[37]

The golden nanocluster Au20, as shown in Fig. 1, has a
large electronic energy gap of 1.77 eV and a unique tetrahedral
structure. High surface area provides more adsorption sites
for water molecules, indicating possible high activity of pho-
tocatalytic water splitting. The ultrafast dynamics and atomic-
scale mechanism of water splitting on Au20 cluster stimu-
lated by femtosecond laser pulse were investigated based on
ab initio real-time time-dependent density functional theory
(rt-TDDFT) molecular dynamics.[31,32] Under the laser pulse
with a field strength of 2.3 V/Å and a photon energy of 2.81 eV,
corresponding to the dominant peak of the Au20–water adsorp-
tion spectrum (see Fig. 1(b)), the dynamic response of water
molecules around Au20 cluster is displayed in Fig. 1(c). Dur-
ing the first 10 fs, all O–H bonds in water molecules oscillate
near the equilibrium length. Then in response to laser excita-
tion, two water molecules dissociate with O–H bond lengths
increasing from around 1 Å to more than 3 Å. Comparison
with the case of liquid water without the presence of Au20

cluster, where water molecules remain intact under the same
laser irradiation (Fig. 1(d)), confirms that the water splitting
is mediated by the Au20 nanocluster. As shown in Fig. 1(e),
such process is found to be assisted by rapid proton transport
in a Grotthuss-like mechanism,[38] forming hydronium ions.
By analyzing the time-evolved change in the occupation of
the Kohn–Sham states, electron transfer from the Au20 clus-
ter to anti-bonding orbital of water is revealed. Furthermore,
position-dependent FE for the Au20 cluster shows the same
trend as the reaction rate of water splitting, which indicates
that the plasmon-induced FE dominantly determines the pro-
cess, while the commonly assumed electron transfer plays a
less important role.[32]
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Fig. 1. (a) Snapshot of the Au20 cluster in water, where yellow, red, and grey spheres represent gold, oxygen, and hydrogen atoms, respectively.
The arrow denotes polarization direction of the laser field. (b) Time evolution of the laser field with field strength Emax=2.3 V/Å and frequency
h̄ω = 2.81 eV. Under this laser pulse, time-evolved O–H bond lengths dOH of all water molecules with (c) and without (d) Au20 cluster are
shown. (e) Atomic configurations at time t = 0, 16 fs, 18 fs, and 21 fs. Reprinted with permission from Ref. [32].

3. Water splitting on metal-free photocatalysts
A new perspective on the photocatalytic water splitting

is to adopt metal-free carbon photocatalysts, such as modified
graphene, carbon nanotubes (CNTs), g-C3N4, etc., owing to
their nature of non-corrosion, non-toxicity, easy preparation
and handling. Many of them show comparable catalytic per-
formances to metal-containing photocatalysts for water split-
ting. Pristine graphene, known as a zero band-gap semicon-
ductor, in general has no photocatalytic activities. However,
its properties can be adjusted by the strategies of heteroatom
doping, size modulation, and morphology control, to improve
the catalytic activities.[39] For example, graphite oxide, incor-
porating oxygen atoms into graphene framework to form sp3

hybridization, opens the bandgap to 2.4–4.3 eV and enables
catalyzed hydrogen production under solar irradiation.[40] An-
other recent development on ternary boron carbon nitride alloy
demonstrated that by doping carbon within hexagonal boron
nitride (h-BN) nanosheet, the bandgap of the alloy can be
tuned by the amount of incorporated carbon and the hydro-
gen or oxygen evolution from water can be catalyzed under
visible light illumination.[41]

Among these metal-free photocatalysts, g-C3N4 has at-
tracted great attention since it was reported as a potential pho-
tocatalyst by Wang and co-workers,[8] attributed to its high
chemical and thermal stability, inexpensiveness, and nontoxic

nature.[8,42–44] The band gap of g-C3N4 is 2.7 eV that is
suitable for visible light absorption, and the hydrogen evolu-
tion rate can reach 10 µmol/h with the assistance of Pt co-
catalyst. As the hydrogen production of g-C3N4 is lower than
that of metal-containing materials, many efforts have been
made to improve the photocatalytic efficiency of g-C3N4, such
as sulfur doping,[45,46] single metal atom employing,[47,48]

and carbon dots embedding.[43] Theoretical calculations based
on the DFT have been widely used to study the adsorption
configurations[49–51] and energy profiles of transition states[52]

of water on g-C3N4 materials. Although a detailed understand-
ing of the structural and electronic properties of g-C3N4 is pos-
sible to be gained within the DFT framework, this theory is
not viable for revealing the real excitation dynamics of photo-
catalytic water splitting on g-C3N4. For time-dependent pro-
cesses especially involving excited states, rt-TDDFT and ad-
vanced nonadiabatic algorithms are essential.[53] Ab initio rt-
TDDFT molecular dynamics investigations of water/g-C3N4

interface unveil a three-step mechanism for the photocatalytic
water splitting process on g-C3N4.[54] Under photoexcitation,
the hole transfer occurs first from carbon to nitrogen atom in
g-C3N4 sheet, and then a hole current from nitrogen atom to
water leads to OH bond weakening in the molecule. Finally,
a reverse hole flow from water to nitrogen results in the pro-
ton transfer from water to g-C3N4. Different from traditional
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scheme,[6,55] the hole transfer plays a key role in the nonadia-
batic photocatalytic process and dominates the water splitting
stages on g-C3N4.

4. Moisture-enhanced corrosion on plutonium
materials
Plutonium is a reactive and radioactive metal. During the

handling and storage of the plutonium materials and devices,
the metal confronts various environment-dependent chemical
corrosions. When exposed to air and moisture, rapid oxida-
tion and corrosion occur on the plutonium metal surface to
form a protective layer of plutonium dioxide (PuO2), which
can be further reduced to sesquioxide (Pu2O3) by plutonium
at the oxide–metal interface. At room temperature, the cor-
rosion rate of plutonium at its equilibrium vapor pressure is
hundred times faster than that in dry air. At the boiling point,
such moisture enhancement on corrosion rate is increased by
five orders of magnitudes.[56] Understanding the kinetics and
mechanism of this moisture-enhanced oxidation process is an
important scientific problem in the basic science of actinides
and the safe maintenance of nuclear stockpile.

Experimental studies of interactions between water and
PuO2 surface are very challenging. In the early experimen-
tal work of Stakebake and co-workers, two distinct tempera-
ture ranges of water adsorption on PuO2 were obtained, sug-
gesting a strong chemisorbed first water layer and a weak ph-
ysisorbed second layer, with estimated adsorption energies of
−2.94 eV and −0.88 eV, respectively.[57] Paffet et al. sup-
ported the microscopic structure of water/PuO2 interface de-
picted above and further revised the adsorption energies to
−1.82 eV and −1.11 eV for the dissociative and molecular
adsorptions, respectively.[58] Most theoretical studies on the
water interactions with the PuO2 surfaces have focused on the
adsorption geometries and energies.[59–62] Recently, the dy-
namics and mechanism of water dissociation on the PuO2 sur-
face have been reported.[63] Using FPMD simulations with the
DFT+U approach, a two-step hydroxylation process for water
dissociation on the PuO2 (110) surface is observed. Despite
the same dissociation steps, the reaction mechanisms are dif-
ferent for water single molecule and small clusters. As the re-
sults of hybridizations between the molecular orbitals of water
and the electronic state of the top surface, water monomer dis-
sociation requires an activation energy of 0.18 eV, in contrast
to the case of water dimer where the dissociation is an exother-
mic reaction with no energy barrier. Such promotion in the
water cluster dissociation can be attributed to the hydrogen-
bonding interactions between water molecules, which initiate
the process from the hydrogen bond acceptor molecule, yield-
ing a more stable dissociation state with respect to a single
molecule, as illustrated in Fig. 2. The effect of surface vacancy
on the water dissociation process was discussed in Ref. [64].

A major dissociation preference of water molecule for the oxy-
gen vacancy site on the PuO2 surface is found and it is inde-
pendent of water or vacancy coverage.

Fig. 2. (a) Configuration of the initiation step of water trimer dissoci-
ation on the PuO2 (110) surface. (b) Electron density difference con-
tour of the configuration shown in (a). Reprinted with permission from
Ref. [63].

Plutonium sesquioxide, formed at the plutonium oxide–
metal interface, also plays an important role in the water en-
hanced corrosion process of plutonium material. Two phases
exist with different crystalline structures for Pu2O3: cubic
(α-Pu2O3) and hexagonal (β -Pu2O3) crystals. The former
is stable below ∼ 350 K while the latter is only stable at
high temperatures.[65,66] The α-Pu2O3 can be obtained by re-
moving 25 percent of oxygen atoms from eight fluorite PuO2

unit cells. Adsorption, diffusion, and dissociation behaviors
of water molecule on the α-Pu2O3 (111) surface have been
studied by combining FPMD and nudged elastic band (NEB)
methods.[67] It is shown that with very low absorption energy
and diffusion barrier, water molecule tends to diffuse more
than dissociate on the surface at low temperature. In FPMD
simulations, the decomposition of water molecule into H and
OH is only observed at 900 K.

5. Water purification with graphdiyne mem-
brane
Water purification and desalination are of great impor-

tance to industry and agriculture in modern society.[11–13]

Membrane technology is widely used in water desalination
and ion separation.[68] Recently, two-dimensional materials,
e.g., graphene, graphene oxides, and h-BN, have been shown
to have good molecular permeability and selectivity.[10,69,70]

The molecular conductivity originates from the nanoscale
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transport channels, including the nanopores on mem-
brane planes[71,72] and the nanochannel between adjacent
layers.[1,73,74] The conductivity of various species can be ad-
justed by precisely controlling the size of the transport chan-
nel, so as to improve the molecular selectivity. Despite of the
intrinsic trade-off, the ultimate goal of membrane technology
is to achieve both high molecular conductivity and selectivity.

Two-dimensional nanomesh materials have large
nanopore density and perfect uniformity, and thus are con-
sidered as excellent candidate materials for molecular siev-
ing. Graphdiyne,[75] a novel two-dimensional carbon al-
lotrope, as shown in Fig. 3(a), has attracted great attention
because of its exceptional mechanical, physical, and chemical
properties.[76–79] Early classical molecular dynamics (CMD)
simulations showed that graphdiyne is impermeability for wa-
ter molecule,[80,81] while first-principles calculations instead
pointed out the possibility of water conductivity when consid-
ering the transmembrane interaction.[82] More recently, water

transportability of graphdiyne has been studied by extensive
FPMD and ab-initio parameterized CMD simulations.[83]

It is revealed that water molecules can permeate through
graphdiyne membrane with a relatively large flow rate at high
external pressure, as shown in Fig. 3(b). The flow rate can
be written as Φ = A0 exp(−Ea/(kBT )). The activation energy
Ea can be estimated as Ea = Emem +Ewater −PV , where Emem

and Ewater are the contributions from the membrane and other
water molecules through hydrogen bonding, respectively, and
PV represents the effect of pressure and temperature. The ac-
tivation energy can be directly modulated by pressure, leading
to a nonlinear dependence of water flow on pressure. There-
fore, the activated water flow in graphdiyne can be precisely
controlled by adjusting the working pressure. Further analysis
of the atomistic dynamics of water molecules shows that a
transmembrane hydrogen bond is formed and a unique two-
hydrogen-bond structure acts as transient state in the process
of water transport.[83]

(a) (b)

(c) (d)

Fig. 3. (a) The atomistic structure of graphdiyne. (b) The water flow across graphdiyne versus temperature and pressure. (c) the trajectories of
proton diffusion at the water–graphdiyne interface. (d) The free energy barrier for transmembrane (TM) proton transfer and proton transfer in
bulk water. The dash line indicates the kBT at 300 K. Reprinted with permission from Ref. [84].

Considering the Grotthuss mechanism of proton hopping,
the transmembrane hydrogen bond could be an efficient bridge
for transmembrane proton transport. As shown in Fig. 3(c), a
proton diffuses across graphdiyne membrane in Traj 1 under
unbiased conditions, indicating that the thermal fluctuations
are the driven force for transmembrane proton transport.[84]

Free energy calculations for proton transfer display the energy
barrier of transmembrane proton transfer is nearly the same
as that of bulk water, and both energy barriers are smaller
than kBT . Proton conductivity of graphdiyne, obtained with
FPMD simulations under electric field, is 0.6 S·cm−1, one or-

der of magnitude larger than that of Nafion.[85] The appropri-
ate nanopore size of graphdiyne can hinder the transport of
ions and soluble fuel molecules, and give graphdiyne superior
proton selectivity. Therefore, graphdiyne as a proton exchange
membrane in fuel cell has a promising application prospect.

6. Outlook and conclusions

In summary, we discussed recent progress on understand-
ing the complex interplay between the electronic and struc-
tural properties of water interacting with surfaces, using first-
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principles techniques. This is presented as an example of novel
phenomena emerging when assembling different levels of the-
oretical blocks to investigate the physiochemical properties of
water at nanoscale. The future challenge will be to achieve in-
tegration of advanced computational approaches and to define
general validation strategies appropriate for broad classes of
water systems.

At present, the first-principles dynamic simulations of
water commonly ignore part of the quantum effect of parti-
cles, especially the quantum effect of nuclei and non-adiabatic
dynamic effect. As the lightest element, the nuclear quantum
effect of hydrogen is especially prominent in the structure and
dynamics of water. To develop a set of numerical simulation
methods for the total quantization of hydrogen and to quantize
the electron and nucleus at the same time will break through
the bottleneck of current computational simulation research
and provide a new framework to accurately describe the hy-
drogen bond structure, interactions between water and differ-
ent materials, and dynamic mechanisms of transport and reac-
tions.
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