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Pseudopotential

• Frozen core approximation

• The valence electrons is important outside the core 
region.

• The nucleus and its core orbitals are replaced by a 
pseudo potential.  

It should reproduce the exact valence orbitals
outside the core region.



Schematic illustration of Pseudopotential

•No 
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Post-LSDA era
• Accuracy: from physical to chemical, to bio
• System: type s-p-d to f
• System: size <100 to 100-10000 atoms
• System: few to statistical configurations
• Properties: ground to excited
• Properties: static to dynamics
• Properties: intrinsic to structure sensitive



Density functional theoryDensity functional theory

Walter Kohn (NP 1998)
9032 
4116 
1544 

Axel D. Becke
10051
7539
1545

John P. Perdew
4643 
3952 
2541



What DFT can do

Matthias Scheffler
Germany
344, 259, 242
Surfaces;
First-principles Monte Carlo;
Heterogeneous catalysis.

Jens K. Norskov
Denmark
423, 289, 273
Surfaces;
Heterogeneous catalysis.

Michelle Parrinello
Italy - Switzerland
3192, 221, 205
Car-Parrinello Method;
Liquids and solutions;
Disordered materials.

Georg Kresse
Austria
1145, 1103, 758
Liquids
Surfaces
Matallic systems

Bengt Lundqvist
Sweden
2381, 1856, 329
Materials
Surface theory

Some people applying DFT for real
world problems



Diffusion of H30+ and OH- in water 
M.E. Tuckerman et al, Nature (2002);

Search for the hardest material
G.H. Johanesson et al, PRL (2002);

Why gold is the noblest of all metals? 
B. Hammer and J. Norskov, Nature (1995);



Modifications

1. Free-energy density functional theory (Mermin)
2. Density matrix functional theory
3. Natural orbital functional theory (Geodecker & Umrigar)

Long range interaction on surfaces
K. Fichthorn and M. Scheffler, PRL (2000);

Why noble metals are catalytically active?
W.X. Li et al., PRL (2003);



(a)

(b)
Phys. Rev. Lett. 92, 106102(2004) 
Phys. Rev. Lett. 91, 016102(2003)

Highlight
Phys. News Update 643, June 2003
Nature 429, 617(2004)

朱文光



Wetting order

H-up        H-down

Wetting order:
Ru > Rh > Pd > Pt > Au

d7s1    d8s1     d9s1  d9s1 d10s1 

Phys. Rev. Lett. 89, 176104(2002); 91, 059602(2003)
Phys. Rev. B. 69, 195404(2004) ; J. Chem. Phys. 119, 7617(2003)

孟 胜



2D tessellation ice
, Phys. Rev. Lett. 89, 176104(2002)

(110)

(110)

-

No free OH sticking out of the surface

Stable at 300K

杨健君



Nanobells
Appl. Phys. Lett. (1999)
Appl. Phys. Lett. (2000) 
Appl. Phys. Lett. (2001)

Hydrophilicity
J. Chem. Phys. (2003)
Phys. Rev. B (2004)
Phys. Rev. Lett. (2002)

表面小系统

Adatom Upward Diffusion
Phys. Rev. Lett. (2003)
Phys. Rev. Lett. (2004)

ES Barrier Controlled Growth
Phys. Rev. Lett. (2001)
Phys. Rev. Lett. (2002)
Science (2004)

Surfactant-Mediated Epitaxy
Phys. Rev. Lett. (1999)
Phys. Rev. Lett. (2004)

Enge (E.G.) Wang’s group in IOP/CAS, Beijing
(August, 2007)

Research in this group is focused on the study of the macroscopic property and microscopic behavior of 
surface-based nanostructures controlled by chemical and physical events. The approach is a combination 
of atomistic simulations and experiments.  There are five staffs, E.G. Wang, Shuang Liu, Xuedong Bai, 
Wenlong Wang, and Wengang Lu. The areas of current interest include:
1) Novel formation and decay mechanism of nanostructures on surface; 
2) Water in a confined condition, such as on surface, between interfaces, inside nanotube; 
3) Covalently bonded light-element nanomaterials, such as the development of nanocones, polymerized     

carbon-nitrogen nanobells, aligned nanohelices and single-walled boron-carbon-nitrogen nanotubes.

Ice Tessellation
Phys. Rev. Lett. (2004)
Phys. Rev. B (2005)

Nanocones
Science (2003)
Science (2004)
JACS (2006)

BCN SWNT
JACS (2006)
JACS (2007)
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A molecular view of 
water on surface



E. G. Wang

Outline

Water adsorption on metal surface: 
Energetics and Kinetics

Hydrophilic and hydrophobic behavior

Water adsorption on silica surface: 
Tessellation ice

Water interaction with NaCl:  
Adsorption, Dissolution and Nucleation







E. G. Wang



E. G. Wang

Free Water Clusters
Gregory et al. Science 275, 814 (1997)



E. G. Wang

Water Adsorbate on Carbon Nanotubes

Maiti et al., PRL 87, 155502 (2001)



E. G. Wang

Water in confined 
system

Koga et al., Nature 412, 802 (2001)



E. G. Wang

Water on surfaceWater on surface
HH22O/MgOO/MgO HH22O/RuO/Ru



E. G. Wang

Water adsorption on 
Pt, Pd, Ru, Rh, Au surfaces 

With Sheng Meng & Shiwu Gao
PRL 2002, 2003; PRB 2004; CPL 2005 



E. G. Wang

Structure optimization and molecular dynamics
VASP code: US-PP (ultra-soft pseudo-potential) + GGA  

(generalized gradient approximation, PW91)

* Slab: 4 – 7 layers of metal with ~ 13Å vacuum;
* k-point: 3 X 3 X 1 or 5 X 5 X 1;
* Plan wave cutoff: 300 eV or 400 eV;
* Total energy convergence: 0.01 eV/atom;
* In MD, force on all relaxed atoms: < 0.05 eV/Å;

a time step: 0.5 fs;
* In vibrational spectra, a 2 ps production run at 90-140K was   

performed after equilibrating the system for ~1 ps;
(Also checked by higher energy cutoff (400 eV) and  
shorter time step (0.25 fs))



E. G. Wang

H2O/Pt(111)

• Adsorption energy on top atom：
~300 meV

• Flat on surface (13-14 °), freely 
rotates on the surface

• Rotational barrier：140~190meV
• Charge transfor from O to Pt：0.02e

Top HollowBridge



E. G. Wang

304 meV
Small 

Clusters

433 meV

359 meV

520 meV

H-bond: 450 meV (adsorbed dimer) 
>>250 meV (free dimer)



E. G. Wang

The 1D water chains at a <110>/{100} step on the Pt (322) surface.



E. G. Wang

Water bilayer/Pt(111)

Morgenstern et al., PRL 77, 703 (1996) 



E. G. Wang



E. G. Wang

Vibrational spectra
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HOH bending
OH stretch

Translation and rotation
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E. G. Wang

Nature of HNature of H--bond at surfacebond at surface
Electron density differences

Adsorbed dimerFree dimer

Strong bond in 
H-up bilayer

Strong bond in 
H-down bilayer

Weak bond in 
H-down bilayer

Weak bond in 
H-up bilayer



E. G. Wang

The unit cell and charge densityThe unit cell and charge density



E. G. Wang

Minimum energy path Minimum energy path 
for Hfor H--up flipping to Hup flipping to H--downdown



E. G. Wang

RT3 vs RT39, RT37
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E. G. Wang

Water monomer 
on different metal surfaces



E. G. Wang

Water bilayer on metal surfaces



E. G. Wang

Partial Dissociation Ru(0001)



E. G. Wang

ResultsResults
• There exit two types of hydrogen bonds in the 

water network on Pt, Pd, Rh, Ru, and Au 
surfaces.

• The OH stretch in the bilayer, which is 
sensitive to local structures, may provide a 
general way for recognition of adsorbed water 
and other hydrogen-bonded species on surface.



E. G. Wang

With Jianjun Yang
PRL 2004; PRB 2005, 2006

Water adsorption on silica surface: 
Tessellation ice



E. G. Wang

Why water and silica?

A simple reason is their importance :

Over 70% of the earth’s surface is covered 
by water while the crust is dominated by 
silica (rocks containing SiOn).

A more technical reason is that the 
water-silica interaction is ubiquitous and 
fundamental in natural processes and 
advanced technological areas:

Geoscience: water weathers the crusts.

Glass technology and in many other areas 
of application.

Uncover how water-silica interacts is crucial !





E. G. Wang

Single hydroxyl Vicinal hydroxylsGeminal  hydroxyls

Typical hydroxyl groups
The presence of hydroxyl groups on silica is important as it 
impacts the reactivity and performance of the silica surfaces, 
which are so important both naturally and technologically.

Two typical hydroxyl groups are detected by experiments, the 
single (Si-OH) and geminal (Si-(OH)2), and some of them form 
hydrogen-bonding.



E. G. Wang

Hydrolysis of silica surfaces
An example by first-principle MD study on cluster model:



Hydrophilic hydroxylated surfaces

Bulk SiO2

Hydroxylated surface

H2O
H2O

H2O
H2O

Hydroxylated
surface

Highly reactive with  
H2O moleculars

β -cristobalite (100) and (111), and α- quartz (0001)
surfaces are representatives of the hydroxylated silica 
surface

(see JPC- B 101,3052 (1997))

Experiments show that there is an ordered ice-like 
structure at water/silica interface . 

(PRL 72, 238 (1994); JPC B 109, 16760 (2005))



E. G. Wang

Computational method

Ab-initio calculation: 
DFT (density functional theory )

VASP code:
US-PP (ultra-soft pseudo-potential)
GGA (generalized gradient approximation)

Model:
β -cristobalite (100) and (111) ; 
α- quartz (0001) surfaces
Slab containing 7~9 atomic layers 
~10Å of vacuum
Passivated bottom layer

ENCUT=350eV
2x2x1 k-points grids

A free water molecule :



E. G. Wang

H-bond lengths (O-H):1.644-1.690Å

Top view

Side view

Hydroxylated β -cristobalite surfaces

(100): geminal (111): single

Top view



E. G. Wang

NHB Eads (meV/ H2O) dOH1 (Å) dOH2 (Å) ∠HOH (º)
A (bridge) 3 622 0.974 0.988 105.06
B (geminal) 2 508 0.973 0.992 106.03

C (top) 1 339 0.970 0.960 106.12
Free H2O — — 0.973 0.973 104.91

Eads={[nE(H2O)+E(substrate)]-E(nH2O+substrate)}/n

H-bond
O…O < 3.3Å

H-O…H > 140º

Definition:

Monomer on β-cristobalite (100) surface

OH bond lengthened: 0.988 (0.973Å)

HOH angle enlarged: 105.1 (104.9º)

(I)



E. G. Wang

Eads NHB dOH1 dOH2 ∠HOH dOO α β

adsorbed dimer 748 5 0.973 1.043 108.85 2.530 8.48 103.58

0.994 0.992 103.63
free dimer — — 0.973 0.984 104.79 2.895 2.79 126.00

0.973 0.973 105.08

translations and librations δHOH νO-Hw νO-H

dimer/β(100) 19 53 69 81 109 197 284 414,428,476

H2O 198 462,478
H2O (expt.)a 198 454,466

dimer 20 34 46 67 198 442 462,473,483

dimer (expt.)b 19c 30c 40c 65c 201 440 450,459,461

OO distance shortened: 2.53 (2.89 Å) 
H-bond strengthened

(I) Dimer on β-cristobalite (100) surface





E. G. Wang

2D tessellation ice:(I)

Each H2O is saturated with 4 H-bonds: 1hydroxyl＋3H2O;
No free OH sticking out of surface

Strong H-bondWeak H-bond

The adsorption energy of the tessellation ice on β-cristobalite (100) is large,
712 meV/H2O, almost the same as adhesive energy in bulk ice, 720 meV/H2O.
It is stable up to room temperature (300K). 



E. G. Wang

Degenerated 2D ice configurations

This 2D ice structure can sit on different sites (left panels) 
with  two possible orderings of H-bonds (right panels).

meVE 17<Δ

(I)



E. G. Wang

(80K;0.5fs;3ps)

476

stronger H-bond  

more red-shifted of OH 
stretched vibration 

lower vibration energy

Vibrational spectrum(I)

The strong H bond inside the quadrangles: 406 and 428 meV modes;
The weak H bond between the two neighboring quadrangles: 456 meV modes;
The OH stretching: 347 and 378 meV modes;



E. G. Wang

free dimer adsorbed dimer

strong HB 

in 2D ice

weak HB

in 2D ice

Isodensity contour plots of difference electron density

Charge density is plotted along the plane perpendicular to the surface and 
passing the H-bond we are caring about.

(I)



E. G. Wang

Monolayer on β-cristobalite (111) surface

Because of large distance (about 5Å) between two adjacent 
single hydroxyls, water molecules can’t interact with each other 
but only H-bond weakly with the surface hydroxyls.

(II)

There are four water 
molecules in the surface 
cell. The adsorption 
energy is 701 meV/N2O. 



E. G. Wang

Hydroxylated α-quartz (0001) surface(III)

geminal hydroxyls
alternative strong HB (denoted 

as S) and another weak HB 
(denoted as W) between hydroxyls

OO distances of 2.73Å and 
3.09Å, respectively

On water adsorption, water-
hydroxyl and hydroxyl-hydroxyl 
interactions compete.

Finally, the former wins and 
weak H-bond between hydroxyls 
is broken.

Side view

Top 
view



E. G. Wang

Monolayer on α-quartz (0001) surface

* flat bilayer

d＝0.1Å－－(0.97Å in Ice-Ih )

* two types of H2O, I and II.

* two types of HBs between 
molecules

* Eads = 650meV for H-down and 
462 meV for H-up bilayer

(III)
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 0.411

0.035

Saddle Point

Transition from H-up to H-down

• thermodynamics
H-down configuration is favored 
than H-up one by 0.188eV/H2O 
difference in Ea.

• dynamics（c-NEB method）

The transition energy barrier 
from H-up to H-down is very 
small, 0.035eV per molecule II.

The saddle point occurs at the 
rotation angle ( of molecule II) 
of 9º。

(III)



E. G. Wang

“We find strong evidence of ordering of the a-
SiO2 surface and adsorbed H2O monolayer.”



E. G. Wang

* Ultrapure a-SiO2: 2X2 cm2 and thickness of 0.5 cm;
* Probed area: π√2(85 X 99) μm2;
* Ambient temperature: 22 ˚C;
* Using the idler of a seeded-tripled-Nd: YAG-pumped optical 
parametric oscillator operating at 30 Hz, laser pulses (~0.5 
mJ/pulse, 6 ns, linewidth < 10 cm-1);

Cavity ring-down spectroscopy (CRDS)



E. G. Wang

A coverage of ~1 monolayer of water is estimated at 10% RH.

(a) Vibration-combination 
spectra of a-SiO2 surface 
hydroxyls. 
Peaks: 8119 and 8154 cm-1;

(b) Vibration-combination 
spectra of adsorbed 
water.
Peaks: 8199(p), 8241(s), 
8260(p) and 8389(s) 
cm-1;



E. G. Wang

Adsorbed water

Exp: 2γOH+δOH;
8241(s)/8260(p), 8199(p), 8389(s)

Theo: γOH;
406(degenerate modes), 428, 456



E. G. Wang



E. G. Wang

With Sheng Meng & Shiwu Gao
JCP 2003

Hydrophilic and hydrophobic behavior



E. G. Wang



E. G. Wang

Is this behavior applicable at microscopic level?

αα



E. G. Wang

ExperimentsExperiments

Wetting order:
Pt(111) >Ru(0001) >Cs/graphite >graphite > octane/Pt(111) > Au(111) 

Surf. Sci. 367, L13; L19 (1996)



E. G. Wang

Gold and Platinum in Periodic Table



E. G. Wang

Adsoption Property of Various Water 
Candidates



E. G. Wang

Vibrational Recognition



E. G. Wang



E. G. Wang



E. G. Wang

EEadsads: the adsorption energy per molecule: the adsorption energy per molecule

Eads= (Emetal + n × EH2O - E(H2O)n/Metal)/ n

Here E (H2O)n/Metal is the total energy of the adsorption 
system, Emetal and EH2O are those for free a surface 
and a free molecule, respectively, and n is the number 
of water in the unitcell.



E. G. Wang



E. G. Wang

EEHBHB: the strength of H: the strength of H--bondbond

EHB= (Eads×n - Eads[monomer] × NM-H2O)/ NHB,
for clusters and 1 BL;

or

(Eads[m BL]×2m - Eads[(m-1) BL] × 2(m-1))/ 4,
for m BL, m> 1.

Here Eads[monomer] and NM-H2O are the adsorption 
energy of monomer and the number of molecule-
surface bonds in the water structures; and Eads[m BL] 
is the  adsorption energy for m bilayers.



E. G. Wang
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E. G. Wang

Hydrophilic vs. Hydrophobic
EHB in Ice:
315meV

Pt:

Au: 



E. G. Wang

Charge Densities

Pt: d9s1

Au: d10s1

Total charge Difference charge



E. G. Wang

Wetting order

H-up        H-down

Wetting order:
Ru > Rh > Pd > Pt > Au

d7s1    d8s1     d9s1  d9s1 d10s1 



E. G. Wang

ResultsResults

• The hydrophilicity-hydrophobicity can be 
characterized by the water-surface coupling 
and the strength of the H-bond at the 
interfaces;

• The role of d-band of the substracts in 
participating the interaction upon water 
adsorption is important.



E. G. Wang

With Yong Yang
PRB 2006; PRE 2005; JPCM 2006

Water interaction with NaCl:  
Adsorption, Dissolution and Nucleation



E. G. Wang

Water as Solvent:



E. G. Wang

NaCl: fcc
Lattice Constant:

5.64 Å (Exp)
5.67 Å (Theo)

NaCl: 
One of the most important crystals in daily life.



E. G. Wang

What happens when water meets NaCl?



E. G. Wang

H2O monomer on NaCl (001)

The most stable configuration

y

xA

B

VASP code with GGA

Ead = 0.401 eV
α = -27˚
ΔOxy= 1.1Å

AdsorptionAdsorption



E. G. Wang

H2O monomer on NaCl (001)

Bond strength: O - Na > H - Cl

Adsorption energy: lying > standing

AdsorptionAdsorption



E. G. Wang

H2O monomer on NaCl (001)

Vibrational recognition of 3 typical configurations

Strength of H-Bond:          

(a) < (b) < (c)

AdsorptionAdsorption



E. G. Wang

H2O dimer on NaCl (001)

For two free water molecules, E’ads=2×0.401=0.802eV.

The most stable water dimer on NaCl (001)

AdsorptionAdsorption



E. G. Wang

H2O dimer on NaCl (001)

H acceptor H donor

The strength of H-bond is affected by Esw of H donor

AdsorptionAdsorption



E. G. Wang

1 ML H2O on NaCl (001)

Start from (d), MD 
at 80 K get to 
(e) ,(f)—H-Bond 
Ring, newly 
predicted for 1 ML 
H2O on NaCl (001).

Eads=0.394eV Eads=0.387eV

Eads=0.347eV Eads=0.477eV

Eads=0.519eV Eads=0.500eV

AdsorptionAdsorption



E. G. Wang

1.5 ML H2O on NaCl (001)

Hexagonal water ring with trilayer in (001) direction
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Comparison  of Ews and Eww

The water-
surface 
interaction Ews
is decreased 
with coverage. 

The water-
water 
interaction Eww
is increased 
with coverage.
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For θ≥ 1 ML, Eww ≥ Esw, 
which indicats NaCl(001) 
surface is a hydrophobic-
like surface.



E. G. Wang

SummerySummery
A H2O monomer, where O is near Na and H  
adjacent to Cl, tends to lie on NaCl (001) surface 
with a  tilted dipole plane. 

The hydrogen bond affects the adsorption of a 
H2O dimer significantly.  

For 1 ML, 1.5 ML, and 2 ML H2O on NaCl (001),  the 
water-surface interaction is reduced, while water-
water interaction is enhanced with the increase of 
water coverage.



E. G. Wang

From ab initio calculations, at least six water 
molecules are needed to dissolve a NaCl pair.

Side   
view

Top 
view

How about a nanocrystal ?

DissolutionDissolution



E. G. Wang

• Classical MD performed 
by AMBER package with 
TIP3P model.

• System investigated: 
625H2O (liquid  state) +  
32NaCl.

• NTP: ~350 K, ~1 bar. 

Cl- Na+ H2O

Size of unitcell :   
27.86Å×27.88Å ×27.50Å

DissolutionDissolution
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Before DissolutionBefore Dissolution
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Cl-, Na+, Cl-, Na+…
Dissolution sequences:

Superscripts:

1~32 for Na+

33~64 for Cl-
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Role of water & dissolution pathway
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PathwayPathway

Site and orientation selection in the early stage of 
dissolution:  corner sites, [111] direction.
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Kinetic Energy Distribution

Independent:
bonding 
environment, 

Dependent:
temperature 
and the 
number of 
particles.
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Why does Cl- dissolve prior to Na+ ?

* The difference of dissolution barrier ( Eb
+ Ehydration.) is very small.  (Cl- slightly 
lower than Na+).

* Local density of water around the ions is the 
key factor.
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Hydration structures

Hydration structures 
of Na+, Cl- ions : 
Radial Distribution 
Functions (RDFs).
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• The atomic process of NaCl dissolution in water 
shows a sequence of Cl-, Na+, Cl-, Na+…

• The process starts from the corner sites and prefers 
in the  [111] direction.

• The local structure of water molecules around the 
Na+, Cl- ions plays important role in the early 
stage of dissolution.

• The kinetic energy distribution of a group particles 
is independent of bonding environment, but 
dependent on the temperature and the number of 
particles.    

_

SummerySummery
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A typical example:  NaCl

Spontaneous nucleation of 
NaCl in supersaturated 
solution — irregular shape, 
Na+ serves as center of 
stability in early stage.

A more important case: 
Nucleation at solid-
liquid interface

NucleationNucleation
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Classic MD simulation in 
AMBER 6.0 package.

A five-layer NaCl (001) slab with 
160 NaCl units.

At room temperature, in the 
supersaturated salt solution: 

NNaCl : NH2O ~ 1 : 9.

The system was equilibrated at ~ 
300 K for at least 300 ps with 
harmonic restraints applied on the 
Na+, Cl- solutes, before running.

NTP: 300 K, 1 atm. Na+ Cl- H2O

NucleationNucleation
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Critical size
AnnG γμ +Δ=Δ )(

Bulk 
term

Surface 
term

N > nc, 

Island growth!
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Critical size

By statistical analysis, the critical size is found to 
consist of two atoms: one Na+ and one Cl-.

All the trajectories with different initial configurations and velocities were 
simulated for 1.2 ns
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Growth modes

1. Frank-van der Merwe: Layer By Layer

2. Volmer-Weber: 3D

3. Stranski-Krastanovs
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At the water-NaCl(001) interface, NaCl growth 
takes a 3D growth mode. 
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Role of water

1. Why 3D growth at interface ? (2D growth in vacuum)

2. Why do Na+ and Cl- show different deposition rate?

A relative stable water network occurs at the interface !
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* Water network results in the surface charge. 

Na+(aq)            H2O — Cl- (substrate) Easy (H-Cl weak bond)

Cl-(aq)              H2O — Na+ (substrate) Hard (O-Na strong bond)

Different deposition rate !

Based on our ab initio calculation for water monomer on NaCl (001), we found 
the averaged resident time of the water molecules on the top sites of surface Na+ is 
about 8.95 ps, while the averaged resident time of the ones on the top sites of 
surface Cl- is about 4.12 ps. 
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Na+and Cl- ions diffuse in surface plane. 

* Water network tunes the growth mode :

3D growth at interface ! 

Steps and defects in a crystal.
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SummerySummery

• The critical size of NaCl nucleation on NaCl (001) 
surface is a Na+-Cl- pair in the supersaturated salt 
solution. 

• A stable water network is formed at interface.
• Due to the presence of the water network and the effect 

of the hydration force at the interface, the stable nuclei 
on NaCl surface contain more Na+ ions than Cl- ions, 
and the growth of the nuclei at the water-NaCl (001) 
interface takes a 3D islanding mode.

• The charged surface induces a new driving force to the 
nucleation.
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Thank You !Thank you !
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