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1. Introduction

Sodium water reaction (SWR) has been a safety issue
on the Sodium Fast cooled Reactor (SFR). when Na
comes into direct contact with water or moist air, a
violent exothermic sodium-water reaction (SWR)
rapidly releases a large amount of heat and gases
including explosive H2 and corrosive NaOH. In 1995,
an Na leakage accident occurred at the Monju reactor in
Japan; the Na leaked from a pipe and reacted with
water; the resulting intense fire warped some steel
structures. This accident showed that elimination of
SWR risk should be one of the most significant design
criteria for the development of safe SFRs. Design
solutions to ensure isolation of the Na from the water
have been proposed; these include double-walled
structures in the steam generator and at coolant
boundaries[1–3]and guard vessels or guard piping lines
filled with inert gas[2]. However, those methods cannot
be ultimate solutions because the system still has a
possibility of failure.

An alternative approach to reduce the severity of the
SWR is to reduce the reactivity of Na. Recently, this
goal has been achieved by suspending a small amount of
Ti nanoparticles (NPs) in liquid Na. Adding 2 at% of
10-nm Ti NPs in liquid Na reduced the heat of the
reaction up to 80% and H2 production rate by 10% [4–
6]. Addition of 0.21 vol % Ti NP (< 100 nm ) to liquid
Na reduced the SWR reaction rate by up to 50%[7–9].

A strong atomic interaction between Na atoms and Ti
NPs surface has been insisted as a key mechanism
[6,10,11]; Recent study has found Na atoms were
adsorbed on to Ti NPs surface and its strength was
1.6eV by using Ab-initio calculation[10]. However, the
exact relation between Na adsorption and SWR
reactivity has not been modeled yet; If SWR reactivity
reduction is achieved by Na adsorption, knowing the
number of the adsorbed Na atoms on the Ti Nps surface
will be essential to develop the model.

Therefore, the number of adsorbed Na atoms onto Ti
NPs with respect to the various temperature and
pressure was calculated by using ab-initio and
thermodynamics. Furthermore, the model which relates
the Na chemisorption and SWR reactivity was proposed.

2. Chemisorption of Na onto Ti NPs surface

Chemisorption is caused by a chemical bond between
atoms from adsorbents and the surface. The strength of
the chemisorption is relatively stronger than physical
adsorption, and often has activation energy. The
reactant’s electron structure changes in most chemical
reactions; Chemically-adsorbed Na atoms have different
electron structure than Na atoms in a bulk liquid Na;
therefore the reaction between adsorbed Na and H2O is
different from the SWR.

In this study, chemisorption energy Eads and the
electronic state of Na on a Ti NP surface were studied.
To determine the most stable states of adsorbed Na, ab-
initio calculation was conducted at four adsorption sites
(top, bridge, fcc hollow, hcp hollow) and three Na
coverages (1ML, 0.5ML, 0.25ML). In addition,
temperature and pressure effects on the adsorption were
modeled using ab-initio thermodynamics. The
calculation results were validated by existing
experimental results.

2.1 Ab-initio calculation method

Chemical adsorption causes electron structure change,
so the Schrödinger equation should be solved to
describe chemical adsorption exactly. The time-
independent Schrödinger equation of a system
composed of many nuclei and electrons is

( ) ( , ) ( , )− − −+ + + + Ψ = ΨN N N e e e N eT U T U U R r E R r (1)

The ground state electron wave function within a
fixed nucleus position can be obtained by using the
Born-Oppenheimer approximation[12]

( ) ( ) ( )− −+ + Ψ = Ψe e e N eT U U r E r (2)

To adhere to the Pauli principle, the Slater
determinant[13] is often used to describe the wave
function of many electron system; most systems consist
of many electrons and therefore eq (2) is difficult to
solve directly. The complexity caused by interaction
among many electrons can be removed by solving the
Kohn-Sham equation.

( ), int ( ( )) ( ) ( )φ ε φ− + =e non KS i i iT U n r r r (3)

Where,

2
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m
(4)

In the Kohn-Sham equation, a system Hamiltonian
can be mapped on to kinetic energy of non-interacting
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electrons and effective potential energy by using
Hohenberg–Kohn theorems[14] and the Kohn-Sham
ansatz [15]. The total energy E of the system can be a
function of an electron ground state number density

2

1

( ) ( ) , ( )φ
=

= =∑ ∫
occN

i electron
i

n r r n r dr N (5)

Kohn-Sham potential VKS is composed of external
potential Vext caused by a fixed nucleus, Hartree
potential VH due to columbic interaction among
electrons, and exchange-correlation potential Vxe. Vxe

indicates kinetic energy difference between a fictitious
non interacting electrons and its spin effect on the
energy. Not like other potentials, Vxe has no exact
formula but only has models such as local density
approximation (LDA), generalized gradient
approximation (GGA), hybrid GGA and meta GGA
model. When the system consists of well-ordered atoms
such as a solid, a plane-wave basis is often used as basis
function to solve the Kohn Sham equation. To reduce
the total number of electrons in the system and the size
of the high-frequency plane wave basis set, we used the
pseudo-potential technique, which considers only
valence electrons, which often have major influence on
chemical reactions, and regarded the ensembles of core
electrons plus nuclei to be ions. Because the effective
potential of the Kohn-Sham equation is also a density
functional, it should be solved self-consistently. A
ground state density can be obtained by using the
variational principle and a constraint on the number of
electrons. After solving the Kohn-Sham equation, the
total energy of the system can be evaluated as

/ 2

1

1
2 ( ) ( )

2
ε −

=
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electronN

total KS i H N N
i

E E U r n r dr E (6)

Kohn-Sham equation was solved by using Quantum
Espresso Package[16], open source solver. We use a
plane-wave basis set with 3p3d4s and 2p3s electron
structures to model the valence states of Ti and Na
atoms,respectively. We used Ultrasoft-pseudo
potentials[17] to model the influence of the ensembles
of nuclei and core electrons, and set the electron kinetic
energy cut off as 816 eV. We used the GGA with PBE
functional[18] to model exchange-correlation effects.
We neglected relativistic effects.

2.2 Model

An NP surface can have many different arrangements
of atoms; thermodynamically the surface with highest
atomic density is the most stable [19]; therefore the Ti
(0001) surface is used as a target surface in this study.

To model a Ti (0001) surface, a slab of 9 Ti atomic
layers is installed and the periodic boundary condition is
imposed in the x,y and z directions. The lattice constant
of the three Ti atomic layers in the middle of the slab is
fixed as the Ti bulk metal lattice constant (2.95 Å) to
model the bulk Ti. The other six Ti atomic layers were
relaxed in the z direction to model the surface state;

outermost layers were exposed to vacuum. The region
between the periodic images in z direction was set > 19
Å to reduce the error induced by the periodic boundary
condition. According to the Na adsorption study on the
Co(0001), the effect of the atomic reconstruction in the
lateral direction is not significant[20];atomic
reconstruction at the surface in the lateral direction was
neglected. To remove the dipole moment effect on the
system, Na was located at both sides of the slab; the Na
atoms were initially located near the outermost Ti
atomic layers and were free to move until the total
system energy reached the global minimum. To
investigate Na adsorption effect on the Ti surface
configuration, a surface rumpling factor δ was defined 
as the distance between the topmost Ti layer and the
layer beneath it. H was defined as the normal distance
between Na and the topmost Ti atoms on the surface.
Surface coverage and adsorption site affects Eads and its
bonding character. Therefore calculation was conducted
for three cases of surface coverage (0.25ML, 0.5ML,
1ML), at four high-symmetry sites (hcp hollow, fcc
hollow, top, bridge) (Fig.1). A Monkhorst-Pack
mesh[21] with (13x13x1) k points was used for
Brillouin zone integration, and Methfessel-Paxton
smearing[22] was used to model the electron density
near the Fermi level. For every case, the calculation was
performed when the residual force of each relaxed ion
as < 0.003 eV/Å, and a convergence test was performed
for the number of k points and the cutoff of electron
kinetic energy.

To validate our calculation, the lattice constants of
bulk Ti, Na and bond length of NaCl molecule were
calculated (Table 1); calculation results showed the
pseudo potential and exchange correlation used was
appropriated. To define chemisorption strength,
absorption energy Eads is defined as

/( ) /= − −ads Na Ti Ti Na Na NaE E E N E N (7)

where ENa/Ti, ETi, and ENa are the total energy of the
Ti NP with adsorbed Na, of the corresponding Ti(0001)
substrate, and of a free Na atom; NNa is the number of
Na atoms.

Fig1. Top view of the surface for 3 different unit cells (1ML,
0.5ML, 0.25ML) and 4 different sites ( top, bridge, fcc hollow,
hcp hollow)
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Table 1: Bulk Ti lattice constant and NaCl bond length [Å]

Target Calculation Experiment Ref
Bulk Ti lattice
constant

2.96 2.95 [23]

Bulk Na lattice
constant

4.20 4.23 [23]

NaCl bond length 2.37 2.36 [24]

2.3 Ab-initio thermodynamics method

After the ab-initio calculation, the most stable
adsorption structure and its bond character can be
deduced, however at the expected operation range[25]
which is 600 K ≤ T ≤ 900 K, Na is thermally
activated; the adsorption will be unstable. The ab-initio
calculations were conducted without considering
temperature (T) and pressure (P), so to obtain the
effects of T and P on the phase stability, an atomistic
thermodynamic approach[26,27] was conducted in this
study. Originally this approach was based on the
assumption that thermodynamic equilibrium between
metal surface and a gas such like oxygen was
constrained[26], and to obtain the most stable surface
phase, surface free energy γ and adsorption surface free 
energy γads were defined as

1
( ( , , , ) ( , ) ( , ))γ = − −Na Ti Ti Ti Na NaG T P N N N g T P N g T P

A
(8)

1
( ( , ,0, ) ( , ))γ = −clean Ti Ti TiG T P N N g T P

A
(9)

where G(g), A, NNa and NTi indicate Gibbs free energy
of the system, adsorption surface area, number of Na
atoms and Ti atoms respectively.
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γ γ
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(10)

∆ γads indicates the difference between the surface
energies of clean surface and adsorbed surface system.
At a given combination of T and P, the stability of the
phase increases as ∆ γads decreases, and ∆ γads=0
indicates a clean metal surface. To obtain Gibbs free
energy, the canonical partition function Q was expanded.
Na gas is monoatomic, so the vibrational and rotational
partition functions (qrot, qvib respectively) were
neglected. In order to remove the volume effects, Na
gas was assumed to be ideal gas (no Na-Na interaction);
the ideal gas law PV = NkbT was used. The Gibbs free
energy of Na at specific T and P can be described as
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where ENa indicates energy from nucleus-nucleus,
nucleus-electron, and electron-electron interaction and
can be deduced by ab-initio calculation; then
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represents the effects of T and P. Using the same
approach as for Na gas, the Gibbs free energy difference
G(T,p,NNa,NTi) - G(T,p,0,NTi) between the surfaces can
be represented as

& &
/

( , , , ) ( , ,0, )−

≈ − +
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when the difference in vibrational free energies is small.
If Na atoms are adsorbed on a clean Ti surface with θ 
coverage, the maximum configuration entropy will be

1
(ln( ) ln(1 ) /

θ
θ θ

θ

− 
≈ − − 

 
configurational Na BS N k (14)

Substituting Eq.11-14 into Eq.10 yields a definition of
∆ γads:
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2.4 Chemisorption strength and its bond character

The stability of a surface increases as its Eads

decreases; the hcp hollow site with 0.25ML was the
most stable phase in this study (Table 2); this
conclusion agrees well with previous results that
considered Na adsorption on a transition metal surface
[20,28–31]. The absolute Eads decreased with increasing
surface coverage because the Na-Na interaction inhibits
adsorption. For example when the Ti coverage was
1ML, the absorbed Na-Na distance was 2.9 Å, which is
much shorter than the lattice constant (4.3 Å) of bulk
Na; therefore coulombic repulsion of Na valence
electrons will increase the system energy. For each
coverage, the hcp hollow site had the lowest Eads among
the four adsorption sites tested, because at this site the
valence electron of Na has the greatest overlap with the
valence electrons of Ti atoms on the surface; i.e.,
increasing the coordination number increases the
stability of adsorption. Surface rumpling δ showed the 
greatest surface structure relaxation when Na adsorbed
to a top site; atomic position reconstruction is not
significant due to the adsorption which is same as Na
adsorption on other transition metals[20,28–31]. For
adsorption to be stable, the topmost Ti atom beneath a
Na adatom should be pushed toward the second
substrate layer to increase the coordination number.

Na adsorption energies were calculated at the hcp
hollow site with 0.25ML for different materials (Table
3). Absorption energy decreased over the periods; this
trend shows how the interaction between Na 3s and
metal surface d band affects Eads. Adatom valence state,
metal d-band interaction and d-band filling have major
effects on Eads [32]. When an adatom approaches the
surface, the valence orbitals of adatom and surface
atoms overlap; over the periods from 3d to 5d in
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transition metals, the surface d band overlap with the
valence state of the adatom increases for atoms at given
positions. If the d band is sufficiently localized, a
bonding orbital and an anti-bonding orbital form[32,33].
If the electron occupies the bonding orbital, the total
system energy is decreased, but if the surface has a high
d-band filling, the electron can occupy an anti-bonding
orbital and thereby increase the total energy. To clarify
the bonding character, the projected density of state
were plotted for 1 and 0.25ML (Fig. 2). In the 1ML
case, 3s states of Na absorbed on Ti (001) shifted
inward to less than Fermi level, but retain a similar
shape to that of the 3s state of bulk Na. In contrast, in
the 0.25ML case, the Na 3s states became localized and
had a resonance peak with the Ti 3d state after
adsorption. A strong localized resonance peak between
Na 3s and Ti 3d bands below the Fermi level indicates a
bonding orbital; a relatively small resonance peak over
the Fermi level indicates an anti-bonding orbital. This
can explain the high Eads in the 0.25ML coverage; a
covalent-metallic bond is made between adsorbed Na
and Ti atoms on the Ti NP surface.

2.5 (T,P) diagram of chemisorption

From Eq.15, the most stable adsorption density which
had the lowest Δγads for a (T,P) was evaluated. The most
stable adsorption density was varied at (T,P). For
example, at T = 300 K, and P < 14.7 MPa, 0.25ML was
the most favorable adsorption state and at P > 14.7 MPa,
1 ML was the most stable coverage (Fig. 3). However,
at T = 600 K, only 0.25ML was the most stable and at T
= 1200 K, Na does adsorbed to the Ti NP surface at all.
A phase diagram (Fig. 3) that indicates the dependency
of the most stable Na adsorption state with respect to T
and P can be used to identify the thermodynamically
most stable adsorption state. According to the phase
diagram, 0.25ML case would exist more abundant than
others within at 300K ≤ T ≤ 1200K , 10-4 MPa ≤ p

≤ 100MPa; This conclusion is almost same as chapter
2.4.

Table 2. Energetic and structural properties for
Site Eads [eV] Havg [Å] δ [Å] 
0.25ML
Top -1.60 2.83 0.160
Bridge -1.64 2.76 0.055
Hcp -1.65 2.74 0.083
Fcc -1.63 2.76 0.067

0.5ML
Top -0.90 2.83 0.158
Bridge -0.94 2.80 0.005
Hcp -0.97 2.76 0.053
Fcc -0.96 2.78 0.048

1ML
Top -0.60 3.05 0
Bridge -0.65 2.92 0
Hcp -0.67 2.88 0
Fcc -0.66 2.92 0

Table 3. Adsorption energy [eV] of various
materials

Surface Eads Ref
Ti(0001) -1.65
Co(0001) -1.64 [20]
Rh(111) -1.89 [31]
Pt(111) -2.48 [29]

Fig.2 Projected density of states on Ti 3d, Na 3s
states for Na on hcp hollow site ( 1ML,0.25ML)
and bulk Na 3s state.

Fig.3 Phase diagram of Na adsorption state at (T,P)

3. Chemisorption effect on the SWR reactivity

In order to model chemisorption effect on the SWR
reactivity, basic understanding about SWR kinetics
itself should be delivered first; base on the SWR kinetic
study and the results at chapter 2, a first trial model of
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the reactivity reduction was modeled. Due to the
parameters in speculation, the model was incomplete;
the validation was done with only 2 experiment cases.

3.1 Fundamentals of SWR kinetics

SWR has been a showcase example which shows
extreme reactivity of the alkali metals however, a less
study has been conducted due to the application of the
SWR is rare. At 1998, Bewig et al.[34] conducted
crossed molecular beam experiments, and found NaOH
was not made within single collision between Na and
H2O molecules. After this unexpected and surprising
experiment results, a several studies has been conducted
to understand the kinetics of SWR[34–41]through
molecular beam experiments and numerical simulations
such as Ab-initio calculation.

Table 4. summarized the history of the studies and the
conclusions of kinetic studies of the SWR is as follows.
1. Delocalization of the 3s electron of Na occurs

during the initial stage of the SWR; the number of
H2O molecules is a key factor for its stability.

2. The OH bond breaking stage is the rate-limiting
step of the reaction; breaking of this bond seems to
require several collision with Na atoms.

3. Finally, SWR can be decomposed of 4 steps below.
1. Na + (H2O)nNa(H2O)n

2. Na + NaNa2

3. Na2+Na(H2O)nNa3(H2O)n

4. Na3(H2O)nNa +2NaOH+(n-2)H2O+H2

Step 4 was conjectured that the rate limiting step[40]
and if step 1,2 and 3 quickly go equilibrium state, H2

generation rate can be assume to be

32
1 2 3 4 2

[ ]
[ ] [ ]= nd H

K K K k Na H O
dt

(16)

where K1, K2 and K3 are the equilibrium constants for
steps 1 – 3 respectively, and k4 is the reaction rate
constant for step 4; n is the reaction order of H2O.

3.2 SWR reactivity reduction model

The mechanism of SWR reactivity regression can be
summarized (Fig 2). Without Ti NPs, H2 is dominantly
generated at the reaction surface (path 1). Some of Na
atoms which leave the surface and diffuse into H2O and
react with H2O (path 2).

The Arrhenius equation can be used to how H2

generation rate is affected by temperature T, activation
energy Ea,12, and the number of moles of H2O and Na
at the reaction surface:

32
1,2 ,1,2 2

1,2

[ ]
( , ,[ ]) [ ]= ⋅a

d H
f T E H O Na

dt
(17)

With Ti NPs, the other reaction path can be assumed
as path 3 which is H2 generation through SWR by
adsorbed Na. Like as without Ti NPs, H2 generation rate
will be a function of T, activation barrier of the reaction
1,2 Ea,12 , activation barrier of the reaction 3 Ea,3 and

mole of H2O, Na and Ti NP. β` is the reaction order of 
Na which is adsorbed onto Ti NPs, however it is hard to
estimate due to no studied conducted yet.

32
1,2 ,1,2 2 1 2

1,2,3

'
3 ,3 2 1 2

[ ]
( , ,[ ])[ ]

( , ,[ ])[ ]β

α α

α α

= −

+

a

a

d H
f T E H O Na NP

dt

f T E H O NP

(18)

To estimate the number of Na atoms adsorbed onto
NP, α1 and α2 are used; α1 is the ratio of number of
adsorbed Na to number of Ti atoms on the NP surface
and α2 is the ratio of number of Ti atoms on the NP
surface to the number of NPs. From the result in chapter
3, α1 is a function of T and P, and is 0.25 in most
conditions. Assuming the total number of Ti atoms per
volume is constant, α2 can be a ratio of outmost shell
volume to total volume of NP.

3 3

2 3

( )
α

 − −
= ⋅ 
 

NpNP NP Ti
Ti

NP

R R D
N

R
(19)

3

,

4 6

3
π= ⋅Np

Ti NP

unit HCP

N R
V

(20)

where RNP is the radius of the NP, DTi is the diameter
of a Ti atom, NTiNP is the total number of Ti atoms in
NP, and Vunit,HCP is the unit volume of Ti metal lattice
structure (HCP).

Until non-adsorbed Na atoms are exist enough, H2

generation is occurred through non-adsorbed Na
dominantly. However, if Na-αNP ≤ 0, H2 generation
rate will be occurred through the adsorbed Na and H2

generation rate will be like as follows.

'2
3 ,3 2 1 2

1,2,3

[ ]
( , ,[ ])[ ]βα α= a

d H
f T E H O NP

dt
(21)

The reactivity regression rate χ between with and 
without Ti NPs can be defined as follows.

Fig 2. Schematic of SWR with Ti NPs
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Table 4. Summary of SWR kinetic studies

2 2

1,2,3 1,2

'3
3 ,3 2 1 21 2

3 3
1,2 ,1 2
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/

( , ,[ ]) [ ][ ]
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α αα α

≡

⋅−
= +

⋅

a

a

d H d H

dt dt

f T E H O NPNa NP

Na f T E H O Na

(22)

From the results of chapter 2 and 3.1, absorbed Na
cannot easily initiate the SWR; this is because the strong
covalent-like metallic bonding between Na and Ti NP
surface atom prevents delocalization of Na 3s electrons
and multi-collisions of Na atoms which are essential
steps in SWR. Therefore Ea,3 can be assumed to be >>
Ea,12 (f1,2 >> f3) , so χ becomes primarily a function of 
the number of moles of Ti NPs at the reaction surface.

1 2
1,2 3

3

, nterface

1 2
3
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f f
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M
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(23)

This relation is valid only where, Na-αNP > 0. 
CNP,Interface is function of time and it reached its
maximum when (Na-αNP =0). 

3
, nterface

1 2 1 2
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Max(C ) = / 1 ( )

3
π

ρ α α ρ α α
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Na Na
NP I AV NP

Na Na

M M
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If Na-αNP ≤ 0, so non-adsorbed Na is fully consumed
by SWR, χ becomes as follows because SWR can be 
occurred by adsorbed Na.

'
3 ,3 2 1 2

3
1,2 ,1,2 2

( , ,[ ]) [ ]

( , ,[ ]) [ ]

βα α
χ

⋅
=

⋅

a

a

f T E H O NP

f T E H O Na
(25)

χ  at Na-αNP ≤ 0 can be assumed to have a very low

value, however, χ at Na-αNP ≤ 0 cannot be evaluated
because f3,f1 and β’are unknown. 

Fig 3. illustrate Expected H2 generation rate based on
the model.t1 and t2 indicate the time when non-adsorbed
Na is fully consumed by the SWR without and with Ti
NPs respectively.

Fig 3. Schematic of [H2]/dt vs t

Year Summary Author

Experiments (Crossed Molecular Beam experiment)

1998 NaOH will not be made from the single collision of the Na and H
2
O L. Bewig et.al.[34]

Multi collision between (Na)
n

and Na(H
2
O)

m
was a necessary step for the reaction products

complex of NaOH and H
2

U.Buck et.al.[35]

2008 Na(H
2
O)

34
is a dominant product of single collision reaction Lukasz Cwiklik et

al.[38]

Numerical simulations (Ab-initio calculation)

2000 Na
2

should be needed to produce NaOH Christopher J.
Mundy et.al.[36]

2005 Na(H
2
O)

n
 NaOH(H

2
O)

n-1
+H

The activation barrier for this reaction depended on the n.

Ka Wai Chan et
al.[37]

2008 After Na collided with (H
2
O)

34
, 3s electron of Na atom became delocalized between Na

+
and

H
2
O molecule, however the complete dissociation of Na

+
and delocalized 3s electron was

not found.

Lukasz Cwiklik et
al.[39]

2009 OH bond breaking reaction was strongly favored in the Na
3
(H

2
O)

6,7
system. NaH formation

was suggested a reaction rate limit step.

A V Vorontsov et

al.[40]

2013 OH bond breaking reaction in Na(H
2
O)

n
system was initiated by capturing of the hydrated

electron from Na by H atoms in H
2
O molecules nearby Na atom

Kenro Hashimoto

et al.[41]



Transactions of the Korean Nuclear Society Autumn Meeting
Gyeongju, Korea, October 29-30, 2015

3.3 SWR reactivity reduction model implementation

To validate the model and assess its limitations, an
analysis of results of previous experiments (Table 5)
was conducted. From the data of Saito,J-i et al[6] and
Park,G et al[7] experimental data. From the Saito,J-i et
al[6]data, at t < 1s, average χ = 0.921 and after 1s χ is 
dramatically reduced to 0.043 and 0.008. From the data
of Park,G et al[7]experimental data, χ transition is 
occurred at t=4.8s and at t < 4.8s, χ=0.490; after 4.8s, 
χ=0.490 is reduced to 0.019. According to the model, 
these χ transition indicate non-adsorbed or “Ti NPs 
effect free Na” is fully consumed and dominant reaction
path was changed at path 3. Before the transition of χ 
and SWR perturb the reaction surface remarkably, at the
initial, χ can be evaluated by using CNP,Interface=CNP,Bulk at
t=0. Therefore χ at t < 1s from the experiment results 
are compared with the value predicted by model.
Parameters for model implementation and results are
summarized at Table 6 and Fig.4. Square symbols
indicate Saito,J-i et al[6] experiment and model
prediction data and triangle symbols indicate Park,G.,et
al[7] case. Relative error ηerror is defined like as

mod| |
100

χ χ
η

χ

−
= ⋅el

error (26)

The Model predict Saito,J-i et al[6] experimental data
within ηerror=8% and Park,G et al[7] experimental data
within ηerror=104%. The model predict Saito,J-i et al[6]
experimental data reasonably well, however Park,G et
al[7] is not matched with the model. This discrepancy
can be come from the error made in the evaluation of
CNP,Interface, because C,Interface=CNP,bulk assumption can be
failed with increasing the NP size; average NP size used
in Park,G et al[7] was 5 times larger than Saito,J-i et
al[6]. If enough potential barrier was exist at the
reaction surface, large size Ti NPs can be adsorbed at
the reaction surface and packed each other.
Unfortunately, unknown of potential barrier and NPs
inter-particle potential make the estimation of the NP
packed structure however it can be evaluate by varying
CNP,Interface from CNP,bulk to maximum of CNP,Interface

evaluated by Eq.23. Fig.5. shows χ variation with 
respect to CNP,Interface for Park,G.,et al[7] experimental
case which is DNP=50nm. Dot line indicates the χ value 
at the experiment and the line cross at
CNP,interface=23.4mM This indicate that NP at the reaction
surface is packed denser than NP at the liquid Na bulk.
When the NP is packed as BCC and FCC, CNP,interface is
13.0mM and 51.987mM respectively. Therefore, NP
which has DNP=50nm can be assumed as packed denser
than BCC lattice structure but sparser than FCC lattice
structure which is mathematically the densest structure.
However, this conjecture has no direct evidence such as
visualizations and therefore, the model need to be
validated with more experiment data with enough
accuracy.

Table 5. Previous experiment result,χ 
Time region Saito,J-i.et.al.[6] Park,G.,et al.[7]

t1[s] 2.3 3
t2[s] 1 4.8

χ at t < t2 0.921 0.490
χ at t2 <t 0.043 0.019

Table 6. Parameters for model implementation and
results

Saito,J-
i.et.al.[6]

Park,G.,et
al.[7]

DNp [nm] 10 50
T [K] 473 373
α1 0.25 0.25
α2 4141.701 108589.552
NTi 24915 24915337
CNP,bulk [ mM/m3] 28.083 0.0532
CNP,interface at
Na-αNP=0[mM/m3]

2898.721 24.965

χ at t < t2 0.921 0.490
χmodel

(CNP,interface=CNP,bulk) 0.997 1.00
Relative error [%] 8 104

Fig.4. χ ( t <t2 ) vs DNP

Fig.5. χ vs CNP,Interface ( case 2[13] ) dotted line
indicates experiment results
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4. Conclusions

The repression of SWR by Ti NPs was expected to be
caused by strong chemical interaction between Ti NP
surface and Na atoms; ab initio calculation using density
functional theory and atomistic thermodynamic
approach were conducted to test this hypothesis.
Adsorption of 0.25ML Na at hcp hollow sites was the
most favorable adsorption surface state and strong
chemical adsorption was confirmed by the adsorption
energy of -1.65 eV. A covalent-like metallic bond was
confirmed between adsorbed Na and Ti atoms on the
Ti(0001) surface; this bond affects the hydration energy
of Na atoms and the activation barrier of the SWR.
Using adsorption energy from the ab-initio calculation
and atomistic thermodynamics, the thermodynamically
most stable adsorption state at (T,P) was determined
Na chemisorption effect on the SWR reactivity
regression rate is modeled. The model predict χ 
variation with respect to time well especially dramatic
reduction of χ; the χ at t < 1s from Saito,J-i et al[6] 
experimental data within ηerror=8% and Park,G et al[7]
experimental data within ηerror=104%. Large
discrepancy between the model and experiment results
at Park,G et al[7], can be assumed to the error of
CNP,Interface evaluation. If NP is pecked denser than BCC
lattice structure, so CNP,Interface = 23.4mM χ discrepancy 
becomes 0. In order to validate the model, precise
experiment results with visualization should be
conducted further.
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Nomenclature
A Surface area [m2]
C NP molar concentration [mole/m3]
D Diameter [m]
E Total energy [J]
F Helmholtz free energy [J]
f Force [N]
G Gibbs free energy [J]
H Hamiltonian [J]
h Plank constant (6.63*10-34 J/s),

Nanoparticle immersion depth [m]
K Equilibrium constant
k Constrain force constant [J/m]
kB Boltzmann constant (1.38*10-23 J/K)
N Total number of (electron, Na)
NAV Avogadro’s number
n Electron number density [m-3]
Q Canonical partition function
R Nuclei coordinate, radius [m]
r Electron coordinate
S Entropy

T Kinetic energy [J]
t Time [s]
U Potential energy [J]
V Volume [m3]
X Number of Na adatoms

Greek symbols
α Coefficient for SWR reactivity regression

model
β Na reaction order for SWR
γ Surface energy [J/m2]
δ Rumpling of Ti atom [m]
ε Kohn-Sham energy
θ Na surface coverage
ρ Electron charge density [e/m3]
Ψ Nuclear and electron Probability density

function
φ Kohn-Sham state
χ SWR reactivity reduction rate
η Relative error

Subscript
ads Adsorption
e Electron
ext External potential of Kohn Sham equation
H Hartree potential, columbic interaction

between electrons
i index for orbital
KS Kohn and Sham
N-N interaction between nucleus and nucleus
N-e interaction between nucleus and electrons
Na/T
i

Na adsorbed on Ti(0001) surface

xc exchange-correlation potential of Kohn
Sham equation
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