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The problem to be addressed

Macroscopic regime

Atomistic level

Ab initio thermodynamics:
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* Ab initio atomistic thermodynamics (aiAT)

* Replica-Exchange Grand-Canonical method (REGC)

e Computational hydrogen electrode (CHE)
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Thermodynamics

Thermodynamics studies macroscopic systems
i.e. composed of a large number of particles

Thermodynamic equilibrium

Thermodynamic potentials
Internal energy U = / (TdS — pdV + Zuisz')
Enthalpy H =U + pV | |
Helmholtz freeenergy F =U — TS
Gibbs free energy G =U +pV - TS
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Bridge between microscopic and macroscopic

S: kBlIlQ

() : Number of microstates
in a given macrostate

This is only a postulate but it works:
1> in equilibrium ()— max, S— max

2> () is multiplicative, S is additive
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Bridge between microscopic and macroscopic

Thermodynamics:

, T, V,N. some
S — k B ln Q Lz;g)th A pcontinuum :
F=—kgTlhZ=—-InZ L

Classical statistics for nuclei Potential Energy Surface: 4,
E{R} (3N —*1) dimensions

Macroscopic
regime

average over all

processes
many atoms

1 A Mesoscopic
ASNN ' t 10 interay among '
A h 10° — few atoms d é‘e\
p— Microscopic
\/QkaBT »- elementary processes o
| | | I | I
Probabilistic interpretation of free energy " a0 10° 100 1 Time(s)
db dE
P(E) = p(E)dE = —Q(E)e™PE = Z— ¢ AE+In@
A Z
Z Z
P(E1) _ o8 | F(B1)-F(E2)] S




Ab initio atomistic Thermodynamics: ideal gas  pV = NkgT

1
N .
7 = ﬁ > y = Ztrans Zrot zv1b Zel Zconf Znucl
Translational: 3 .
— 2rmkgT \ 2 Particle mass
Z = V
h2
Rotational: ImknT ;
. T 2
STt _ Q2 ( h2B ) (]A]B[C) 2Non-linear molecules
Rotational inertia of a
rigid molecule rot 8m? I akpT linear molecules

h2

Vibrational: [ -y
vib __hv; __hv;
il — H e 2kBT ] — e 2kBT Vibrational frequencies

Harmonic oscillator

Statistical Mechanics, D. A. McQuarrie, University Science Books, 2000



Ab initio atomistic Thermodynamics: ideal gas  pV = NkgT

Electronic:
1 __E; __Eo_
o = E (2s; + 1)e *8T = (289 + 1)e *B7T
Conformational: ] . .
o1 Polyatomic molecules Diatomic molecules
conf __ — .
z5 = pe c=N o = 1heteroatomic
Symmetry operations .
Symmetry number y y op o = 2 homoatomic
Nulei:

In most practical cases, we can neglect the interaction between nuclear spins

e 5
— [ == TinZz
w2 (N)m oyl kBT Z +pV),

2mm 5
w(T,p) = = ksTln| (S3) * (kT)3] + ksTInp
8m2IpkgT
— kgTln ( 022}3 ) — kT In(2s0 + 1)

B h2_v + kgT'In (1 — e_k’f;if>



Relation between T, p and u pV = NkgT

2mm, 3 5
w(T,p) =~ ksThn| (557) *(ksT)} | + kTnp
2]\ kT
— kTln (8'” AT2) — ki Tin(2sp +1) | 2HTP)
oh? B
+ EPYL 4 h2_’U + kg7 In (1 — e_’%_vT)

8
JANAF Thermochemical tables, D.R. Stull, H. Prophet. US National Bureau of Standards, Washington DC, 1971



Ab initio atomistic thermodynamics (aiAT)

’ The Gibbs free energy of adsorption

\#02 (T, po,) AG™(T, po,) = G — G*** _ N o (T, po,)
isothermal-isobaric ensemble (NpT)

[1] Statistical Mechanics, D. A. McQuarrie, (2000) 9
[2] Weinert and Scheffler, Mater. Sci. Forum 25 (1986)
[3] Reuter and Scheffler Phys. Rev. B 65 (2001)



Ab initio atomistic thermodynamics (aiAT)

’ The Gibbs free energy of adsorption

\ﬂoz (T, po,) AG™(T, po,) = G — G*** _ N o (T, po,)
isothermal-isobaric ensemble (NpT) From partition function Q

Gibbs free energy G(T,p) = —kgTInQ + pV

[1] Statistical Mechanics, D. A. McQuarrie, (2000) 10
[2] Weinert and Scheffler, Mater. Sci. Forum 25 (1986)
[3] Reuter and Scheffler Phys. Rev. B 65 (2001)



Ab initio atomistic thermodynamics (aiAT)

’ The Gibbs free energy of adsorption

\#02 (T.po,) AG™(T, po,) = G™ — G _ Npuo(T, po,)
isothermal-isobaric ensemble (NpT) From partition function Q

Gibbs free energy G(T,p) = —kgT'InQ + pV

G(T’ p) — Etotal KR Ftrans fe Frot EE Fvib + Fconf —i—pV

Etotal >DFT

Ftrans
Frot

Vi ———canceled out or treated at harmonic approximation

} discarded for solids

[eonf  — neglected
pV  —neglected

[1] Statistical Mechanics, D. A. McQuarrie, (2000) 11
[2] Weinert and Scheffler, Mater. Sci. Forum 25 (1986)
[3] Reuter and Scheffler Phys. Rev. B 65 (2001)



Ab initio atomistic thermodynamics (aiAT)

’ The Gibbs free energy of adsorption

\#02 (T.po,) AG™(T, po,) = G™ — G _ Npuo(T, po,)
isothermal-isobaric ensemble (NpT) From partition function Q

Gibbs free energy G(T,p) = —kgT'InQ + pV

G(T’ p) — Etotal KR Ftrans fe Frot EE Fvib + Fconf —i—pV

Etotal >DFT

Ftrans
Frot

Vi ———canceled out or treated at harmonic approximation v

} discarded for solids

freonf  ———neglected v~
pV  —neglected

An unbiased sampling of the configurational and compositional space

[1] Statistical Mechanics, D. A. McQuarrie, (2000) 12
[2] Weinert and Scheffler, Mater. Sci. Forum 25 (1986)
[3] Reuter and Scheffler Phys. Rev. B 65 (2001)



An effective sampling in phase space
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An effective sampling in phase space: Replica-Exchange Grand-Canonical

grand-canonical ensemble (uVT)

‘\\‘equmbrlum o, (.o, )
iz

v’ Statistical average over adsorption/desorption processes

® Slow-diffusion issues

v' Generation of possible defects by atoms’ insertion or removal
v Circumventing dissociation barrier

v’ Straightforward extension to multi-component systems

14

Frenkel, D.; Smit, B. Understanding Molecular Simulation: From Algorithms to Applications; Academic Press: San Diego, 2002.



An effective sampling in phase space: Replica-Exchange Grand-Canonical

grand-canonical ensemble (uVT)

‘\\\equlllbrlum o, T.p0,)
D

v’ Statistical average over adsorption/desorption processes

® Slow-diffusion issues

v' Generation of possible defects by atoms’ insertion or removal
v Circumventing dissociation barrier

v’ Straightforward extension to multi-component systems

/Realization of the Markov chain ) \
Probability density .4,y (R; N) o« el PPN
\%
" — i - _ﬂ[:u‘_E =il ]
.\iisert remove/4l" PN~ Ny1) = min [1’A3(N ) e N+1—&N }

displace .
>

AN —,B[u+EN_1—EN]]

P(N%N_l):min [1, V (&

15

Frenkel, D.; Smit, B. Understanding Molecular Simulation: From Algorithms to Applications; Academic Press: San Diego, 2002.



An effective sampling in phase space: Replica-Exchange Grand-Canonical

® Numerous minima
® Large free-energy barriers

v' Adding bias to Hamiltonian:

metadynamics _ . _
appropriate collective variables

convergence criterion

umbrella samling
accelerated molecular dynamics

v A generalized ensemble:
simulated tempering Not priori known probability
multicanonical sampling | weight factor
parallel tempering (replica exchange)—> Known weight factor

16

Frenkel, D.; Smit, B. Understanding Molecular Simulation: From Algorithms to Applications; Academic Press: San Diego, 2002.



An effective sampling in phase space: Replica-Exchange Grand-Canonical

® Numerous minima

parallel tempering (replica exchange) —> Known weight factor
® Large free-energy barriers

Low T: thoroughly sampling in the local minimas

High T: jumpimg between minimas (basins)

Partition function of extended NVT ensembles
L

1 _ .
Qextended canonical — H A3NN' / dR e BIE(R;N)
1=1""1 :

Pig,oy5,) = min [1, el (BB (E(R)-B(R,)]

Frenkel, D.; Smit, B. Understanding Molecular Simulation: From Algorithms to Applications; Academic Press: San Diego, 2002.



An effective sampling in phase space: Replica-Exchange Grand-Canonical

.' grand-canonical ensemble (uVT)

\\\‘equilibrium o, T,
i

Thermodynamical state

B

=
(5

-~
L=

-j
=
!

~
o=

e
=

v’ Statistical average over adsorption/desorption processes

v' Generation of possible defects by atoms’ insertion or removal
v Circumventing dissociation barrier

v’ Kinetic barrier

v’ Straightforward extension to multi-component systems

v" REGC coupled with molecular dynamics or monte carlo

18



An effective sampling in phase space: Replica-Exchange Grand-Canonical

.' gran('i'-cz'anonical ensemble (uVT) v’ Statistical average over adsorption/desorption processes
\equmbnum #o, T, po,) v’ Generation of possible defects by atoms’ insertion or removal
%////////////////////////////é v’ Circumventing dissociation barrier
v’ Kinetic barrier
v’ Straightforward extension to multi-component systems

v" REGC coupled with molecular dynamics or monte carlo

4 Tty —— Toft Totty —— Toty

s W Tobty —> Tolt Lot Tty

= IR R gl 1 Tt T

E I T — T, b, Ty,

g iy Loty = T,i, I, _*_leﬁz_ Tlﬂ’:ruar
3 m W_’ Ty, . Iu, T,

: P — I T, — To, 4 Ton, /"
= Tl Tl

RE GC RE GC RE RE

Time >

19



An effective sampling in phase space: Replica-Exchange Grand-Canonical

.’ grand-canonical ensemble (uVT) v’ Statistical average over adsorption/desorption processes

equilibrium
\ #o, T, po,) v' Generation of possible defects by atoms’ insertion or removal

%////////////////////////////A v Circumventing dissociation barrier
= o v" Kinetic barrier

Top, —> T,u,
\Tﬂ Tty = T,
[Tatt Ty, = Typt,

v’ Straightforward extension to multi-component systems

Thermodynamical state

w v REGC coupled with molecular dynamics or monte carlo

Toty
I Time >

2D schematic of REGC

swap different T swap different p swap cross left swap cross right

A, A, Hy Ay H, A, My A, H, A, A, My Hy s My
. I I I I D : / / / : \ \ \
T, T, < — I ' 8
T3 I I I I T3 G5 P> 1‘3 T3 \
7 T, > — T, / / / T, \ \

20



An effective sampling in phase space: Replica-Exchange Grand-Canonical

.’ grand-canonical ensemble (uVT) v’ Statistical average over adsorption/desorption processes

equilibrium
\ #o, T, po,) v' Generation of possible defects by atoms’ insertion or removal

W////////////////////////////A v Circumventing dissociation barrier

v" Kinetic barrier

v’ Straightforward extension to multi-component systems

v" REGC coupled with molecular dynamics or monte carlo

Thermodynamical state

2D schematlcdgf REGC m Partition function of extended uVT ensembles
swap different swap different p
II

A2 L B i | | s | A eBl;u"le mV l,m —ﬁ E(RN )
T I I I I /o S B CR PR Qextended - H H 3Nlm /dRe : hm
T, T, —> +——> =1 m=1 Nim!
z I, <—b <>
T, I I I I T, b <>

BBt pim Ra) B sto, Rs)— (Bt Rs) (B o, Ri)] =
swap cross left swap cross right /Bl N N _ E(R)—E ' _ N _N
e v e —— [ (ﬁk) 1,m—Nk,0) s o[=(Bi—Br)(E(R;j)—E(Ri)+(Bipim —Brto) (Ni.m k,o)]]

~

o= |

NN\
NN\

s
s

o
o

21

e~
o

|
Fi]



Replica-Exchange Grand-Canonical Scheme

@it_ial conﬁgurati_(;lb

v

e —

N\ ——Rand number <%~ A
N ——=—_Rand number <x, Y)

- O/ l
f Grand-canonical \| ‘

Particle Replica swaps
L insertion/removal /’ + L

parallel
NVT diffusion
(e.g., ab initio MD)

v

///\-\_\\
gund —

~ensemble equilibrium (N)
Y)

stop

Zhou, Scheffler and Ghiringhelli, Phys. Rev. B 100, (2019)
https://gitlab.com/zhouyuanyuan/fhi-panda
Shirts and Chodera, J. Chem. Phys. 12 (2008)



Scalability of REGC with FHI-aims

1.0

ttotalhdI) 0.9

ttotal

0'80 4 8 121620 24 28 32 36 40 44 48 52 56 60 64
Replica index
A REGCMD simulation of Si(100) system with 64 replicas.

This was performed on 10 240 cores (160 core for the MD run of every replica)

23



Free energy from probabilities: a posteriori

Freeenergy F;(u,T) = —kBTln‘ ,T) probability B = 1/kpT

| partition function
dR x;(R) A(R) q(R; i, B

Ensemble average (A(R)), s, = “- @RQ(R,% / c(,u ,3)

24



Free energy from probabilities: a posteriori

robabilit
Freeenergy F;(u,T) = —kBTln‘ w, T) P y B = 1/ksT

| partition function
dR x;(R) A(R) q(R; i, B

Ensemble average (A(R)), 5; = *& @RQ(R,M, /7 C(IL ,3)

Reduced potential function for the GC ensemble  U(R; i, B) = BIE(R) — uN(R)]

Grand-canonical density function ¢(R;u, B) = exp[—U(R; u, B)]

Multistate Bennett acceptance ratio (MBAR) approach estimates C(/L, ,3)

Ql,m
Z qRi 13 Kms Pr) L x M thermodynamic states
l o . . -
! i=1 1 1 Z L S§2, mc Q(Rz L. Mms Br) in REGC simulation
<A<R)>M,57i - Z _lf’ . .
= 2 m Sumic,, 5 A(Rimis tm, Br) in the MBAR formalism

Zhou, Scheffler and Ghiringhelli, Phys. Rev. B 100, (2019)
https://gitlab.com/zhouyuanyuan/fhi-panda
Shirts and Chodera, J. Chem. Phys. 12 (2008)
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Free energy from probabilities: a posteriori

robabilit
Freeenergy F;(u,T) = —kBTln‘ w, T) P y B = 1/ksT

Ensemble average (A(R))

- JpdRx:(RVA(R) q(R; 11, B) 7. ZA@ Ui 5
N TS Se-m = 2 AP

Reduced potential function for the GC ensemble UR;u, ) = R) — uN(R)]

Grand-canonical density function ¢(R;u, B) = exp[—U(R; u, B)]

Ergodic hypothesis: ensemble average
equal to time average

—BU (R, _oE)___1 9B 1 0 (Z" Eie_m)
Z E( iy My ) NC, = oT  kgT?0B8  kgT?0p c(p, B)
c(u, B) 1 [(ZEe?)" Y,Ele? U”]

CksT2| A(w,B) (B
1 2 2
- kBT2 (<E > - (E> )

(E) =

Zhou, Scheffler and Ghiringhelli, Phys. Rev. B 100, (2019)
https://gitlab.com/zhouyuanyuan/fhi-panda
Shirts and Chodera, J. Chem. Phys. 12 (2008)
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Results

Proof of concept: Two-component Lennard-Jones surface

Application: Si(100) surface in contact with D, reactive atmosphere at ab initio level

27



Two-component Lennard-Jones surface

Top view Side view

fce(111)

REGC: 10 temperatures and 16 chemical potentials

28



Pressure (atm)

10

l0-5()

10-100

10-150

1 O—?_OO

Two-component Lennard-Jones surface

REGC+ MBAR

100 200 300

Temperature (K)

80
70
60
50
40
30
20
10

REGC(minimum-energy-structures) +aiAT

100 200 300
Temperature (K)

w(p, T) = kT In(p/po)

29



Two-component Lennard-Jones surface

Pressure (atm)

REGC+ MBAR REGC(minimum-energy-structures) +aiAT

[ | | I | | 5 C1 | 1 | | —
L 2nd monolayer (II) N, =59 i 2nd monolayer (I) N, = 45
¥ 70 o |
- 10° ¥
: 60 :
E s
50 =107 ¢
) i
40 3 -
010 [
=10 -
30 &~ i
20 15 |
lOIS :
10 [
...... 0 1020 B
100 200 300 400 500 600 100 200 300 400 500 600

Temperature (K)

Temperature (K)

uw(p, T)=ksT In(p/po)
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S
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Pressure (atm)

10

10°2¢

10710 [

.15 [

Two-component Lennard-Jones surface

REGC+ MBAR

/

(/—[

2nd monolayer (II) N,=59

100

200

300 400
Temperature (K)

500

600

80

70

30
20
10
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Two-component Lennard-Jones surface

Oxy(r)

z,=1.02 = 0.06 A B 2nd monolayer AB (T)

5
r(A)

1 8 9

z,=0.12 = 0. 12A BN 1st monolayer AB

32




Two-component Lennard-Jones surface

o 80 1 2 3 4 5 6 7 8 9 10
’ z,= 1.14 £ 0.18 A B 2nd monolaver AB (11) 0.8
0.6
0.6
-
=04
x
<))
0.2
0.0
lO5 [ (/ T T T T
[ 2nd 1 I N. =59
100 / nd monolayer (II) NV, 0.8
. 60
= -5 0.6
2 10 50
o A
> 40 3
510710 0.4
A 30 5]
\")
N 20
10 15 4) 0.2
10
1020 0 0.0,

100 200 300

400 500 600

Temperature (K)

Zhou, Scheffler and Ghiringheli, Phys. Rev. B 100, (2019)

z,=1.14£0.18 A
T =600 K
Py =8.89 x 107 atm

BN 2nd monolayer AB (II)

z,=1.14+0.18 A

T=200K
Py =2.03x10" atm

BN 2nd monolayer AB (11)

b

L




Si(100) surface in contact with D, reactive atmosphere at ab initio level

reconstruction adsorption
Top View Side View
00 ©0 ©0 L (@D
\ /
Si— Si
O OO0 o0 S8
o0 O o0 Si Si Si
(a)
(3x1)
e 00 © 00 © 00 H
P11 988 Ao
9 "}-o— — 00 © 060 © 00 /Sl\—/Sl\
N 7{‘: OGO GO® S S S
=00 =

u—
SS9 9pN

AU )
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Model systems: (4%4) and (3%3) supercell

FE R R R RERERERRERERERNERERRERERNRNESRNERERRNENTN.]

. surface zone :
i Qo os | |
. 0 %00 © %0
H H
Si
/ N\
i Si

H-terminated

-~

ab initio molecular dynamics
xc: PBE+vdW™ "
basis setting: light
stochastic velocity-rescaling thermostat

kUsing D, instead of H, during the simuly

34
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Quantitative calculation of ab initio phase boundaries

Q -1 .
<E2>(T, PH,) <E>%T, PH,) <E>u B = Z E(Rn) C#,ﬂ q(Rn’ 'u’ﬁ)
| Zl,m Ql,mc;:“ng(Rl,m; Hm s 6l>

Cly, (T, pu,) — k1?2
in MBAR formalism

n=1

Every 1 K and 0.01 eV interval

[

=
g
=

Pressure (atm)

[—

(=
e
9]

[

= I
[\
(—}

400 600 800

Temperature (K)
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Quantitative calculation of ab initio phase boundaries

Q —1 .
<E2>(T, sz) o <E>%T, pHQ) <E>'u,8 _ Z E(Rn) Cﬂa[j CI(RnaM,ﬁ)
’ Zl,m Ql,"rnc;,nl,HﬁIQ(Rl,m; Hom s 6l)

C’U, (T> pHQ) — kBT2
in MBAR formalism

n=1

Every 1 K and 0.01 eV interval

105 — 20
0
£
<107
o 10
2 . 10
§10
A 5
10715
10-20 0

400 600 800 1000

Temperature (K)
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Quantitative calculation of ab initio phase boundaries

Q —1 .
<E2>(T, pH2) - <E>%T, pH2) <E>“[3 _ Z E(Rn) C/f”B q(Rna,uaﬁ>
, Zl,m Ql,'mc;m,gZQ(Rl,m; Hom s 6l)

Cly, (T, pu,) — k1?2
in MBAR formalism

n=1

Fi(pu, T) = —kgTIn P;(u, T)
JrdRxi(R) q(R; u, B)
Jr dRq(R; 1, B)

yi(R) :number of chemisorbed D (N,)

0
g
<107
& 10
2 10
5 10
- 5
107 15
10
10'20 O 100 Tefr?p())erature (K) 500
400 600 800 1000 | T
0 N 8 16

Temperature (K)
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Quantitative calculation of ab initio phase boundaries

R,)c ;1561( ni 14, 3)

: (B pny) — (EVr, ) = Z
v, (T, pH2) - kBT2 Zl m Ql mcﬂ /Bl (Rl m7 ,Um7 6l)
in MBAR formalism
Fi(u,T) = —kgT In Py(u, T
(1, T) B (1, T) xi(R) :number of chemisorbed D (N,)

16

I 300 K/ |-

=25 =20 10*15 10*10 1075 100

10
Pressure (atm)

= —kBTln

Jp dRq(R; p, )

w
=
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S
P

N
[y
=3

[y
<

)
<
(=3
=e

[y
<o
P

Pressure (atm)
|
=

[y
<>

o
|

—

n

[
>

[y
= |

400 600 800
Temperature (K)

8 1
Np
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Quantitative calculation of ab initio phase boundaries

R,)c ;EQ(Rn;u,ﬁ)
llemC,u B4 q(Rim; o, Br)
in MBAR formalism

Q
: BN py) — ENr, py) Z
v, (T, puy) — kBT2 =

Fi(pu, T) = —kgTIn P;(u, T)
JrdRxi(R) q(R; u, B)
JrdRq(R; i, B)

xi(R) :number of chemisorbed D (N)

I 300 K/ |-

= —kBTln

w
=

Cy (/cell)
g
r
o ®
Np

15
10

Pressure (atm)

Cy (/cell)

Pressure (atm)

10400 600 )

Temperature (K)
| e
0 8 16

Np



Quantitative calculation of ab initio phase boundaries

Q —1 )
C <E2>(T, PH2) o <E>%T, pH2) <E> g = Z E(Rn) CM,,B q(Rnauaﬁ)
v, (T, puy) — kT2 o Zl’m Ql,mC;i’qu(Rl’m; Mo ﬁl)
in MBAR formalism

n=1

Fi(pu, T) = —kgTIn P;(u, T)

[ dRx:(R) q(R; u, B) xi(R) :number of chemisorbed D (N)

== —kBTln y
fI‘ dRQ(R, Haﬂ) “ 11 300 K/_:j
%20
s 1
10 10
0
10 30
lg/ 10 > 15 L
= =
2 10
E 10 S 5 10
10 .
=20 ‘

—
[9,]

l
10 200 600 800
Temperature (K)

i
>

<
=]
[
=)

C, (/cell)
[u—y
[}
b

10> 107 0" 0" 10° 10"
Pressure (atm)



Quantitative calculation of ab initio phase boundaries

Pressure (atm)

400 600 800
Temperature (K)
0 8 16
Np

boundary 1| II | III IV V | VI | VII \VIII IX X XI | XII  XIII
Np 0|22 (6|2 (4| 8 |10)12(10/ 12| 13 | 14
Nb 2/ 8|6 8|4 (6| 10|12 13|14/ 15| 14 | 16
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Descriptors for microstates

Number of chemisorbed hydrogen (N)

Coordination histogram (H___.,)

‘ 6
B
/ » .V
0 0Si-H 1Si-H 2Si-H

° 1Si-Si 28i-Si 3Si-Si 4Si-Si
Si-Si bond length= 3.0 A Coordination type
Si-H bond length = 2.0 A Coordination histogramis0360006 3

£

Number of atoms
(V)

Dimer type (k
dlmer Kdlmer Kdlmer

S



Structural descriptors

Coordination histogram (H_,,,) Dimer type (K imer)

XN Kdimer =0
/s Kdimer =1

Pressure (atm)

Pressure (atm)

20
600 700 10 309 400 500 600 700 800 900
Temperature (K)

Temperature (K)

0 8 16
D

01234567 8 91011121314151617 181920 21 22232425
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tio level

T>650 K

Ini

T<650 K

Si(100)-(4%4) surface in contact with D, reactive atmosphere at ab
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Si(100)-(3%3) surface in contact with D, reactive atmosphere at ab initio level

Pressure (atm)

Ny =12 380K

10 300 400 500 600 700 800 900
Temperature (K)

| B
12

boundary | I | I |[III|IV | V | VI |VII

Nu 0 2 144 10
Nu 1 4 |9 719 |10|12

|
o
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Si(100) surface in contact with D, reactive atmosphere at ab initio level

Reduced potential function for the GC ensemble UR; i, B) = BIE(R) — uN(R)]
U(R, u, B) — IB [E(R) _ Esupercell o /,LND (R)] /Asupercell

unrecon

ERiReisn ithe potential energy of the unreconstructed Si(100) surface

0=1.0

o

o
500 600 700
Temperature (K)
I TS
0.0 1/4 1/2 o 3/4 1.0 4/3
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Si(100) surface in contact with D, reactive atmosphere at ab initio level

Reduced potential function for the GC ensemble  U(R; i, B) = BIE(R) — uN(R)]
U(R; 1, B) = B| B(R) — ERRSics — uNp(R)| /Aswperce!
Ei‘é‘r’eeégﬁu‘:the potential energy of the unreconstructed Si(100) surface
Average bond lifetime: 1.63+0.06 ps, 800K
0=1.0 — :

1.48+0.05|ps
10 ' i 800K
400 500 600 700 800 900
Temperature (K) K gimer = 1
I ~ TTS
0.0 1/4 1/2 3/4 1.0 4/3
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Adsorbed D slow the dynamics of dimer bonds



REGC@MBAR vs. aiAT@harmonic approximation

Reduced potential function for the GC ensemble  U(R; i, B) = BIE(R) — uN(R)]
U(R; 1, B) = B| E(R) — ERRsiss! — uNo(R) | /Asperee!

Egkeion :the potential energy of the unreconstructed Si(100) surface

D> pressure (atm)

10 10 10° 10°
3)((; 15 i i MBAR@REGC
y S0 N, =12
Si(100)-(3x3)
—30; 6 =1.0
N, =16

Si(100)-(4x4)
T=359K

|
&
h

aiAT@harmonic approximation

Surface free energy (meV/A ?)

300 400 500 600 700
Temperature (K)
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Thermodynamic overpotential

Computational hydrogen electrode model

AC;'a,ds = AE'a,ds . E AEZPE —TAS

Chemical potential of H, — 2(H" + e7)is half of H, when SHE is the reference potential
AGy = eU A bias effect of electron in the electrode

AGpn = —kgTIn[H"] = —kpT1In10 X pH pH effect

Solvent and dipole effect is neglected

AG = AEads - AEZPE —TAS — n(O5GH2 = AGU a AGpH)

In an acid environment, O, reduction the associative mechanism
Elementary steps
0(9) +* — 05

O; + H" + e~ — HOO*

HOO* + H* + e~ — O* + H,0(l)

0% Ht 46 =~ HO!

HO* + H" + e~ — HO(l) + % 49

Ngrskov, Rossmeisl, Logadottir, Lindqvist, Kitchin, Bligaard and Jonsson J. Phys, Chem, B. 108, 17886, (2004)



Thermodynamic overpotential

Computational hydrogen electrode model

AC;a,ds = AEads . E AEZPE —TAS

Chemical potential of H, — 2(H" + e7)is half of H, when SHE is the reference potential
AGy = eU A bias effect of electron in the electrode

AGpn = —kgTIn[H"] = —kpT1In10 X pH pH effect

Solvent and dipole effect is neglected

AG = AEadS - AEZPE —TAS — n(O5GH2 = AGU a AGpH)

In an acid environment, O, reduction the associative mechanism
Elementary steps

4 o*
OOH* .
0} + H' + e~ — HOO" 0, OH GO™ = min{AG,, AG,, AG3, AG,}
ORR ORR
HOO* + H + e~ — O* + H,0() AG n-— o= |G |/e—1.23V
O* +H" + e~ — HO* H,0
HO* + Ht + e~ — H,0(l) + * 4(H*+e’) 3(H*+e) 2(H'+e’) H*+e , “

Reaction steps
Ngrskov, Rossmeisl, Logadottir, Lindqvist, Kitchin, Bligaard and Jonsson J. Phys, Chem, B. 108, 17886, (2004)



Summary & outlook

Ab initio atomitic thermodynamics method:
well-defined systems: screened structures
\/ vib . . . .
F (quasi)-harmonic approaximation

\/ Fconf is negligible

The Replica-Exchange Grand-Canonical ab initio Molecular Dynamics method:
\/ to address surface composition and geometry at catalytic (T, p) condtions.

to quantitatively determine ab initio phase boundaries.

\/ to calculate T-p dependence of any (atom position dependent) observable.

X Fixed volume

X Insertion directly into the lattice (lattice expansion/change)
X Kinetics of reactions: combined with methods e.g., Markov
state models
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