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Motivation for a semiclassical approach

(1) Supported nanoparticle catalysts
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Status quo: electronic metal-support interactions
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Hypothesis: Overlapping EDLs are the new factors

What they look like?

How they impact reactions?

LS NPradius: -3nm  pRpbeE Implications for catalyst
- EDL: 1-10 nm

design?




Motivation for a semiclassical approach

(2) Mesoscopic EDLs with nanoscale roughness

Activity & selectivity'?

Local reaction conditions

Surface charge density and capacitance

Work function and potential of zero charge

Electronic properties

| How & why nanoscale roughness affects EDL properties? I

1) Yoon,Y., Hall, A. S., & Surendranath, Y. Angew. Chem. (2016).
2) Nguyen, K. L. C., Bruce, J. P, Yoon, A., Navarro, J. J., Scholten, F., Landwehr, F., ... & Cuenya, B. R. ACS Energy Lett. (2024).



Motivation for a semiclassical approach

(3) Electrolyte effects

Current density (mA cm™2)
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Relevant energy and length scales for ion effects?
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Density-potential functional theory: a semiclassical framework
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2) Huang,J.,JCTC (2023);

3) M.K.Zhang, Y. Chen, M. Eikerling, J. Huang, Phys Rev Appl (In revision).

Huang, J., Chen, S. and Eikerling, M., JCTC (2021);

Orbital-free

+ Computationally efficient
for mesoscopic structures
- w/o covalent effects
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Consistency

Direct connection with
experiments




An orbital-free approach

Tslpl = Z/dr ;i (r (——VZ) @i(r), Exact kinetic energy

An eigenvalue problem to find orbitals

Approximate kinetic energy

A partial differential equation problem to
find electron density
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A few comments on orbital-free DFT

* Dated back to Thomas and Fermi in 1920s, broad applications?

* Metal surface (1960s): Kohn, Lang, Smith,...
 Metal-solution interfaces (1980s): Badiali, Schmickler, Kornyshey, ...
* Theory of stability of matter (1980s): Lieb (Dirac Medal, 2022), ...

e Computation of material properties (2000s): Carter, Trickey, ...

 Hydrodynamic theory for quantum plasmonics (2010s): Manfredi, Ciraci, Dela Sala, ...

 Machine-learned orbital-free DFT is promising to catch up with Kohn-

Sham DFT in terms of accuracy.?

Advantages for the EDL problem

1)

2)

A unified continuum field description of electrode and electrolyte solution under
constant potential

Mi, W., Luo, K., Trickey, S.B. and Pavanello, M., Orbital-free density functional theory: An attractive electronic structure
method for large-scale first-principles simulations. Chem. Rev. (2023)
Burke K., etal., J. Chem. Phys. (2013); Shao B., et al., Nat. Comput. Sci. (2024)
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Density-Potential Functional Theory: Formalism

Orbital-free DFT of metal electrons

FQ = Tin [ne; Vne; ] + UXC [ner Vner ]
Kinetic Exchange-correlation

The electrostatic potential energy of electrons
and cationic cores is included in F

Kinetic energy functional:
Thomas-Fermi-von Weizsacker

1 -1 _2
S =E(3n2) 3|Vnel(ne) 3

Exchange correlation functional:
Perdew-Burke-Ernzerhof

_1 7

1/3 6

t= Z(E) ¢ a3||7ne|(nea3) e
u?: = —2(11(1 + azrs)(ne )ln(l/f + 1)
E = 1((131" 1/2 + AyTs + asr 3/2 + AeTs )

= (4nnead/3) 3

The only free parameter is 01
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Density-Potential Functional Theory: Formalism

Statistical field theory of classical particles - microscopic fields and interactions

Charge density field Charge density field
of cations of anions Polarization field Charge density field

p(r) = pc(r) + pa(r)

+V - P(r) + p*(1)

Ty, Te, Tt POSitions of anions, cations, and solvent molecules; N,, N, Ng: number of anions, cations, and solvent
molecules; p: dipole moment of solvent molecule; p©*: external charge distribution (electrons, metal cationic cores)

H[ﬁc: Per P ﬁ] = Hes[ﬁ] + Hcorr[ﬁ] + Hsr[ﬁc:ﬁa: T)]

N 1 ~ 1 ~r ) . .
= = r r Electrostatic interaction energy
P] 2 T,T'p( )4ne°o|r—r’|p( )

i pl -1 P2 D)2 2P 2) Short-range correlation energy
Hcorr[P] 26 fr (KSP + Ka(V P) + KB (V P) between solvent molecules’

~ T =~ R - R _ Hydration effects of ions
Hsr[pc» Pa, P] = Oc frpcv P+ a, frpav - P

1) R. Blossey and R. Podgornik, Phys Rev Res (2022); J. Phys. Math. Theo. (2023)
2) M.K. Zhang, Y. Chen, M. Eikerling, J. Huang, Phys Rev Appl (In revision).



Density-Potential Functional Theory: Formalism

Grand potential functional
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Density-Potential Functional Theory: Formalism

Controlling equations of three fields

Euler-Lagrange equation = 0 (X=po¢&EP,ngn.,nyng)
0 0 (9 w 49 ) El

_ _ 20 W dt duy OJu . + e T —3VXC) _ ectron

X =S Tle Vﬁe — _,ﬁe E‘F _X + _C . (.ue 0¢) + . 3 (Vﬁe)z .
3 ¢(Orw—0xc)\ on, 0n. 07N, €au 27 (1w — Oxc) density
X=p ¢ = j Gr,r)pl") = ] p(r) Definition of electric potential

o o ATES | — 1|

L E-V Modified Langevin

v e _ _pnL@plE=VeD o odified Lange:
|E — V| polarization equation
X=¢ Vo (eVh+P) = —(n —no)eo — (e — nedeq Modified Poisson-
Boltzmann equation
_ Controlling equation of

_ 1 _ 2 4p) _ _

X=P €6 (KsP — Ko V2P + KgV*P) — acegVn, + aegVn, = € oolarization field



Density-Potential Functional Theory: Formalism

Densities of classical particles

Euler-Lagrange equation

1 nA3
X =ng,ny,ng ﬁc=—log1 — A3+eO(¢+aCV-P)+WC

'[i _Zizg]/i B ; » | Solvation effects
Electrochemcial potential i, = —log : MaZa ——eo(¢ +Ha,V- B) +w,
of electrolyte component B — 2 néyiAB

1 ng/ 1 sinh E-V

i = Llog ALy (Bpl ol)) o
B "1-X,nyidyg B Lpr|E — V|

— b — b b
Xi =Ny /nmax’ Xv = nv/nmax , Ny the
number density of vacancies in bulk

Spatial distribution of
electrolyte component i

with the thermodynamic factors

0. = exp(—Peo(P + a.V - P) — fw,), 0, = exp(feg(p + a,V - P) — fw,)

_ sinh(Bpl€ — Vg 1)
° Bp|E — V|

exp(—fws)
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Density-Potential Functional Theory: Formalism

Relation to other formalisms

Full DPFT

4
(9'1"0) — § 9XC)
21 (Orw — Oxc)

Vn, — (Vie)”
20 _ ) Otrp  dul | oul  (fe +egd)
=3 " (Grw — Ox0) \ 071, | 0T, | OT, e

Simplified DPFT

4
(9’1‘(1) — § ch) (_ )2
——(Vn, =— Npg———————
2fig(Brw — Oxc) © °© 3 (61w — Oxc)

v. <<ew ; %ﬂw’”) v¢>> == (=

Neglect the electrolyte components

VVn, —

V- (€uVe + P) = —(n, —ng)eg — (Nec — Nedeg

€5 H(KsP — K V2P + KpV*P) — aceoVn + a,eoVn, = €

__pnsL(Bp|€ —VeI)
- |E — V|

P (E-V9)

20 _ ) Otrg ouy  0ud  (fi. + ey)
on. 0N,

0ne €au )

Neglect metal electronic effects

Orbital-Free DFT

Modified Poisson-Boltzmann Theory

1) M.K.Zhang, Y. Chen, M. Eikerling, J. Huang, Phys Rev Appl (In revision).

Neglect short-range correlations,

i.e., K, Ka,KB, az a. =0
pns L(Fp|Ve|)

E=0,P=
Vol

Vo
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Numerical implementation to a 1D problem

(1) Controlling equations

Dimensionless quantities

2
Dimensionless differential equations
(6ro —36xc)
VWi, = Zoﬁe - (at_TF + alf’% + alfg _ et eo(p)) PN (Vi)
(Orw — Oxc) \ 0, 0N, 07, €au 27 (61w — Oxc)

V(EwVd + P) = k(g — e + Tc — 7a)

KP — K,Q + KgV*Q — k@ Vi, + k@, Vi, = €
V2P =Q introduced to reduce the order of ODE
_ kpngL(plE-Vo|) - -
P=-— Al E-Vo
1€ - V9| ( )

Implemented in COMSOL Multiphysics using the Mathematical Equation Interface, details provided in the SI
M.K. Zhang, Y. Chen, M. Eikerling, J. Huang, In preparation.

anl

B =

Biag
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Numerical implementation to a 1D problem

(2) Boundary conditions

-« -«

Left BCs in the metal bulk Right BCs in the solution bulk
Vn, =0,V =0,P=0,V?P =0 n,=0,¢=0P=0V?P=0

Description of metal cationic cores

o Jellium: % = 0 (i — X), 6 is a Heaviside function

» Atomic structure: ﬁ‘;o(x) =60(x)—0 (X — E) + 0 (x — % — t) —0 (x — 32“ — t) + 0 (X — 32“ — Zt) —

CC 2

e(x—SZCC—t)+9(x—5‘;“—3t)—e(x—7a“—3t)+0(x—72“—4t) —H(X—ga“—4t)
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EDL of Ag(110)-0.1 M KPF, aqueous interface

Oscillation in model results at five electrode potentials referenced to the PZC

D000 [CI%SRPeF o
Q000 [sldivlcoh2on
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EDL of Ag(110)-0.1 M KPF, aqueous interface

Layering in model results at five electrode potentials referenced to the PZC

s (M)

Q

¢, (M)

60

40

20

N

N

(o)}
1

_——0.1 \% —-0.2V
10 5 0 5 10 15 20
. T . J . | T | (b)
0.05} I .
B 0 -1.0 -I5 0 5 1.0 1I5 20 |
-10 -5 0 5 10 15 20
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EDL of Ag(110)-0.1 M KPF, aqueous interface

Benchmark with experimental C, data - concentration dependence

80

Circles: experiment
Lines: model

-0.4 -0.2

0 0.2 0.4
pzc (V)

Fitted parameters

OF-DFT parameter: 61 = 1.663

Electrolyte solution parameters: K, = —0.35,K; =
0.145,&. = —0.05, &, = —0.081

Effective equilibrium distance” and coefficients in the
Morse potential): dg' = 6.6 ap, d¢’ = 13.3 ag, dy' =
11.6 agy, B = 0.95,B. = 0.19,3, = 4.5

* M-S interactions are described by the repulsive part of Morse potential: w; =
D; exp(—2B;(d —d;)) = B exp (—Zﬁi(d — d?’[)) with effective equilibrium
In(BD;)

distance dM = d; + ——L.
2B

G. Valette, J. Electroanal. Chem. Interfacial Electrochem. (1981, 1982) 22



EDL of Ag(hkl)-0.1 M KPF, aqueous interface

Benchmark with experimental C, data - Facet dependence

80 . .
L] L]

100 mM KPF Ag(110) Ag(100)

Circles: experiment
Lines: model

32 34 36 38 4
—He (V)

Ot is 1.663 for Ag(110), 1.777 for Ag(100)

G. Valette, J. Electroanal. Chem. Interfacial Electrochem. (1981, 1982)



EDL of Ag(hkl)-0.1 M KPF, aqueous interface

Benchmark with experimental C, data - Electrolyte dependence

80 Ag(110) in 100 mM KPF, NaClO,

201

o M -
-

3.60 -0.050 13.3 0.19
3.25 -0.022 13.3 0.15
2.70 -0.081 11.6 4.50
2.75 -0.040 09.4 1.00

G. Valette, J. Electroanal. Chem. Interfacial Electrochem. (1981, 1982) 24



Hypothesis: Overlapping EDLs are the new factors

What they look like?

How they impact reactions?

Implications for catalyst
design?

4 NP radius: ~3 nm ..'.
e EDL: 1-10 nm o
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Electronic equilibration and outer surface charging

1 nm radius Ag NP on Au support, Net electronic charge density: p. = eg(nec — ne)
(a) in vacuum and (b) in solution. Electronic charge density difference: Ap, = p3¢ — p§ — p3

Net ionic charge density: pj,n, = eo(n. — ny)

vac. 1 mM KPF, sol.
T / s - - - . v [ r 7 ® - - -’\ \I
bt \7///,\\\
2??///,-_.\\\-2- ///_._\_\\
: RS
s - T
S —~
c \ o
N =
. =
£ Bl ~
=
3 -6
0 1 2 0 1 2

r (nm) r (nm)

Outer surface charging is more pronounced in solution environment than in vacuum.
Outer surface charging causes ionic charge separation in solution phase.

Y. Zhang, T. Binninger, J. Huang, M. Eikerling., Phys Rev Lett, Accepted
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Comparison with DFT results

6 top 0.25 e/nm3 vac CHGDIFF cov1l5% vac.vasp

Isosurface

Ape (e/nm®)
o

ACLCCRRCCRRECE 38 I JIC 38 3¢ J O J Ot 3Ot
Au LCCCCCEECERECECE N I I I I I I
CLCCCCERRCeRt 3 U JUC 338 338 3Ot J UL 3 Ot
CCRCCCERECRRRRt JOC 3 JIC 30 330 J % J R 3L

top 5.3 e/nm?> sol CHGDIFF cov15% sol.vasp

Ape (¢/nm°)

0.25 ¢/nm?3

(‘((((((((((((.)'Ol .) .) .)I.)I.) .)'Q

CCCCCCCCECEeet a3t At A O O
CCCCCCCECCeCC A N I I I 3 3 3 0C
CCCECCCCCCCECE A I 3 3 3 3 C 3 O ot
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file:///E:/1Research/2024年夏/Program/Structure/SupNP/SupAgNP 输入-输出文件/charge density difference
file:///E:/1Research/2024年夏/Program/Structure/SupNP/SupAgNP 输入-输出文件/charge density difference
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Ape,vac Ape,sol

0.066 e/nm? |
!c‘;J,,
DAY N |

1 Slice 1

T T ,.A. & & 0 & b » OAQ' s W
‘k?A?A?A?A?A?A?,. _,?_A_?A?A?A)?A?A?Al
AR NANRNANIIDC I IC IR AL

: [ |8
’l £ J L g J t E E [ * * L 3 L 3 &+ l. Ve I
,l\,?_A,_?A_?_A_’A?A? A? ?A ‘?A,?A,’A?_A_?,A’;l l ™ :
:'A,.A.L._L.A.) : : : : s : RANNN J: - .
b - . o » r ik | L3 . L - - 1 - e
‘k._ ‘_. A,.. A._L.A - - ¢ 1 ¢ - - &.A..A.A.,A_.AI 1 2 3 4 0

# » # r z ‘ & + . L} . - . »
:'A?A.A.L?A : " : . : : ‘ : A : A?A.A.A?A‘:
‘L,.A,.,A‘A_.J - " A TATT AT A a - L._A.A,.‘A.J.

Slice 2 (RN AT TILNEN I X NN
;L.L.A.Ae:ai?: ; ;Tfj;:?A.A.A.Al
:P,A._?_L?A?As,n i““ ““; A.‘.‘A?L?A?A‘{:
RANNANNK ‘t“ b‘t‘ WARNRIAN
NN AANANARNANANAANNS
‘L,.AA.A_.A,_. A...A_.A,.. x,.A,.A.,A.,.,_A._A.._A’_Jl
LAaaaaaaiVaaaaa s

Slice 1

r (nm) r (nm)



Effect of NP coverage on global & and global PZC

DPFT results
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Differential capacitance: Cq

SA SAu
Caave = C E__+¢
d,ave d,Ag SAg T SAu d,Au SAg T SAu

30 | This work =— Ag NP
Average .-

* Cd of heterogeneous surface resembles that of
homogeneous surface: the only one minimum
sup. NP corresponds to the global potential of zero charge.

0 - - - * Electron redistribution tends to homogenize the
-1 -0.5 0 0.5 1 capacitive response of the heterogeneous surface.

E (Vsug)

Ag NP has aradius of 1 nm
Coverage of 16%
1 mM KClO4 solution
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Differential capacitance: Cq
Coverage effect

NP SupNP 40

D

30 NP

1y

Cq (UF/cm?)
NS

T\

(>

SupNP

2% 16% 50% 1

R.3t = 1 nm

-0.5

0

0.5

Potential (V vs SHE)

coverage = Rgp/Réup

At lower and upper coverage limit, C4; of supported NP

approaches the bare support and unsupported NP, respectively.

coverage
2%

16%
50%
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