Grand-Canonical Variational Theory of Oscillatory Fields at
Electrified Metal-Solution Interfaces

Mengke Zhang'?, Yanxia Chen'”, Michael Eikerling>?, Jun Huang?>"
!Hefei National Research Center for Physical Science at Microscale and Department of Chemical
Physics, University of Science and Technology of China, 230026 Hefei, China
’Institute of Energy Technologies, IET-3: Theory and Computation of Energy Materials,
Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany
3Theory of Electrocatalytic Interfaces, Faculty of Georesources and Materials Engineering,
RWTH Aachen University, 52062 Aachen, Germany
*Corresponding Author Email: yachen@ustc.edu.cn, ju.huang@fz-juelich.de

Abstract The oscillatory fields near the electrode surface are not considered in the classical
models of electrical double layer (EDL), while holding immense importance for stability, activity,
and selectivity of interfacial reactions. Here, we develop a unified theoretical framework for
oscillatory fields in the EDL under constant potential conditions, combining an orbital-free DFT
treatment of electrons on the metal side and a statistical field theory of charged fluids on the
electrolyte side. The resulting grand potential is a hybrid functional of electron density, electric
potential, and solvent polarization, referred to as density-potential-polarization functional theory
(DPPFT). Built on the DPPFT, an EDL model for the Ag(110)-KPFs aqueous interface is
parameterized with experimental double layer capacitance (Cq;) data. The calibrated model is then
employed to study the influence of electronic, ion, and solvent properties on the EDL structure and
capacitance. Cq profiles at different crystal faces and in various electrolyte solutions are
rationalized coherently. We reveal that intensified ion layering leads to elevated capacitances at the
potential of zero charge (PZC) and narrowed ionic peaks in the Cg; profile. Contrary to classical
models, the DPPFT model allows co-ions to have an appreciable density near the electrode surface,
opening an avenue to decipher the origin of the anomalous anion effects on electrochemical CO;

reduction. The presented framework adds much-needed realism to the modelling of EDLs.

Keywords density-potential-polarization functional theory, statistical field theory, constant

potential, differential capacitance, electric double layer, oscillatory fields, layered structure
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1 Introduction

The physics at electrified interfaces is the foundational basis of numerous research fields,
including but not limited to electrochemistry [1-4], nanofluidics [5-7], biology [8,9], and
geological science [10]. In a nutshell, when an electronic conductor, often a metal, is immersed
into an ionic conductor, often an aqueous solution, electronic and ionic charge of same magnitude
but opposite sign assemble at the interface between the adjacent phases, forming an electric
double layer (EDL).

Understanding the interactions between electrons, ions, and solvent molecules within the EDL has
been a topic of intense research for the past two centuries. Current textbook understanding is
neatly condensed into the Gouy-Chapman-Stern-Grahame (GCSG) model [11,12], which
describes the EDL as an inner compact layer and an outer diffuse layer. The inner layer is further
divided into an inner Helmholtz plane (IHP) of specifically adsorbed ions and an outer Helmholtz
plane (OHP) at the position of the closest nonspecifically adsorbed ions. Ion densities in the
diffuse layer are determined by the interplay between electrostatic, thermal, and short-range hard-
sphere forces. The GCSG model is well-established for mercury-like metals [13—15], as well as
for sd metals like Ag and Au[16-21]. Applicability of the GCSG model for Pt-type electrodes

remains a topic of heated discussion [22-25].

The GCSG model and its variants are often criticized for the absence of two characteristic features
of an EDL. The first one is metal electronic effects [26,27]. The second one is the absence of
oscillations in the electric potential and ion densities in the nanoscale region just outside the
electrode surface that appear in every atomistic or molecular simulation [28-30]. Addressing
metal electronic effects, the jellium models developed in the 1980s allow us to understand the
dependency of the inner layer capacitance on the nature of the metal [31-33]. Nowadays, Kohn-
Sham density functional theory (DFT) based models provide a largely satisfactory description of
metal electronic effects. Oscillatory fields were first sensed by surface force apparatus (SFA) in
the pioneering work by Pashley and Israelachvili et al. [34—36] Later, advances in experimental
techniques such as atomic force microscopy (AFM) [37,38], have enabled their more detailed
investigation. For instance, Mugele ef al. detected oscillatory forces on mica and amorphous silica

surfaces in aqueous solution using an ultra-sharp AFM tip with a radius of 1-2 nm [38].

The oscillatory fields near the electrode surface are crucial for the stability of colloidal particles
and macromolecules like DNA, as well as the activity and selectivity of electrochemical reactions.
Recently, Kornyshev et al. gave a historical account of interests in the former aspect [39], and
herein, we complement their account by focusing on the latter aspect. All electrochemical
reactions occur in the EDL, and the oscillatory fields dramatically change the local reaction
conditions for reactions, including the concentration of the reactant(s) and product(s), electrostatic
driving force, and solvent reorganization free energy. Early on, these local reaction conditions
were accounted for in the Frumkin corrections based on the notation of a reaction plane [3,40-45].

The reaction plane may be a good approximation in the mean-field type GCSG model, while it
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becomes problematic in the presence of oscillatory local reaction conditions. Instead, the notation
of a reaction volume considering the discreteness and oscillatory distribution of charges near the

electrode surface is necessary [46,47].

On the theory side, the oscillatory fields in the EDL can be captured by phenomenological theories
of structured liquids. For this end, Berthoumieux et al. employed the Landau-Ginzburg approach
where solvent interactions are described as a functional of the solvent polarization [39,48,49]. In
this theory, electric potential and solvent polarization are two coupled field variables of the
electrolyte solution. The oscillations of electric potential and solvent polarization, alongside the
layered structure of ions, are delineated by this theory [39]. Recently, Blossey and Podgornik have
developed a comprehensive continuum theory rooted in statistical field theory, in which they
further coupled the ion charge density with the solvent polarization, enabling the description of
short-range interactions between ions and solvent [50-52]. These literature works have described
the electrolyte solution side in great detail, while treating the metal surface as a featureless
boundary condition. This treatment neglects the built-in electric field at the metal surface and its
influence over the oscillatory fields. It is unclear how the built-in electric field distorts the
oscillatory fields in the EDL.

While the two key drawbacks of the GCSG model can be treated by Kohn-Sham DFT and
Landau—Ginzburg theory, a unified framework considering the interactions between electrons on
the metal side and classical oscillatory fields on the electrolyte side is, to the best of our
knowledge, missing. This work addresses this gap by developing a computationally efficient,
grand-canonical, variational theory for metal electronic effects and oscillatory fields in the EDL.
In the remainder of this paper, we first formulate the grand potential of the EDL by combining the
orbital-free density functional theory (OFDFT) of quantum mechanical electrons and the statistical
field theory of charged fluids on the electrolyte side. The theory describes the grand potential of
the EDL as a functional of three field variables, i.e., the electron density, the electric potential, and
the solvent polarization field, hence referred to as a density-potential-polarization functional
theory (DPPFT). Afterwards, we obtain three controlling equations of the EDL from a variational
analysis of the grand potential. The DPPFT model is parameterized with experimental data for the
differential capacitance (Cy4;) of the Ag(110)-KPFs aqueous interface. The calibrated model is then
employed to study the influence of model parameters, including electronic structure parameters,

ionic properties, and solvent properties, on the interfacial structure and Cq; profiles.
2 Theory development
2.1 Grand potential of EDL

The metal comprises cationic cores and electrons, while the electrolyte comprises cations, anions,
and solvent molecules (denoted by cc, e, ¢, a, s subscripts). The grand potential £2 of the
electrochemical interface is obtained by a Legendre-transformed from the Helmholtz free energy
F,
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0= F—fr<neﬁe+ > n@-) (1)

i=a,c,s

where fi, and fi; are electrochemical potentials of electrons and electrolyte component i, and n,
and n; represent their number densities. The subscript of the integral sign denotes the integral

variable. 7 represents the spatial coordinates, and [ is a short-hand notation for [ff dxdydz.

Following ref. [53,54], the Helmholtz free energy is decomposed as,

where Fg describes the quantum-mechanical interactions of the inhomogeneous electron gas in the
metal, F¢ describes the classical interactions between all particles in both phases, and Fg describes

the short-range interactions between the metal and the electrolyte particles.

2.2 The metal

In the orbital-free DFT (OFDFT) formalism, Fg is written as,

Fg = Tin[ne, Ve, ... ] + Uxclne, Vne, ... ] 3)

where Ty; is the kinetic energy of non-interacting electrons and Uxc the exchange-correlation
energy. They are functionals of electron density, Vn,, V2n,, etc. Ty; is described by Thomas-
Fermi-von Weizsédcker (TFvW) theory [55-57],

Tni[ne] = feauaagtTF(l + GTSZ) (4)

-

with the volumetric kinetic energy that is given by the Thomas-Fermi theory, trg =
2 5

% (3n2)3(nead)s, the correction for gradient terms, (1 + 61s2), and the reduced gradient term,

1 _1 _4 . . . . . .
s = 5(3712) 3|Vn.|(ne) 3. B1 is a coefficient for the contribution of the gradient term in the

kinetic energy. e,,ag> is used to transform the expression from atomic units to SI units, with

ed
4meqay’

atomic energy e,, = Bohr radius a, elementary charge ey, and vacuum permittivity €.

The exchange-correlation energy Uy is the sum of an exchange part uy and a correlation part uc

[34],

Uxc = fr(ux +uc) 5)
uy and u¢ are described by the Perdew-Burke-Ernzerhof (PBE) functional [58]. uy is formulated
as,

Uux = eauag ux(1 + Oxs?) (6)
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1

- 4
with the volumetric exchange energy of a uniform electron gas, uy = —%(%)3 (nead)s. Oy is a

coefficient for the contribution of the gradient term in the exchange energy. Similarly, uc is

formulated as,
Uc = eaua63 (ug + (neag)ectz) (7)

1
. . 1,3\ 6 -z . .
with the reduced gradient term ¢ ZZ(E) ®ag|Vne|(nead)™s. B¢ is a coefficient for the

contribution of the gradient term in the correlation energy. ug is the volumetric correlation energy

of a uniform electron gas, for which we use the interpolation scheme of Perdew et al. [59], ud =
—2a,(1 + ayr)(nead) In(1/€ + 1), with the term & = Zal(a3rsl/2 + a,rs + a5rs3/2 + agr?), the

1
radius 7, = (4mnea3/3)73, the coefficients a; = 0.0310907,a, = 0.2137,a; = 7.5957,a, =
3.5876,a5; = 1.6382,a, = 0.49294.

Three aspects regarding the description of metal electrons need to be noted. Firstly, if we consider
all electrons in the metal, pseudopotentials for the cationic cores are not required anymore.
Secondly, the electrostatic potential energy of electrons and cationic cores is included in F¢.
Thirdly, the entropy of the electron gas can be implicitly considered in the parameters of electronic

functionals, Ty,; and Uxc, which are temperature-dependent as in ref [60].
2.3 The electrolyte solution

Following Blossey and Podgornik [50,51], the classical part is treated by field-theoretic continuum
theory, encompassing both electrostatic and non-electrostatic interactions between classical
particles. We consider an electrolyte containing a pair of monovalent ions. We first introduce four
fields, i.e., the charge density field of cations p., the charge density field of anions p,, the
polarization field P and the overall charge density field p. Their spatial distributions depend on the

positions of cations 7, anions 13, solvent molecules 75, and the orientations of solvent molecules n,

Pc =€ ; §(r—r) (8)

pa = —e 8(r—ry) ©)

Pr)=p ) né(r—r,) (10)
2

p(r) = pc(r) + pa(r) + V- P(r) + p**(1) (1D

where N, N, are the number of cations and anions and the summations over them iterate over the
positions of all ions. Ny is the number of solvent molecules, and the summations iterate over the
positions and orientations of all solvent molecules. p is the magnitude of solvent dipole moment.

Here, n is defined as the normal vector pointing from the center of positive charge of a solvent

5
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molecule to that of negative charge of a solvent molecule. In this definition, the bound charge

(polarization charge) distribution generated by the solvent polarization is expressed as,
Po(r) =V -P(r) (12)

The interaction energy of the classical part can be expressed as a functional of the above four

fields and their gradients. Following ref. [50,51], it comprises of three parts,
ﬁ[ﬁcv P P, f’] = ﬁes[ﬁ] + ﬁcorr[ﬁ] + ﬁsr[ﬁc: Pas P] (13)

where H,g is the total electrostatic energy between charged particles. For a given configuration, it

can be expressed by a standard Coulomb interaction,

1
Auslpl =5 | p0IGG R0 (14)

where G(r,r") = is the Coulomb interaction potential with its inverse operator being

_r
ATEn |T—T|
G l(r,r") = —€,V?8(r—71") , and €, being the high-frequency dielectric permittivity

accounting for the non-configurational polarization.

Hopr is the correlational energy between solvent molecules, which originates from short-range
interactions, due to the coupling between non-local polarization fields. Following ref. [50,51], we

expand the coupling potential to fourth order, namely, H.,. can be expressed as the quadratic

functional of polarization field P, its gradient V - P, and its second order gradient V2P,

~ - 1 - =12 N2

Aeore[P] = Z—GOJ(KSPZ +Ko(V- P)" + Ky (V2P)°) (15)
r

where K, Ky, Kg are phenomenological coefficients of expanded terms. K is dimensionless, while
1

1
KZ, KE have the dimension of length.

P

H,, is the short-range interaction between the charge density of ions and the solvent polarization
field. This term describes the coupling between the solvent polarization and the charge density of
ions, which is related to the solvation of ions. To the lowest order, A, can be expressed as a

functional of ionic density field and the gradient of polarization field [50,51],
ﬁsr[ﬁc:ﬁa'ﬁ] = acfﬁcv P+ aajﬁav' P (16)
T T

where a., a, are two parameters that characterize the strength of short-range correlations between
solvent and cations and between solvent and anions, respectively. In the classical interaction
energy H, the total solvation energy Hy,,, arising from all interactions between ions and solvent

molecules, is then,
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Aooilper o P| = j pe(r) (ac + f ,G(r,r')>v P() + f P (ac + j G(m'))V

-P(r")

(17)

Since G(r,r') is positive, negative values of a. and a, indicate that short-range correlations
effectively reduce the impact of electrostatic interactions between ions and surrounding solvent
molecules. This destabilizes the solvation structure governed by electrostatic interactions,
resulting in a less negative solvation energy. Conversely, positive values of a. and a, effectively
enhance electrostatic interactions between ions and surrounding solvent molecules, strengthen the

solvation structure, and result in a more negative solvation energy.

The grand canonical partition function Zg for the system with Hamiltonian H, is defined as,

Zelm (@) = ) ) ) Atz ()

NS NC Na
with
27, (N3] =~ | exs(=pAlp a5, P)
e 00 = S ) Pl 19)

where 1; = eP¥i is the fugacity of electrolyte component i, § = ﬁ is the thermal constant, with
B

Boltzmann constant kg. The thermal de Broglie wavelength , A;, ensures a dimensionless partition
function. Z, is the canonical partition function with temperature T, and particle number {N;}. The

subscript C represents the integral measure over all configurational coordinates of particles.

To develop the field theoretic representation of the partition function, we first introduce a set of
collective fields by utilizing the sifting property of the Dirac delta functional. For example, given
a functional f () of the field g, a collective field g can be introduced using the sifting property of
the Dirac delta functional 6 (¢ — 0), i.e.,

F) = f 5(e - 0)f (@) (20)
e

In such a way, we can introduce four collective fields p., p,, p, P respectively corresponding to the

previously defined fields p., p,, p, P in the integral kernel of Z. in Eq. 19,

ea(-pilpopupP)=[ [ [[| ] se-o)ewcsuipopmnrd e

0=pPc,PapP.P

[

with,
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1 1
H= —f p(MG(r,v)p(") +—f(KSP2 + K, (V- P)? + Kg(V2P)?) + acfpcv -P
2 Jy 2€9 Jy r
' (22)
+ a, fpaV-P
T

The collective fields are functions of spatial coordinates only. Further, the auxiliary field ¢*
corresponding to the collective field ¢ in Eq. 21 can be introduced by Fourier transform to g in the
Dirac delta functional §(o — @) [61], i.e.,

6(e—0)= f _exp (—i fﬁ(ﬂ*(@ - @)) (23)

¢

In such a way, we introduce another four auxiliary fields ¢¢, ¢3, ™, E* respectively corresponding
to the collective fields p,pa,p, P in Eq. 21. The auxiliary fields are functions of spatial

coordinates only. Then Z.. is reformulated as,

H+ife*~P+iJ¢*p

Ze 3Ns 31Nc 3Na |y lNllN IJ exp( —p " ! 72 (24)
AT AT AT N NG N, +i [ gepe+i | dipn
T r

with

~ 25
70 = fcexp (iﬁf(s*~P+¢*ﬁ+¢:ﬁc+¢;ﬁa)> =

where the subscript F denotes the integral measure over all collective fields and all auxiliary fields.

The exponential term in Z? is evaluated as follows,

8 [ (@'p+ i+ 9ipa+ € P)
=i,8[r¢* 60;6(7”—7%)—eO;S(r—ra)+p%:n~V6(r—rs)

+0%0) |+ iBey [ 4 80 =1~ ey [ 93y 66 =12)
YA RAVA

+iﬁfp8* -Zné‘(r—rs)

Ng

= ipp Y n-(£°0) — V9" () + iBey Y (#°() + $G0)
Ng Nc

(26)

~ ey ) (970 + #303) + i | #p
N, r

where the first equality is obtained by recalling the definition of fields in Eq. 8-11, and the second
8
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equality utilizes the sifting property of the Dirac delta function, as shown in Eq. 20. Z2 is then

calculated as,

N¢ Na
20 = ( f exp(ifeod” + iﬁeoqbs)) ( f exp(—ifeod” — iﬁeo¢$)> ( f dn exp(ifpn

Ng
(€ - qu*))) exp(iﬁ f ¢>*peX>

The integration over n for solvent molecules can be done straightforward by going to spherical

27)

coordinates, i.e.,

1 b4 2
f dn exp(i,Bpn~ & - Vd)*)) = Ef d@ sin 9f dw exp(ifpcosb |E* —Vo*|)
0 0

_ sin(Bp|€" — V™))
Bp|E* — V|

(28)

where 6 is the angle between n and z axis, w is the polar angle. Zg, is rearranged into,

ch=Lexp(—ﬁ(Hﬂer*-P+ifr¢*p+ifr¢:pc+ifr¢;pa—ifr¢*p“>)w 29)

with the series function,

1 Ao Ne
( T exotisens” + lﬁeoqbc))

Ng!NIN,!
W= z Z Z (30)
Ns Ne N (_fexp( iBeodp” — iBe ¢*)>Na (ﬁsm(ﬁple* _V¢*|)>Ns
A ’ ) a4l ppler Vel
It can be found that W is exactly the series expansion of an exponential function, i.e.,
Ac Aa
W = exp( 55 [ exp(iBead” + iBead) exp 55 [ exp-ient
C

@31

sl 70"
- iﬁeoqbg:)) exp (F e D)

Zgc 1s then reformulated as,

ch=Lexp<—ﬁ(H+ijre*-P+ijr¢*p+ijr¢:pc+ifr¢;pa—ifr¢*peX—V)) (32)

with

Ac
V= —f ( eXp(lﬂeod) + lﬁeod)c) + exp( lﬁeod’ iﬁeOd);)

B
A sin(Bple” — Vg’ |>>
A3 Bpl& — V|

(33)
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2.4 Saddle-point approximation

Within the saddle point approximation, the auxiliary fields are purely imaginary, i.e., £ =
i€ Q" =ip,p; =i, P =i¢p,, with & ¢, P, ¢, being real-valued quantities [50]. In this
scenario, the fluctuations around the average are completely omitted, which can be treated using
the one-loop expansion as in our previous work [62], and the grand partition function is

approximated as,

chzexp(—ﬁ(H—fraP—fyp—fr¢apa—fr¢cpc+fr¢p“—v» (34)

with

As sinh(Bp|€ — V¢|)> (35)

1 Ac
1% :EJ( exp(—feyp — .330¢c)+ eXp(ﬁeo¢+ﬁeo¢a)+A3 Bpl€E — Vo

where we use the identity, sin(ix) = i sinh x. Here, an integration constant should be present in
Eq. 34; however, it does not affect the results, and thus, we omit it hereinafter. The grand potential

of the classical part £2¢ can be obtained by its definition,

nc=—%logzgc=H—fraz’—frw—fr%pa—fr¢cpc+fr¢pe’<—v (36)

To obtain F¢, we perform a Legendre transformation to convert the grand potential back to the

Helmbholtz free energy, i.e.,

Fe=10c+ Z fni:aic (37)

i=a,c,s r

where fi{ is the electrochemical potential of the electrolyte component i in the classical part. The
difference between fif and fi; in Eq. 1 should be noted. The latter also accounts for short-range

interactions between electrolyte component i and the metal. The variables p, and p. in Eq. 36 are

the charge densities of anions and cations. They are given by p, = —eyn, and p. = eyn.. With the
definition of particle number N; = fr n; = Z?C’ we have,
o1 3
He = Elog(nc/lc) +eo(d + Pc) (38)
w1 3 (39)
Ha = Elog(na/la) —eo(d + ¢a)

sinh(Bp|€ — V¢|) (40)

1 1
i = —log(nA2) —=lo

When the classical system reaches the equilibrium, {2 reaches its extremal value. At equilibrium,

80c  80¢ . .
= — = 0, which gives
8pc 6pa ’ &

10
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Pe.=aV-P,p,=a,V-P (41)

Substituting Eq. 36 and Eq. 38-40 into Eq. 37, we obtain,

F¢ = lf p(M)G(r,m)p(r") +%f(1<sp2 + K, (V- P)? + Kp(V2P)?) — fe -P
rr! 0Jr r

2
- ffl)l) + f¢l)ex +fnc€o(¢ +aV-P)— fnaeo(d) +a,V- P) 42)
_ [ns, sinh(Bp|€ —Vel) 1. 3y
B Bpie—vgl +i:az,c,sfrﬁ("l log(nitt) =)

To account for excluded volume effects, which distinguish the real system from the ideal gas
system, a so-called volumetric excess free energy @.,({n;}) is added into the Helmholtz free
energy density fc, defined as the kernel of the free energy functional Fg = fr fc- Budkov [63] and
Lue et al. [64] attempted to incorporate excluded volume effects self-consistently into the grand
partition function of the system. The derivative of the volumetric excess free energy is defined as

the excess chemical potential, which is expressed in the Bikerman model as [65],

o 0Py 1 1
1- Zi:a,c,s niyi/lg

= —log

where Ag is the characteristic length of referenced lattice, and the maximum number density of

. . - a3\ . . .

referenced lattices is Ny = AB3. Vi = (A—;) is the relative size of electrolyte component
B

i referenced to the size of lattice. d; is the characteristic length of electrolyte component i. Then f¢

has the form

fc= %p(r)c(r,r')p(r') + 2%0 (KsP? + Ko (V- P)? + Kg(V2P)?) — € - P — dp + pp™

ng _sinh(Bpl€ — V)
B 8T prle—vgl (44)

+neeg(d +a V- P) —nye(d +a,V-P)—
1 3
+ Z E(ni log(ni/li) — ni) + Doy
i=a,c,s

As for short-range interactions between electrolyte component i and the metal, we use the

repulsive part of the Morse potential w; to prevent electrolyte particles from penetrating into the

metal, i.e.,

Fg = Z fniwi (45)
i=a,c,s r

with

w; = D;exp(—2p:(d — d;)) (46)

Here, D; represents the depth of the Morse potential well, f5; is the coefficient controlling the
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width of the potential well, and d, d; denote the distances from the position and the equilibrium

position of electrolyte particle i to the metal surface, respectively.
2.5 Variational analysis

Combining the above sections, the grand potential density g, which is the kernel of the grand

potential functional, i.e., 2 = fr g, 1s formulated as
g = eaua-(TStTF(:l + BTSZ) + eaua53u§(1 + BXSZ) + eaua53(u8 + (neag)ectz)
1 1
+ Ep(r)G(r, p@’) + = (KsP? + K, (V- P)? + K3(V?P)*) — E- P
0

- ¢,0 + ¢pex + nceo(¢ + CZcv ' P) - naeo(d) + aav ' P)
_ns sinh(Bp|€ — Ve|) 1. 3y
5 log BoIE — Vol + Z 5 (nl log(nl/ll) nl) + Dy

i=a,c,s

+ Z niWi—<neﬁe+ Z niﬁi)
i=a,c,s i=a,c,s

where g and 2 are the functional of the field variables p, ¢, E, P and particle number density

(47)

Ne, N, Ny, Ng. The grand potential has its minimum under equilibrium, where its variation with

respect to the field variables and particle number density will be zero, i.e.,

60
i 0(X =p ¢ &P,ng,nen,,ng) (48)

For X = n,, Eq. 48 transforms into an Euler-Lagrange equation for n,, i.e.,

aaf -V (a(@ie)) =0 (49)

which gives,

___ 20_ w (atTF ouy oud (. + eo¢)>
VWi, = — i, — -
3 “(6rw—6xc)\0n, 0n, 0Jn, €au
' (50)
(GT(U — § GXC)

V)2
27 (6rw — Oxc) (Vie)

with dimensionless electron density 7, = n.a3, dimensionless gradient operator V= aoV, w =

1 1 2
%(3n5)5(ﬁe)5, the constant Oyc = Oy — % Oc. A detailed derivation was given in Ref. [54].
For X = p, Eq. 48 leads to,

p(’)
1 ATE T — 17|

o= j G Pl = f (51)

i.e., the electric potential. Inversely, we have,
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p=—V(exVe) (52)
where €, varies spatially in the metal-solution interfacial region.

For X = &, Eq. 48 is transformed to the constitutive relation,

_ pnsL(BplE — Vo))

P =
|€ — Vol

(E-Ve) (53)

dlog(sinh . . .
where L(u) = cothu — % — Jlogsinhu/) ;e Langevin function.

u
For X = ¢, Eq. 48 gives
ag ag
= _ V( ) =0 54
36 \a(vg) eY

which combined with Eq. 52 and 53 gives the modified Poisson-Boltzmann equation,
v (Eoovd) +P) = _(nc - na)eo - pex (55)

with external charge density p* = (N, —Ne)ey . Nec IS the background charge density

contributed by metal cationic cores.

For X = P, Eq. 48 is transformed to,

a9 dg dg

99 (%9 ), v (_) —0 56
aP (a(v : p)) TV Gvep (56)
which gives,

€5 (KsP — K,V2P + KzgV*P) — aceoVn, + a,e,Vn, = € (57)

For X = n,, n,, ng, Eq. 48 gives the electrochemical potentials of ions and solvent,

i = 11 nedz +ey(p+a.V-P)+ (58)
1 n A3 (59)

Iy = —log——22 e (¢ +a.V-P)+
Ua ﬁ og 1— Zl Tll]/l/l% eO(¢ Ua ) Wy

o1 | ngA3 1. sinh(Bp|E — Vo) N (60)
=—log————————1lo w,
b B Sy B S BplE -Vl 5

which leads to the distributions of electrolyte component i,

o Xi0;
L+ Yivixi(6;, - 1)

(61)

n;

with thermodynamic factors 0;
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0, = exp(—fey(¢p + a V- P) — fw,) (62)
0, = exp(Beg(¢p + a,V - P) — fw,) (63)

_ sinh(Bp|E — V¢|) exp(—fw,) (64)
ST pple—vgl  CPLPYs

b . . ,
where y; = nn—‘, and n? is the bulk number density of electrolyte component i.

max

We can comprehend the physical significance of the introduced auxiliary fields from Eq. 62-64.
¢ =a.V-P and ¢, = a,V - P represent the impact of short-range correlations with solvent
molecules on ionic distributions. € represents the impact of short-range correlations among

solvent molecules and between ions and solvent molecules on the solvent distribution.

Considering the possible presence of vacancies number density n2 in bulk solution, we have

YiviXi + xv = 1 with yy, = n®/np... Eq. 61 then becomes,

Xi0;

Ny = Ny ————————
O+ Xivixi6;

(65)
where Ny, = Ag° = (Zin}’yi)/(l — Xv). Substituting Eq. 65 into Eq. 55 and Eq. 57 results in a
second-order ordinary differential equation (ODE) in ¢, a fourth-order ODE in P, respectively.
Combined, Eq. 50, 55, 57 constitute a closed set of equations that can be solved for the

distributions of electron density, electric field, and polarization field in the EDL.
2.6 Boundary conditions

We consider a metal-solution interface. The boundary conditions (BCs) in solution bulk, i.e., the

right boundary conditions (RBCs), are,
n,=0,¢=0,P=0,V2P =0 (66)

where the first identity reflects the fact that metal electrons are absent in solution bulk, the second
identity corresponds to defining the electric potential in solution bulk as the potential reference,
the third identity means that solvent molecules are distributed homogenously and orientated
isotropically in solution bulk. The fourth identity serves as an additional boundary condition
required for solving the fourth-order ODE of the polarization field. Here we choose the second-
order gradient of the polarization field to be zero, as a consequence of zero polarization charge in
the solution bulk. This imposes an RBC for the variable introduced below for the reduction of the
fourth-order ODE in P.

The BCs in metal bulk, i.e., the left boundary conditions (LBCs), are,
Vn, =0,V =0,P=0,V?P =0 (67)

In the simplest scenario, the metal cationic cores are treated as a uniform background of positive

charge density. In this case, the first and second equations imply that electron density and electric
14
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potential remain constant in the metal bulk, viz., at distances far from the metal surface. The
distance to the left boundary from the metal surface should be large enough, say >10 A, to ensure
accessibility to the metal bulk. For the case where size and arrangement of metal cationic cores are
explicitly considered, we can take the left boundary at the central plane of metal cationic cores.
The third identity reflects the absence of solvent molecules in the metal phase. The fourth identity

is obvious.

In this model, constant-potential conditions are implemented by varying the electrochemical
potential i, in Eq. 50 [66]. The electrochemical potential of metal electrons is related to the

chemical potential 1., and the inner potential of the metal, ¢, by,

fe = —€om + Le (68)

Eq. 52 represents a nonlinear relation that coupling the auxiliary field € with the polarization field
P and the electric field —V¢. In numerical implementations, it can be treated as a zeroth order
differential equation in &. In the absence of solvent molecules in the metal bulk, € equals zero,

while in the solution bulk, € also equals zero due to isotropic short-range interactions.
2.7 Numerical implementation

In this work, differential equations are solved in the one-dimensional case with the coordinate x.
In 1D, P and € can be treated as scalar quantities P, £, with positive values indicating that the
fields are directed towards the solution bulk. We define dimensionless variables, marked with an
overbar, as follows,

X - e P _ _ €x

N _ — _ 5 _ _
n=ay°n, X =—,p=7—"1,p= € =—,P= — Ka
’ a,’ kgT’ eodo’ o €o kgT ’ a3

K[; €o;

_ o =

=34 ="3 ,Bi = Biag
Qg 25

eg

kgTageq

where k = is a constant. The modified Poisson-Boltzmann equation in Eq. 53 is rewritten

in dimensionless variables as,
V(ExVe + P) = —k(Age — N + e — 71y) (70)

where the dimensionless number density of ions and solvent molecules are given as,

Y a— L (71)
Xv + ZizacsViXiO;

with 0; expressed in dimensionless variables,

0. = exp(—¢ — @.-VP — fw,) (72)

0, = exp(¢ + @,VP — fw,) (73)
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sinh(plE-V@)) (74)

By introducing the second-order derivative field Q = V2P, the fourth-order ODE Eq. 57 is
transformed to two second-order ODEs in Q and in P, respectively. In their dimensionless 1D

form, they are written as,

— K,Q + KgV?Q — k@ Vi, + k@, Vit, = € (75)

"UI

V2p=Q (76)

where Q = (kag/ey)Q is the dimensionless derivative field. Eq. 66 and 67 impose the boundary
conditions Q = 0 at both the left boundary and right boundary for Eq. 75. The constitutive relation

Eq. 53 can be rewritten in dimensionless variables as,

_ kpsL(plE—VP|) - —_
P=- A E-V 77
€~ Vol ( ®) (77)

1
We substitute ¥y = (71.)3 to get rid of fractional exponents of 71, [54]. In this scheme, Eq. 50 can

then be rewritten as,

Wy +

(Typ)? = w <atTF % 4 a_ug (e + €¢)> (78)

Orw
2(9T _9 )l/) w(GTw QXC) ane aT_le aT_le €au

Eq. 70, and 75-78 are solved in COMSOL. Technical details on the numerical implementation are
provided in Supporting Information (SI).

3. Results and discussions
3.1 Model parameterization and calibration

The model parameters used in the base case are listed in Tables 1 to 4, respectively. Most
parameters are adapted from the literature, with the remaining parameters calibrated by fitting the
experimental double-layer capacitance at the Ag(110)-KPFs aqueous interface [18]. Specific
adsorption of ions is very weak at this interface, eliminating the need for considering specific

adsorption, which were treated with the Newns-Anderson Hamiltonian in a previous work [67].

Table 1. General parameters of the base case

Symbol Item Value
kg Boltzmann constant 1.38x10723].K™!
T temperature 298K
€o elementary charge 1.6 x 1071°C
a, Bohr radius 529 %1071 m
€0 vacuum permittivity 8.85x 10712F-m™!
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Ny Avogadro constant 6.02 X 1023 mol !

€au energy constant from a.u. to SI el /(4meyay)

K dimensionless constant el /(kgTegag)

Metal cationic cores are described in the simplest case using a uniform background with a

dimensionless positive charge density 72, namely,

flee = Mgy — %) (79)
where 6(x) is the Heaviside step function, with Xy; denoting the dimensionless position of the
metal surface, and nd. = 4Npg (aa—:g)3 = 0.408 with Nz = 47 representing the number of

electrons of a silver atom. Moreover, a,, = 4.08 A is the length of the cubic closed-packed cell of
Ag, which contains four silver atoms. We consider all electrons, and we use the vacuum
permittivity €, as the high-frequency dielectric permittivity in the metal bulk, implying €.,y = 1.
We use the PBE functional with 8x = 0.1235 and 6; = 0.046 [59]. The only free parameter in
electronic functionals is the coefficient in the kinetic energy, 81, which is calibrated according to
the experimental potential of zero charge. This is a simplified treatment that lumps interactions
between electrons in different orbitals into a single parameter 6. However, this simple treatment

is sufficient for our purpose because there is no formation or cleavage of chemical bonds at this

interface.
Table 2. Metal parameters of the base case
Symbol Item Value

a, coefficient in the PBE functional 0.0310907
a, coefficient in the PBE functional 0.2137
as coefficient in the PBE functional 7.5957
ay coefficient in the PBE functional 3.5876
as coefficient in the PBE functional 1.6382
ag coefficient in the PBE functional 0.49294
Ox gradient coefficient in the exchange functional 0.1235
Oc gradient coefficient in the correlation functional 0.046
O gradient coefficient in the kinetic energy functional 1.663

€0 M high-frequency dielectric permittivity in the metal bulk €o
2. dimensionless charge density of metal cationic cores 0.408

On the solution side, we use Ry, = 2.75 A as the diameter of water molecules [68], which is
taken as the reference size, i.e., Ag = Rg,. For K* cations, its solvation shell comprises first-layer

water molecules that are tightly bound and outer water molecules that are loosely bound.
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Therefore, we consider the cation with its first solvation shell as a whole, and introduce a. to
account for the short-range interactions between the solvated cation and outer water molecules.
Molecular dynamics (MD) simulations have determined the distance between K* and the oxygen
in its first solvation shell to be within the range of 2.6 — 3.6 A [69], and we use the upper limit,
3.6 A, as the radius of solvated cations. PFg anions bind surrounding water molecules weaker than
the cations. Hence, the radius of anions correspond to bare anions, and we introduce a, to describe
the short-range interactions between the bare anions and the solvating water molecules. The radius
of a solvated PF; is determined to be within 4 — 6 A [70], and we use an effective radius of PFg
to be around 2.7 A by subtracting the water diameter. The fraction of vacancy lattice sites in the

solution bulk is then calculated as y, = 1 — A3 ¥; nPy;, with n? = 55.6 mol - m~3.

Under quasi-static conditions, when the frequency of the electric field tends to zero, the
polarization field responds linearly to the electric field. This implies that in Eq. 52, € is linear with
P. The linear relationship is given by Eq. 56, & = €; 1K P. Substituting this relationship into Eq.
53 and taking the case into the solution bulk, we obtain the static dielectric permittivity € in the

solution bulk,

2.,b
B Bp“ns
€s = €xs

L e S— 80
® " 3eg + Bp7nlK; (®0

where p, €55 and K describe the contribution of low-frequency orientational polarization, high-
frequency polarization, and short-range correlations of solvent molecules to the static dielectric
permittivity, respectively. €., 5 and €5 are 4.5 and 78.5, respectively, based on the dielectric

dispersion spectrum of water [71]. Setting K to zero in Eq. 80, we obtain an effective dipole

moment % as 4.66 Debye, into which the short-range correlation effects of solvent

S
molecules have been incorporated. The continuous transition of the high-frequency dielectric

constant at the metal surface is described as [54],
En(E) = Gy + 25 M (1 erf (0% - 7)) (81)
’ 2

with the error function erf(¥). B, is a dimensionless coefficient controlling the width of the
transition region, and we use the value of 1 inherited from Ref. [54]. In principle, the coefficients
K, and Kp can be obtained by fitting the response function of the static longitudinal dielectric
property to spatial dielectric dispersion spectrum of water as in Refs. [39,48]. The fundamental
formalism of the dielectric response function and its comparison to experimental and simulated
results will be addressed in future works. Here, K,, Kg, together with a, a,, are determined by
calibrating with experimental Cq; data. As shown in Table 3, the calibrated . and «, are negative
values, suggesting that short-range correlations between ions and solvent molecules make the
solvation energies less negative. In other words, negative a. and a, mean that the solvation

energies are overestimated on the mean-field level. We note that the solvation energy predicted by
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Born model, based on the mean-field electrostatic interactions, is more negative than the
experimental value especially for small ions. Another reason for this discrepancy is that spatial
correlations between solvent molecules reduce the effective dielectric permittivity in regions
within characteristic correlation distances from the ion, known as dielectric saturation [72], which

is also considered in our present model.

Table 3. Solution parameters of the base case

Symbol Item Value
c? bulk solvent concentration 55600 mol - m~3
T radius of solvated cations 3.6A
7 radius of bare anions 2.7A

Rgo1 diameter of solvent molecules 2.75A

€0, high-frequency dielectric permittivity in the solution bulk 4.53 ¢

€ static dielectric permittivity of solution bulk 78.5 €q
coefficient in the short-interaction functional of solvent

K, —0.35a3
molecules
coefficient in the short-interaction functional of solvent

Kp 0.145 ag
molecules

strength of short-range interactions between solvated 5
o . ] —0.05ag/€eg
cations and surrounding water molecules

strength of short-range interactions between bare anions 5
a, . —0.081 aj/eq
and surrounding water molecules

Parameters of the Morse potentials describing metal solution interactions can be acquired from
Kohn-Sham DFT calculations [73]. In the present model, we simply use the repulsive part of the
Morse potential to prevent ions and solvent molecules from penetrating into the metal phase. In

this case, Eq. 46 can be equivalently recast into,

w; =~ exp (~2p:(d — d}")) (82)
with,

w_ . In(gDY
al =d; + 25 (83)

where dM represents an effective equilibrium distance of electrolyte component i from the metal
surface. The parameters D; and d; are combined into the single effective parameter d%v[, with
smaller values indicating that the electrolyte component i can be drawn closer to the metal surface
due to stronger short-range interactions with the metal surface. The values of d™ and f3; in Eq. 82

are calibrated with experimental Cq data, as shown in Table 4. The calibrated values of dM
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capture the phenomenon that ions are farther from the metal surface compared to water molecules.

Table 4. Metal-Solution interaction parameters of the base case

Symbol Item Value
Ps dimensionless coefficient in the Morse potential of solvent molecules 0.95
B dimensionless coefficient in the Morse potential of cations 0.19
B dimensionless coefficient in the Morse potential anions 4.5
aM effective equilibrium distance of solvent molecules 6.6 a,
aM effective equilibrium distance of cations 13.3 qy
aM effective equilibrium distance of anions 11.6 aq

As discussed above, unknown parameters, including 6r, K, Kp, @;, dM, B;, are estimated by fitting
Cq curves at three concentrations measured by Valette [18]. The impact of these parameters on the
model results will be gauged in a parametric analysis in section 3.3. In the model, Cq is calculated
by differentiating the surface free charge of-.. With respect to ¢y,

e

fdf(ﬁc_ﬁa) Z?a
0

Con = aO-free - ¢ aO-free — e_g a
47 gy ® 0. aldp

0 [ 4z - nee) (84)
He

with the surface free charge Ofee = Z—% [dx(n.—n,) = Z—% [dx(fe — ficc) . The electrode

potential measured in experiments [18], which is on the saturated calomel electrode (SCE) scale

and denoted as Egcg, can be converted with i, through the following relation,
—fle = eo(Escg + Egyg + 0.2415V) — egxs (85)

where 0.2415 V is used to transform the electrode potential from SCE scale to standard hydrogen
electrode (SHE) scale. Egyg represents the absolute electrode potential of SHE, for which we use
the value of 4.44 V [74]. The last term arises from the consideration that we take the inner
potential of the electrolyte solution as the potential reference [75]. x, is the surface potential of the
solution-vacuum interface, and we adopt the recommended value of 0.17 V for the water-vacuum
interface [74].

Figure 1 compares the model-based and experimental Cyq; at the Ag(110)-KPFs aqueous interface
at KPFs concentrations of 20, 40, and 100 mM. The electrode potential is rescaled with reference
to the potential of zero charge (PZC), where the Gouy Chapman minimum is located. At the Gouy
Chapman minimum, f, = —3.53 eV, corresponding to a potential of zero charge (PZC) of
—0.98 V vs saturated calomel electrode (SCE), is reproduced by the model. It’s worth noting that
the PZC is taken directly as an EDL parameter in classical models, while the present model is able
to derive it from an orbital-free description of metal electrons. The model results at three
concentrations are calculated using the same set of model parameters in Tables 1-4. The model can

well reproduce the camel shape of the Cy; curves, as well as the trend of the Cg curve with
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concentration, namely the decrease in the Gouy-Chapman minimum and the larger distance
between two camel peaks as the concentration decreases. The agreement between model and
experiment has been greatly improved compared to a previous work [54]. The improvement is
discernable in the magnitude of Cy4; and the distance between the two peaks in Cq; curves. The
microscopic structure of the EDL behind the Cg4; curves, as well as the influence of model
parameters on the interfacial structure and consequently on the profiles of Cq; curves, will be

discussed in sections 3.2 and 3.3.

80

100 40 20 mM

»
o

Cy (uF-cm?)
S
o

N
o

-6.4 -d.2 0 012 014

Eppe (V)
Figure 1. Model (lines) and experimental results (circles) of the differential double layer
capacitance (Cyq;) at the Ag(110)-KPFs aqueous interface, at KPFq concentrations of 20, 40, and
100 mM, respectively. Ep, is the electrode potential referenced to the potential of zero charge
(PZC). The experimental data, measured by Valette, are corrected using a roughness factor of 1.15

as suggested [18]. The same set of parameters is used across all three concentrations.
3.2 Interfacial structure

The model can delineate a spatially-resolved, atomistic scale picture of the EDL. Toward a more
realistic description of the metal-solution interface, we consider a one-dimensional, discrete,
periodic arrangement of metal cationic cores. The charge distribution of metal cationic cores in

this case is written as [67],

ﬁCC(x) _ aCC aCC 3aCC 3aCC
= —H(x)—9(x—7)+9(x—7—t)—9<x— > —t)+9<x— . —Zt)
—9<x—&—t)+9<x—SaCC—Bt)—B(x—E—%) (86)
2 2 2
7a 9a
co(e- T ) oo )

where a.. is the diameter of metal cationic cores, t the separation distance between two metal
cationic cores, 3, the dimensionless charge density of metal cationic cores. In this scheme, only
valency electrons are considered, while core electrons are embedded into metal cationic cores. The

atomic and electronic polarization of metal cationic cores results in a high-frequency dielectric
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permittivity larger than the vacuum permittivity. These parameters can be obtained using DFT
calculations. Here, we use a.. = 1.14,¢t = 1.25 A, 7%, = 0.2042 and €wm = 2 as in ref. [67].
Other parameters remain the same as in Tables 1-4. Figure 2 and Figure 3 displays the model
results of distributions of electron density, polarization field, electric potential, and number density
of solution components for the Ag(110)-0.1 M KPFs aqueous interface at five electrode potentials

referenced to the PZC. In these plots, the metal edge is located to x = 0.
3.2.1 Oscillation

In Figure 2a, due to the discreteness of metal cationic cores, the electron density and electric
potential oscillate in the metal phase. The electrons spill out of the metal edge by approximately
2 A, with the extent of spillover increasing at more negative electrode potentials. This is because
the electrochemical potential of electrons is more positive at more negative electrode potentials,
enabling electrons spill out further into the solution compartment. Figure 2b illustrates the
oscillatory distribution of the polarization field. The amplitude of the oscillation decreases
gradually as it moves away from the metal surface and eventually vanishes in the solution bulk.
The oscillatory polarization field results in an oscillatory distribution of the polarization charge.
Therefore, an oscillatory electric potential is generated on the solution side, as depicted in the inset
of Figure 2c. The formation of the oscillatory polarization field stabilizes the interface through the
term K, (V - P)? = K, p¢ in the grand potential with a negative K. In the presence of a negative
polarization field near the metal surface, the oxygen atoms of water molecules direct towards the
metal surface, forming the oxygen-down configuration [76], whereas a positive polarization field
means the hydrogen-down configuration. The valleys and peaks in Figure 2b represent water
molecules in opposite orientations, with an alternating distribution. The water molecules closest to
the metal surface exhibits a preference for the oxygen-down configuration, as observed in
molecular dynamics (MD) simulations [30,77]. This is attributed to the metal electronic effects.
The electron spillover from the metal surface generates a strong positive electric field within a ~2
A region adjacent to the metal surface. This built-in positive electric field tends to orient the
oxygen atom of water molecules in the first layer towards the metal surface. Compared to the
AIMD results [30,77,78], the water layers are slightly farther way from the metal surface in our
model. This is due to our simplified consideration of the repulsive interactions between water
molecules and the metal surface. As the electrode potential gradually becomes more negative, the
overall polarization field becomes more positive, as shown in Figure 2b. This implies that the
hydrogen-down configuration is more favored in a more negative electric field, as reported in

computational [30,79] and experimental studies [76,80-82].
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Figure 2. Model results for the Ag(110)-0.1 M KPFs aqueous interface at five electrode potentials,
referenced to the PZC, as indicated in the legends of (b): (a) distribution of the dimensionless
electron density, with the inset presenting an enlarged view near the metal surface, (b) distribution
of the polarization field, (c) distribution of the electric potential, with the inset presenting an
enlarged view on the solution side. In all these plots, the metal edge is located at x = 0. The top
figure shows a schematic illustration of the EDL structure, with periodically arranged metal

cationic cores, and layered distributions of ions and solvent molecules near the metal surface.
3.2.2 Layering

An oscillatory water polarization indicates water layering, which has recently been observed at the
Ag(hkl)-NaOH aqueous interfaces using in situ surface X-ray diffraction measurements [83].
Figure 3a depicts the layered distribution of water molecules at the interface. As the electrode
potential becomes more negative, the concentration of the oxygen-down water increases, while
that of the hydrogen-down water decreases. These changes depict reorientation of water dipoles in
response to the varying electric field at the interface. The alternating layers of water molecules

with different net orientations generate local minima and maxima in electric potential, as shown in
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Figure 2c. The oscillatory electric field, along with short-range correlations with water molecules,
leads to a layered pattern of ion distributions, as shown in Figure 3b and 3c. Both anions and
cations are distributed in an alternating layered structure, with their peak concentrations rapidly
decaying to bulk concentrations as they move away from the metal surface. Furthermore, due to
weaker interactions with the metal surface, ions are unable to penetrate the water layers closest to

the metal surface.

The layering phenomenon of ions determines the position of the reaction plane of electrochemical
reactions, usually referred to as the position of the peak concentration of ions in the first layer.
Interestingly, despite with larger sizes and effective equilibrium distances, cations are noticeably
closer to the metal surface compared to anions, as shown in Figure 3b and 3c. This highlights the
significant impact of interfacial oscillations on the EDL structure. We also observe that as the
potential becomes more negative, the anion concentration in the first layer gradually decreases.
However, as shown in the inset of Figure 3b, even at a potential as negative as —0.2 V vs PZC, the
concentration of anions in the first layer remains ca. one-third compared to the bulk solution. In
fact, at a potential at —0.1 V vs PZC, the concentration of anions in the first layer is even slightly
higher than the bulk concentration. The situation is opposite for cations, as shown in Figure 3c.
This contrasts with classical double layer theory, where ions near the metal surface carrying
excess charge with the same sign would exhibit lower concentrations compared to those in the
bulk solution. The anomalous anion accumulation near a negatively charged surface is due to the
structured solvent stabilizing the ions near the metal surface. Recently, Lukatskaya et al. have
observed the apparent anion effect in the electrochemical CO; reduction reaction (eCO2RR) [84].
Their experiments show that inorganic anions, i.e., perchlorate, sulfate, chloride, lead to higher
overpotentials of eCO,RR. This observation could be attributed to the non-negligible
concentration of anions near the metal surface that remains even at negative surface charge.
Anions near the metal surface may destabilize the negatively charged transition and final state of
the first elementary step in eCO,RR [85], namely the formation of partially charged CO$~ from
CO;, adsorption, which is generally accepted to be the rate-determining step (RDS) of
eCO2RR [86,87].
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Figure 3. Model results for the Ag(110)-0.1 M KPFs aqueous interface at five electrode potentials,
referenced to the PZC, as indicated in the legend of (a): (a) distribution of the solvent
concentration, (b) distribution of the anion concentration, with the inset presenting an enlarged
view at negative potentials, (c) distribution of the cation concentration, with the inset presenting

an enlarged view at positive potentials. In all of these plots, the metal edge is located at x = 0.

In summary, our theory depicts a microstructure of the EDL that differs dramatically from
classical EDL theories. The periodic arrangement of metal cation cores within the metal phase
leads to a periodic distribution of electron density and potential within the metal phase, as
illustrated in the top schematic figure of Figure 2. Interfacial solvent molecules, due to short-range
correlations, form a layered structure with alternating orientations, resulting in an oscillatory
distribution of the electric potential on the solution side. Anions and cations also exhibit layered
distributions, sandwiched between the solvent layers. Moving towards the bulk electrolyte

solution, the layered distributions gradually vanish.
3.3 Parametric analysis

In this section, we use the calibrated model to explore the influence of model parameters on
capacitance curves and EDL structure. The parametric analysis will be conducted in three groups.
The first group contains parameters related to metal electronic structure, including the gradient
coefficient in electronic kinetic functional, O, and the metal cationic charge density 2. The

second group focuses on the influence of ionic properties, including the radii of anions and cations,
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1, and 7¢, the strengths of their short-range correlations with solvent molecules, a, and ., the
parameters describing the short-range interactions between ions and the metal surface, dM, dM, B,
and f.. The third group consists of parameters related to the solvent, including the static dielectric
permittivity €, the optical permittivity €., the correlation coefficients, K, and Kg, and the
parameter describing the short-range interactions between solvent molecules and the metal surface,

dM and ;.

3.3.1 Electronic structure parameters
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Figure 4. Differential double layer capacitance (Cq;) curves as a function of the electrochemical
potential of electrons, —fi,, which can be transformed to the electrode potential up to a constant.
The (a) gradient coefficient Oy, (b) dimensionless n2., are varied at three levels. respectively. In
this one-factor-at-a-time study, other parameters except the one under evaluation have their base

values.

Figure 4a and 4b shows the Cy curve as a function of —fi, at three values of 61 and nd.,
respectively. Other parameters except the one under evaluation have their base values listed in
Tables 1-4. According to Eq. 68, —fi, is proportional to ¢. As 81 varies toward more positive
values, the Cyq; curves shift to the right along the —fi, axis. The value of —fi, corresponding to the

PZC, denoted as —fl¢ ¢, becomes more positive with a larger value of 6. —flg b, is decomposed

as,
_/je,pzc = —Ue+ eod’M,pzc (87)

where ¢y is the inner potential of the bulk metal at PZC, which is mainly influenced by the

surface dipoles, formed by spillover of electrons and orientational polarization of solvent

molecules [88,89]. The chemical potential of metal electrons in the bulk metal can be expressed as

atm aux auc
He = +
on., 0n, 0n,

Otrg o oug 0wl 9s? 3 w2 52 (55)
= eau| 5+ (A4 0xs7) 5=+ o= H uxbxe 53— | — 75 €auB317)35%(Re)36r
e e e e
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As shown in Eq. 88, y, is independent on 61 due to uniform electron density in the jellium metal.
However, the electrons at the metal surface possess higher kinetic energy, which enables electrons
spillover farther from the metal surface. Greater spillover leads to a larger surface dipole potential

at the metal surface, shifting the PZC positively, as shown in Figure 4a.

Different metals have different values of n2., which exerts a significant impact on Cyq;, especially
the Helmholtz layer capacitance [31]. As shown in Figure 4b, the Cq4 curve is elevated at larger
nd. because more electrons are presented to screen the electric field in the EDL. A nonmonotonic
dependence of —flg p,c On nd. is observed. In the examined range, —pu, decreases with increasing
nd. in Eq. 87 [54]. However, ®m,pzc increases since more electrons spillover from the metal
surface, resulting in larger surface dipole potential and, consequently, larger ¢ p,c. This is
supported by the calculated dipole potential using a jellium-hard-sphere-electrolyte model [31],
which exhibits a monotonically increasing trend of dipole potential with nl, aligning closely with
the experimentally estimated dipole potential at different metals [90]. The opposing trends in —u,

and ¢y p,c With respect to n. lead to the non-monotonic variation of the PZC.

The same metal but with different crystal faces should have the same values of n2., but different
values of 6 are expected. Figure 5 compares the experimentally measured C g; profiles of Ag(110)
and Ag(100) in a 0.1 M KPFs aqueous solution, exhibiting a positive shift of 0.11 V in the PZC
from Ag(110) to Ag(100) interface. By solely tuning the values of 81 from 1.663 at the Ag(110)
interface to 1.777 at the Ag(100) interface, while keeping all other parameters at their base values,
the simulated results agree well with the experimental Cg; profile at the Ag(100) interface. This
implies that electrons at the Ag(100) surface possess higher kinetic energy and exhibit greater

spillover. This metal electronic effect contributes to the observed positive shift in the PZC.
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Figure 5. Model (lines) and experimental results (circles) of the differential double layer
capacitance (Cq;) at Ag(110) and Ag(100) in 0.1 M KPF6 aqueous solution as a function of the
electrochemical potential of electrons, —fi,, which can be transformed to the electrode potential up
to a constant. The experimental data at Ag(110) and Ag(100), measured by Valette, are corrected

using a suggested roughness factor of 1.15[18] and 1.07 [16], respectively. In the modelling of
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Ag(100)-0.1 M KPFs, only 87 is tuned to 1.777 while all other parameters are maintained at their

base values.
3.3.2 Ion properties

Figure 6a and 6b shows the influence of anion and cation size on the Cq; profile, respectively. The
anionic peak of the Cg4; curve, corresponding to anion crowding, is smaller and appears at less
positive potential for larger anions. Similar behaviors are observed for the cationic peak
corresponding to cation crowding. The size behaviors are similar to classical EDL theories [91].
However, as shown in Figure 9, Valette’s experiments reveal that the electrode potential at the
anionic peak remains nearly the same at both the Ag(110)-KPF¢ and Ag(110)-NaClO4 aqueous
interfaces. Nevertheless, the anionic peak is more pronounced at the Ag(110)-NaClO4 aqueous
interface. Additionally, the capacitance at PZC is higher at the Ag(110)-NaClO4 aqueous interface
compared to the Ag(110)-KPFs aqueous interface. These indicate that the parameter of ionic size
alone is insufficient to fully explain the effects of ion properties on the Cy; curve. As a refinement
beyond the classical EDL theory, our model considers not only the size of ions but also their short-

range correlations with solvent molecules and their short-range interactions with the metal.
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Figure 6. Differential double layer capacitance (Cgq;) curves as a function of the electrochemical
potential of electrons, —fi,, which can be transformed to the electrode potential up to a constant.
The (a) anion radius, (b) cation radius, (c) dimensionless «,, (d) dimensionless «., are varied at

three levels. respectively. In this one-factor-at-a-time study, other parameters except the one under
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evaluation have their base values.

Figure 6¢ shows the Cg4; curves at three different values of a,. As a, becomes less negative, the
anionic peak of Cq; curve narrows. Similarly, Figure 6d shows that the cationic peak of Cy; curve
narrows as the magnitude of negative . decreases. To elucidate the origin of this behavior, we
will focus on the effect of a, on Cyq; curve as an example. The distributions of the electric potential
at the PZC for various values of a, are shown in Figure 7a. It can be seen that a, has a negligible
effect on the oscillations of the electric potential, which also implies a negligible impact on the
interfacial solvent structure. However, as discussed in Eq. 17, a less negative «, indicates that the
short-range correlations between anions and solvent molecules screen the electrostatic forces of
solvent molecules on anions to a less extent. Consequently, the influence of the local maximum
electric potential on anions, which originates from the electrostatic potential of structured solvent
dipoles, augments as a, becomes less negative. As a result, a less negative a, strengthens the

anionic layering and leads to a preferable distribution of anions between solvent layers, as shown

in Figure 7b.
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Figure 7. The distributions of (a) the electric potential and (b) the anion concentration at the PZC
of the Cq; curves in Figure 6c, at different values of @,, as indicated in Figure 7a. The metal edge

is located at x = 0.

Therefore, as a, becomes less negative, more anions can be accommodated within anion layers,
reducing the effective thickness of the EDL. This results in an increase in Cyq; in the potential
region just above the PZC, and a less positive potential of the anionic peak due to a promoted
anion crowding. Additionally, anions are drawn closer to the metal surface, especially the first
anion layer, where the solvent screening effects become more pronounced. This leads to a lower
effective dielectric permittivity at less negative a,, which in turn causes a steeper decrease in the
Cq curve at more positive potentials. Overall, the enhanced anion layering accounts for the
narrower anionic peak observed in the Cy; profile at less negative values of a,. The impact of
on the cationic peak of the Cyq; profile is the same.
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Different ions exhibit varying strengths of short-range interactions with the metal. Figure 8 shows
the impact of related parameters on the Cg4; profiles, including previously defined effective
equilibrium distances and coefficients from Morse potentials. A smaller value of dM indicates a
weaker repulsive force between anions the metal surface, allowing anions to approach closer to
the metal surface at potentials positive to the PZC. As discussed, this reduces the effective
thickness and dielectric permittivity of the EDL, leading to a narrower anionic peak in the Cq
profile at smaller d) values, as shown in Figure 8a. The impact of dM on the cationic peak of the
Cq profile, as shown in Figure 8b follows a similar pattern. As for the coefficients in the Morse

potentials of ions (S, and f3.), they have negligible impact on the Cq4; profile, as shown in Figure

8c and 8&d.
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Figure 8. Differential double layer capacitance (Cq;) curves as a function of the electrochemical
potential of electrons, —fi,, which can be transformed to the electrode potential up to a constant.
The (a) effective equilibrium distance of anions d}, (b) effective equilibrium distance of cations
d¥, (c) dimensionless S,, (d) dimensionless /3., are varied at three levels. respectively. In this one-

factor-at-a-time study, other parameters except the one under evaluation have their base values.

The ion parameters 73, a; and dM significantly impact the position and shape of the ionic peaks in
the Cg; curves. Additionally, a smaller dM or a less negative @; can yield a larger capacitance at
PZC. This is because reducing dM and decreasing the negativity of a; respectively increase the

thickness of the diffuse layer and the capacity of the solvent layers to accommodate ions, both of
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which inherently enhance EDL’s ability to store ionic charges. Naturally, these two parameters are
not only related to the type of ions but also to the types of metals and solvents. Through the
combined influence of these ion properties, the Cg; curve at the Ag(110)-NaClO4 aqueous interface
can be reproduced, as shown in Figure 9. We emphasize that only the ion parameters are altered,
while all other parameters are maintained at their base values, in this case. The ion parameters for
KPF¢ and NaClO, electrolytes are listed in Table 5. The solvated Na™ cations are smaller than the
solvated K* cations [69], while the sizes of PFg and ClO; anions are comparable. Compared to
the KPF electrolyte solution, the NaClO,4 electrolyte solution possesses less negative a; values for
Na* and ClOj, resulting in increased capacitance at both the ionic peaks and PZC. Additionally,
Cl0} can approach the Ag(110) surface more closely than PFg, consistent with Valette’s findings
that ClO; has a stronger strength of specific adsorption compared to PFg [18].

80t KPFs NaClO, -

20r

311 3.‘3 315 317 319
—He (eV)
Figure 9. Model (lines) and experimental results (circles) of the differential double layer
capacitance (Cq;) at Ag(110) in 0.1 M KPF¢ and 0.1 M NaClO4 aqueous solution as a function of
the electrochemical potential of electrons, —fi,, which can be transformed to the electrode
potential up to a constant. The experimental data at Ag(110), measured by Valette, are corrected
using a suggested roughness factor of 1.15[18]. In the simulation of Ag(110)-0.1 M NaClO4
aqueous interface, only the ion properties, as shown in Table 5, are tuned while all other
parameters are maintained at their base values obtained for the Ag(110)-KPFs aqueous solution

interface.

Table 5. Parameters of ion properties

Ion parameters r;/A a; dM/a, B

Solvated K* 3.6 -0.05 133 0.19

Solvated Na* 3.25 -0.022 133 0.15

Bare PFg 2.7 -0.081 11.6 4.5

Bare Cl1O 2.75 -0.04 9.4 1
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3.3.3 Solvent properties

The solvent significantly influences the Helmholtz layer [23,92] and the diffuse layer [93] of the
EDL structure. In the present context, these solvent properties include basic static dielectric
properties, short-range correlations between solvent molecules, and short-range interactions
between the solvent and the metal surface. The solvent dependence of Cyg; is determined by all
solvent properties, rendering it difficult to decouple the influence of a single property without the
aid of a model [73,94].
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Figure 10. Differential double layer capacitance (Cq;) curves as a function of the electrochemical
potential of electrons, —fi,, which can be transformed to the electrode potential up to a constant.
The (a) effective dipole moment p, (b) high-frequency dielectric permittivity €., are varied at
three levels. respectively. In this one-factor-at-a-time study, other parameters except the one under

evaluation have their base values.

In our theoretical model, the static dielectric properties of the solvent, which dictate its ability to
screen the electric field, are delineated by two key parameters: the high-frequency dielectric
permittivity (€,,s) and the effective dipole moment (p) of solvent. Their influences on Cy; curves
are displayed in Figure 10a and 10b. As expected, an elevated Cy; profile is obtained at larger €, s
and p. When p increases, the solvent can better screen the electric field generated by electron
spillover near the metal surface. This leads to a decrease in @y p,c and, as a result, a negative shift
in the PZC. Similarly, increasing €, s also improves the solvent’s screening capability, but its
primary impact on the PZC arises from the enhancement of local screening within the region ~2 A
above the metal edge, as shown in Eq. 81. In a recent work, we have discussed the influence of
static dielectric properties on the PZC at the Au(111)-KPFs interface [73]. The static dielectric
properties primarily influence the overall magnitude and the PZC of Cg curves but have little

impact on their shapes.
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Figure 11. Differential double layer capacitance (C4;) curves as a function of the electrochemical
potential of electrons, —fi,, which can be transformed to the electrode potential up to a constant.
The (a) dimensionless K, (b) dimensionless Kg, are varied at three levels. respectively. In this
one-factor-at-a-time study, other parameters except the one under evaluation have their base

values.

In addition to the static dielectric properties, our theory also incorporates short-range correlations

between solvent molecules, controlled by K, and Kpg, into the description of the solvent. Their
influences on Cyq; are shown in Figure 11a and 11b. When K, becomes more negative or when Kp

decreases, the Cq; at PZC is elevated, the anionic and cationic peaks are closer, and the PZC shifts
to more negative potentials. It is observed that a more negative value of K, leads to a more
oscillatory solvent polarization, as shown in Figure 12a. As K, approaches zero, the oscillations
gradually diminish. A more oscillatory polarization field implies that solvent molecules near the
metal surface more effectively screen the electric field generated from metal electron spillover,
thereby lowering ¢y p,c and shifting PZC to a more negative value. The increased oscillation at
more negative K, generate a more oscillatory distribution of the electric potential on the solution
side, facilitating a more layered structure of ions, as shown in Figure 12b. The more layered
structure allows more ions to be present within the solvent layers, causing an increase in Cyq; at
PZC. As discussed, a more layered structure of ions narrows the ionic peak in the Cg4; profile.
Additionally, at a more negative K,, Figure 12a shows that solvent molecules exhibit a more
ordered orientation within each layer. This implies a lower dielectric permittivity at the interface,
which in turn leads to a steeper decrease in Cq; at potentials far from PZC. The mechanism of how
K affects the Cy curve is similar, as Figure S1 shows a more oscillatory solvent polarization and
a more layered interface at smaller Kg, akin to the situation observed with a more negative K.
The consideration of short-range correlations among solvent molecules, which lead to a layered
structure at the interface, contributes to the increase in capacitance at PZC and narrowing of ionic
peaks. This is primary reason why the model results of DPPFT better align with experimental

observations.
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Figure 12. The distributions of (a) the polarization field and (b) anion concentration at PZC of the
Cqi curve in Figure 11a, at different value of dimensionless K, as indicated in Figure 12a. The

metal edge is located at x = 0.

The DPPFT inherently accounts for the effects of short-range interactions between solvent
molecules and the metal surface on the interfacial structure and properties. This consideration is
not explicitly considered in the theory proposed by Berthoumieux and Kornyshev [39], as well as
in that by Blossey and Podgornik [50,51]. Figure 13 highlights the significant impact of the short-
range interaction parameters d} and S5 on the Cg; profile. At a smaller d}, we observe a more
negative PZC, a higher Cy; at PZC, and a reduced distance between anionic peak and cationic peak

of the Cg4; curve. A similar trend is evident for 5 at a smaller value, as shown in Figure 13b.
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Figure 13. Differential double layer capacitance (Cyq;) curves as a function of the electrochemical
potential of electrons, —fi,, which can be transformed to the electrode potential up to a constant.
The (a) effective equilibrium distance of solvent molecules d, (b) dimensionless f3, are varied at
three levels. respectively. In this one-factor-at-a-time study, other parameters except the one under
evaluation have their base values.
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Figure 14 shows the distributions of the polarization field for various values of dM and . The
EDL becomes more oscillatory and, therefore, more layered at smaller values of d¥ or ;. A more
layered interface, as previously discussed, accounts for the observed trends in the Cy; profile with
decreasing dM and B in Figure 13. We also notice that the oscillatory distribution of the
polarization field shifts closer to the metal surface at smaller dM and ;. This promotes ionic
layering nearer to the metal surface, thereby facilitating the electron transfer between ions and the
metal surface. The effects of dM and B on the interfacial structure can be attributed to the impact
of metal electronic effect on solvent molecules. Smaller values of dM and f5; allow solvent
molecules to approach the metal surface more closely, where they experience a stronger electric
field generated by electron spillover. This induces a greater extent of oxygen-down orientation in
the first solvent layer to screen the stronger electric field. The electrostatic interactions between
solvent layers lead to more ordered orientations of solvent molecules in the subsequent layers. The
more ordered orientation of solvent molecules in each layer contributes to a more oscillatory

distribution of the polarization field.
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Figure 14. The distributions of the polarization field of the Cg4 curve in Figure 13, at different
value of (a) dM and (b) f3;, as indicated. The metal edge is located at x = 0.

4 Conclusions

We have developed a computationally-efficient density-potential-polarization functional theory
(DPPFT) for the modeling of electric double layers (EDLs) under constant-potential conditions.
Compared to the previous density-potential functional theory (DPFT) [54,67,95], the DPPFT
model provides a more realistic and refined description of the electrolyte solution within the EDL.
In addition to electrostatic interactions, DPPFT incorporates short-range correlations among
classical particles in the electrolyte solution. In comparison with the theories of Berthoumieux and
Kornyshev [39], as well as Blossey and Podgornik [50,51], we incorporate a quantum mechanical

treatment of metal electrons. Therefore, the DPPFT model provides a holistic approach to the EDL.

The DPPFT approach captures major phenomena at electrified interfaces, including metal
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electronic effects, oscillatory electric and polarization fields, and the layered distributions of ions.
Calibrated with existing capacitance data of the Ag(110)-KPFs aqueous interface [18], the model
unveils details of the microscopic interfacial structure associated with profiles of double layer
capacitance. Specifically, solvent molecules form layers with alternating orientation near the metal
surface, that induces a layering of anions and cations within these solvent layers. The layered
structure allows explain why excess co-ions do exist in the EDL, a phenomenon that is absent in
the classical EDL theories. This novel finding opens avenues to understand anion adsorption at

negatively charged surfaces and their leap effects on electrocatalytic reactions.

We conducted a parametric analysis on the calibrated model to explore how model parameters,
including metal electronic parameters, ion properties, solvent properties, influence the
microscopic interfacial structure and double layer capacitance. Thanks to an explicit account for
metal electronic effects and combined effects of ion properties, the model well reproduces and
explains the experimental capacitance observed across different crystal faces and in various
electrolyte solutions. The coefficient in the gradient term of electronic kinetic energy affects the
PZC monotonically via altering the surface potential, while the charge density of metal cationic
cores exhibits a nonmonotonic relation with the PZC by simultaneously tuning the surface
potential and the electron chemical potential in the bulk metal. The model delineates static
dielectric properties of the solvent as effects of two key parameters: the solvent’s high-frequency
dielectric permittivity and effective dipole moment. The solvent with larger values of those
parameters can more effectively screens the interface electric field, resulting in an increase in

capacitance and a negatively shift in PZC.

We revealed that intensified ion layering results in an elevated capacitance at PZC and narrowed
ionic peaks in the double layer capacitance profile. Ion layering is influenced strongly by short-
range correlations/interactions between ions and solvent molecules, between solvent molecules,
and between solvent molecules and the metal surface. Weaker short-range correlations between
ions and solvent molecules result in less effective screening of the electrostatic potential between
solvent layers, enabling more ions to be accommodated within these layers. The interfacial
oscillations are enhanced in the presence of stronger short-range correlations between solvent
molecules, and stronger short-range interactions between solvent molecules and the metal surface.
The latter is attributed to enhanced metal electronic effects on the interfacial solvent molecules. A
more oscillatory interface causes a negative shift in PZC and promotes a more layered ion

structure.
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