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1 | INTRODUCTION

Abstract

Rational design of electrochemical energy conversion and storage devices hinges on a
fundamental understanding of the electrical double layer (EDL) at the electrode-
electrolyte interface. The classical Gouy-Chapman-Stern model of EDL predicts a unity
Parsons-Zobel (PZ) slope, which is derived from the relation between inverse measured
capacitance and inverse Gouy-Chapman capacitance. However, recent experiments on
metals such as Au and Pt have revealed ultrahigh capacitances and ultralow PZ slopes,
markedly deviating from the classical model. In this study, we employ density-potential
functional theoretic models to systematically compare three mechanisms: surface
roughness, nonspecific ion attraction, and ion chemisorption with partial charge transfer.
Our analysis reveals that only ion chemisorption fully accounts for the ultrahigh double
layer capacitance and ultralow PZ slopes. The gleaned insights into the EDL on transition
metals are informative for understanding local reaction environment in electrochemical

energy conversion and storage devices.

KEYWORDS
double layer capacitance, ion chemisorption, nonspecific ion adsorption, Parsons-Zobel slope,
surface roughness

characteristic spatiotemporal fluctuations in the concentration of

ions, solvent molecules, and electric potential. Under equilibrium,

Metal-solution interfaces are fundamental to many chemical engi-
neering processes, from electrocatalysis to energy conversion and
storage.!®> When an electrolyte solution encounters a charged
metal surface, a nanoscale region termed electrical double layer
(EDL) is formed. The properties of EDL are very different from

those of the bulk metal and bulk electrolyte solution, exhibiting

the differential double layer capacitance Cg is widely used as a
lumped parameter, embodying information about the EDL
structure.»4¢

For an ideally planar EDL without charge transfer reactions or
chemisorption, the Gouy-Chapman-Stern (GCS) model provides an

effective description of the inhomogeneous distributions of ion
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density and electric potential within the EDL.”"? In the GCS model,

the Cy is obtained from two capacitors connected in series:

1 1 1

1_1 .1 1
Ca Coc Ch @

where Cgc and Cy are the Gouy-Chapman and Helmholtz capaci-
tance, respectively. Cy is considered to be independent of ionic con-
centrations but could exhibit a dependence on electrode potential.®
The validity of the classical GCS model is often evaluated using the
Parsons-Zobel (PZ) analysis, which plots 1/Cy vs. 1/Cgc at various
electrolyte concentrations.?? A straight line with a unit slope verifies
the GCS model, and the corresponding intercept corresponds to
1/Cu. The classical GCS model is well-established for mercury elec-
trodes, as shown in Figure 1A, because the mercury surface is atomi-
cally smooth and ideally polarizable in a wide potential range.'!
Kornyshev, Sphor, and Vorotyntsev presented an in-depth PZ analysis
of the mercury EDLs not only at the potential of zero charge (PZC), as
usually presented, but also at a series of surface charge densities.2®
However, the GCS model falls short for the EDLs at electrocataly-
tic metals such as Ag, Au, Pt. In 1989, Valette® measured Cq curves
of Ag(111) in three aqueous electrolytes: KPF4, NaF, and NaClO,4. At
the PZC, the PZ slopes are 0.877, 0.676, and 0.649 for Ag(111)-KPFy,
Ag(111)-NaF, and Ag(111)-NaClO, aqueous solution interfaces,
respectively, see the data reproduced in Figure S1. Valette attributed

A Hg-NaF, slope=0.952
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FIGURE 1 Ultralow Parsons-Zobel (PZ) slopes observed in
experiments and existing interpretations. (A) Experimental PZ plots of
Hg,'2 Ag(111),%% Au(111),** and Pt(111)'* at the potential of zero
charge. (B) Equivalent circuits and the corresponding expressions for
the total capacitance Ct which is used uniformly for all examined cases
considering surface roughness,*>*¢ jon attraction at the metal-
solution interfaces,'” and specific adsorption.*®? It is understood that
Ct = Cq in absence of chemisorption. R is the roughness factor.

CH, Cac, Caq and C,it are the Helmholtz capacitance, Gouy-Chapman
capacitance, specific adsorption capacitance, and “ion-surface
attraction capacitance,” respectively.

this deviation to specific anion adsorption with a sequence of
ClO; >F~ > PF; in strength.'® In 1993, Hamelin et al.' also measured
Cq curves at an Ag(111)-NaF aqueous solution interface and reported
a PZ slope of 0.65 at the PZC. They attributed the smaller PZ slope to
surface roughness of the solid electrode. Subsequently, they proposed
a method to correct the roughness effects on the PZ slope, as
depicted in Figure 1B. In this model, the apparent Debye length is
inversely proportional to the roughness factor, resulting in a positive
correlation between Cgc and roughness factor. Consequently, a low
surface roughness factor of 1.05 leads to a PZ slope as low as 0.6.1¢
Recently, Ojha et al.** measured the Cq curves at Au(111) and Pt
(111) in aqueous solutions and found ultralow PZ slopes of 0.179 and
0.041 for Au(111)-NaClO,4 and Pt(111)-NaClO, interfaces, as shown
in Figure 1A. Moreover, the PZ slopes of Pt(111) in contact with
NaClQy, LiClO,4, CsClO,4, NaCH3SO3, and LiF electrolytes were found
to be nearly identical, suggesting that the PZ slopes for Pt(111) are
largely insensitive to the nature of the electrolyte.?* These ultralow
PZ slopes cannot be explained by surface roughness or specific
adsorption of electrolyte ions. To explain this behavior, the authors
modified the GCS model by introducing weak, nonspecific, attractive
forces between the electrolyte ions and the metal surface.’”
Figure 1B shows their equivalent circuits and the corresponding
expression for the total capacitance Cr in the presence of ion attrac-
tion at the metal-solution interfaces. It is noted that Ct is used uni-
formly for all examined cases throughout the paper and it is
understood that C; = Cg in absence of chemisorption. The “ion
attraction capacitance” due to short-range attractive ion-surface
interactions is in parallel with Cgc, which effectively increases Ct and
decreases the PZ slope.”?* Schmickler*®*” proposed an alternative
theory invoking an ion-specific adsorption capacitance, C.q, in series
with Cgc, as shown in Figure 1B. The ion chemisorption is described
using Langmuir adsorption isotherms, correlating the electric potential
at the adsorption site, ¢,4, with the charge density on the metal sur-
face via the Frumkin corrections. As the adsorbates are charged, the
potential drop between the metal surface and the adsorbate layer,
M — Pag» is proportional to the magnitude of the charge carried on
the adsorbates, |q,4]. A self-consistent solution results in adsorption
capacitance C,q and Gouy-Chapman capacitance Cgc. The addition of
C,q to Cy significantly decreases the PZ slope. The Schmickler theory
is, however, at odds with the ion-nonspecific nature of PZ slopes.
Currently, there is no consensus on which origin, that is, surface
roughness, ion attraction, or specific adsorption, is the main cause of
the small PZ slopes. Important insights could be provided by a theo-
retical model of the EDL that describes metal electronic effects, sur-
face roughness, ion attraction, specific chemisorption of ions in a
unified and computationally efficient way. In the past years, we have
been developing a density-potential functional theory (DPFT) of EDLs,
integrating an orbital-free quantum mechanical description of deloca-
lized electrons in the metal, a classical statistical field description of
the electrolyte solution, and empirical potential functions of the
short-range metal-electrolyte interactions.??"2> The aptness of
DPFT for describing planar metal-solution interfaces without spe-

cific adsorption has been verified in previous work. In Reference
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25, the Cq4 curves of Ag(111)-KPFs aqueous solution interface
have been analyzed using a DPFT model. The model has been
employed to decipher the origin of the solvent effect on the PZC of
Au(111)-nonaqueous solution interfaces, highlighting the crucial role
of interfacial permittivity distribution on the electron spillover and
thus the PZC.2¢ Very recently, DPFT was extended to treat ion chemi-
sorption using the Anderson-Newns Hamiltonian,?” implicitly describ-
ing the hybridization of ion orbitals and metal electronic structure. In
this study, specific ion adsorption does not involve partial charge
transfer, while chemisorption does and leads to partially charged
adsorbates.

Recent theoretical work by Hedley et al.?® found that interfacial
water structuring can cause deviations from ideal PZ slopes via accu-
mulation of ions in the inner layer of the EDL. Incorporating the

1.,® the DPFT framework provides a unified

insight of Hedley et a
description of metal electronic effects, chemisorption, and short-range
metal-ion interactions. This unified approach allows for a more
detailed decomposition of the individual contributions to PZ slope
and double layer capacitance. Building on its capability in treating
metal electronic effects, chemisorption, and short-range metal-ion
interactions, we employ the DPFT model to understand the origins of
the ultralow PZ slopes and ultrahigh capacitance. In the next section,
the computational models and methods are introduced, followed by
verifying the DPFT model using PZ plots measured at planar
Ag(111)-KPF4 aqueous interfaces. The DPFT model is then employed
to examine the impact of surface roughness, ion attraction, and ion
chemisorption on PZ slopes and capacitance, respectively. The article
concludes with a discussion of the most likely origin of the ultralow

PZ slopes at Ag, Au and Pt electrodes.

2 | COMPUTATIONAL MODELS AND
METHODS

21 | DPFT framework

Within the DPFT framework,?272° the grand potential Q of the metal-

solution interface is given by:

Q:qu+Fc+Fint*J(Ziniui>v i=ea,cqs, 2)

where Fqn includes the kinetic, and exchange-correlation energy of a
guantum mechanical electron liquid. According to the Kohn-Sham

scheme,?? Fqm is to be divided as follows,

Fqm = Thilne, Ve, ...] + Uxc|he, Vne, ...], 3)

where Tpi[ne, Vne,...] is the kinetic energy of non-interacting (besides
classical electrostatic interactions) electrons, which can be described
by the Thomas-Fermi-von Weizsicker theory.*°-32 Uxc[he, Ve, ...] is
the exchange-correlation energy. In this work, the Perdew-Burke-

Ernzerhof (PBE) functional is employed.3033

AI?BIFJ R NALJLm

Fc is the Helmholtz free energy of an inhomogeneous fluid
composed of charged particles and solvent molecules that interact via
long-range Coulombic force and short-range forces. In a previous
work?* following the original work of Lue et al.,>* the complexity of
treating short-range forces is addressed by introducing a reference
system that accounts for all forces except the Coulombic force,
whose properties are assumed to be known a priori. This treatment

leads to,

e :strfc, (4)
where f. is the volumetric Helmholtz free energy,

) N 1, sinh(Bp Vo))
fo=—em(V)’ + ;m <5<’ eMjag—s(lS)p In W)
N¢
+> 87 m(In(mA?) = 1) + @ex({m}) + (nec —ne)eog
=1

©)

Here, the first term on the right-hand side represents the self-energy
of the electric field, which is derived from the Hubbard-Stratonovich

transformation of particle-particle interactions.®>3¢

ens and ¢ are the
permittivity and the electric potential, respectively. Notice that ey is
known to vary spatially as the electrode and the electrolyte possess
different permittivities, denoted by enm and eqps, respectively. In

practical simulations, e is interpolated as

€nr () = engpa 25 =M (1 erf(—2(x—xw))), (6)

here, xm denote the metal boundary. In the metal phase, the account
for all electrons within the theory renders epsm equivalent to the vac-
uum permittivity. Given that the orientational polarization of the sol-
vent has been considered, €q,s primarily accounts for the electronic
polarization of ions and solvent molecules. The second term repre-
sents the potential energies of charged particles in solution, arising
from particle-particle Coulombic interactions.®* g= (kgT)™* with kg
the Boltzmann constant, T the temperature. p; is the dipole moment.
The symbol §(I € M) is equal to one for monopolar (M) charged parti-
cles, for example, cations and anions, and zero otherwise, while
5(l€S) is equal to one for dipolar solvent molecules (S) and zero oth-
erwise. The third term represents the Gibbs free energy of an ideal-
gas reference system, where A, is the thermal wavelength of particle I.
The fourth term, ®c({n}), signifies the excess Gibbs free energy
when the reference system deviates from an ideal gas system.3*4°
Within this theoretical framework, the steric effect of particles is
encompassed by this term, with its description facilitated by Bikerman
theory.**~** A more advanced description is provided by the modified
fundamental measure theory (MFMT),*>"% the exploration of which
will be undertaken in the future work. The fifth term represents the
Hartree energy of electrons and cationic cores of the electrode, where

nec is the charge density of metal cationic cores.
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The short-range interactions F;,; between the metal surface and
ions and solvent molecules in the electrolyte solution are described

using the Morse potential.
w = D,{ exp [72,6, (d(?) - do,t)] —2exp {7/3, (d(?) - do,,>] } (7)

with D; being the well depth, g, a coefficient controlling the well
width, d(?) the distance from T to the metal surface, dy, the equilib-
rium distance between the molecule and the metal surface.

The last term [(}"nifi;) in Equation (2) takes care of constant
electrochemical potentials of electrons, ions {n,, n.} and solvent mole-
cules. r denotes the spatial coordinates.

Under thermodynamic equilibrium, minimizing the Q with respect to ne
and ¢, respectively, leads to the following two controlling

equations,?42°

s 20_ ® dtre 8u§’< aug (eogp+fte)
Ve = g e G xc [aﬁe dhe Jne  ea
(¢re —30xc)

- \2
2 (0r0 ) ) ©

Nc
= = — — — Nc __
—V |V + g 5(’€S)nlpl’(£l] :K{(”cc — Re)+ E ,:15(16 M)”l‘?l}v

=1
)

where the overbar denotes variables and operators in the dimension-
less system, V =aoV with ag (=Bohr radius) the reference length,
Ne :ne(ao)3, 5:2—"; with eg the elementary charge. Ehf:%‘ with e
the permittivity of vacuum, ﬁzﬁ, a:%, and ni.. are the dimension-
less high-frequency permittivity, dipole moment of solvent, charge of
electrolyte ions, and charge density of metal cationic cores, respec-
tively. In Equation (8), m:%;r%ﬁ(ﬁe)%. tte is the kinetic energy func-
tional, ug’( and ug are the exchange and correlation energy functional
of a homogeneous electronic system, respectively. 81 and Oxc are the
gradient coefficients tuning the contribution of the “semilocal” term
in kinetic energy and exchange-correlation energy, respectively. fi is

the electrochemical potential of electrons. e,, =27.2eV is the energy

e2

in atomic units. In Equation (9), K:m is a scalar number derived
from fundamental constants, and £;=coth(pE)—1/(BE) with
E=|V#| being the dimensionless electric field. i (I=a,c,s) can be

obtained by minimizing the Q with respect to n;,

_ (S

n = %7, (10)
1+[Z‘i}’m(®l -1)

where y, is the relative size of particles of the type I referenced to the

characteristic length of referenced lattice Ag. y; (= n,"/nmax) is the

dimensionless bulk number densities y, with nn.x = Ag~>. ©; denotes

thermodynamic factors, given by,

N - 1, sinh(8p| V)
®,7exp< ﬂ(&(leM)q,qﬁ 8(leS)p~*In BV +w,>>. (11)

Equations (8-11) constitute a closed set of controlling equations that
allow solving for the electrostatic potential and the density profiles of

electrons, solvent molecules, and ions.

2.2 | Simulation of three potential causes of
ultralow PZ slopes

221 | Surface roughness

In this work, we apply the DPFT to a two-dimensional model
that incorporates surface roughness. Specifically, we model
rough electrode surfaces with a sinusoidal profile. This profile
is characterized by two key parameters: the roughness length I
and the roughness height hs, as illustrated in Figure 2A.
For rough electrodes, the shortest distance, defined as
d(?) = \/(xo—x)2+(y0—y)2, between a particle at (xo,Yyp) and the
rough surface S(x,y), is used to calculate the electrode-electrolyte
interaction and local permittivity.

2.2.2 | Nonspecific ion attraction

The DPFT framework describes short-range metal-solution inter-
actions using Morse potential, as depicted in Figure 2B. Dolbhoff-
Dier and Koper argued that the short-range attractive forces
should be similar for both cations and anions in order to explain
the ultrahigh Cy at the PZC, namely, the ion adsorption is nonspeci-
fic.'” We systematically vary two key parameters in Equation (7), that
is, the depth of the ion potential well D;,,, and the equilibrium distance
between ions and metal surface dpjon, to assess how nonspecific ion
attraction influences Cq4 and the PZ slopes. In the base case, the
Morse potential for ions is characterized by parameters
D, =Dc =Djon =0.04eV and dojon =4A, while water molecules are
described with Dy,0 =0.25eV and do,Hzo:ZSSA, inherited from a

previous work.2>

223 |
transfer

lon chemisorption with partial charge

Very recently, we extended the standard DPFT framework to account
for ion chemisorption, called DPFT-Chem,?” thereby offering an
improved description of electrocatalytic interfaces. The DPFT-Chem
model employs an implicit treatment of ion chemisorption based on
the Anderson-Newns model Hamiltonian.**=>* Three aspects of this
treatment are noted. First, chemisorbed ions are desolvated and have
the radius of the bare anion, as illustrated in Figure 2C. Here, the
radius of the chemisorbed anion is set as 1.4 A. Second, charge trans-
fer occurs between the metal surface and ions, inducing an effective
partial charge on the chemisorbed ion. For a monovalent chemisorbed
anion, its partial charge q, is determined using the Anderson-Newns

Hamiltonian,?”
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FIGURE 2 Modeling three potential causes, that is, surface
roughness, nonspecific ion attraction, and ion chemisorption with
partial charge transfer. (A) Double layer structure of a negatively
charged, sinusoidal-shaped Ag-KPF¢ aqueous interface. Without
considering specific adsorption, the Ag surface is covered by a layer
of water molecules. The excess electron on Ag is balanced by solvated
cations in the diffuse layer. Specifically, we consider a sinusoidal
surface with two characteristic lengths, that is, the roughness length I
and the roughness height hs. i is the electrochemical potential of
electrons. (B) Double layer structure of a negatively charged, planar
Ag(111)-KPF4 aqueous interface. Nonspecific ion attraction is
modeled using Morse potential. (C) Double layer structure of a
negatively charged, planar Ag(111)-KPF, aqueous interface with
partially charged chemisorbates (denoted A) located at the inner
Helmholtz plane. The anion chemisorption is described using the
Anderson-Newns model Hamiltonian approach.

Gea (d(?)) :7%+%arctan (%) (12)

where A:Aoexp{—KA (d(?) —dcut)e(d(7) —dcut)} is the strength
of the electronic metal-anion interaction which decreases
exponentially with the anion moving away from the metal
surface, k, is the coefficient determining the exponential decay
of 4, d is the distance of the anion away from the metal surface, dqt is

the cutoff distance, and 6(x) is the Heaviside function.

€= e+ [& — A (1 exp(—ke (d(F) ~daut)0(d(7) ~ daut) ) )] is

AI?BIFJ R NALJLm

the energy level of the valence orbital of the anion referenced to the
Fermi level of the metal. e, also changes with the distance d, charac-
terized with a magnitude of A. >0 and a coefficient of k.. €, is the
reference value at d=d.. The increase in €., with decreasing d facili-
tates transferring the electron from the anion to the metal. Lastly, the
depth of potential well, D.,, for anion chemisorption is considerably
larger than that for the nonspecifically adsorbed ions and varies with the
electrochemical potential of electrons ji..>>>® To account for this

dependency, we introduce a potential-dependent well depth defined as

1 -
D= kB_T (Dga + aca,“e> , (13)

where the coefficient ac, <0, and D2, denotes the intercept at
i =0eV. Note that Equation (13) does not include the electrostatic
interactions, which are described separately through Equation (11).
Additionally, the equilibrium distance between the chemisorbed anion
and the metal surface, do,, is fixed at 2.8 A. The remaining parame-
ters of the Anderson-Newns Hamiltonian are listed in Table S2.

In the DPFT-Chem framework, the total surface charge oy is the
sum of the chemisorption-induced surface charge 6.4 and the Gouy-
Chapman diffuse layer charge ogc, represented as oo = 6ag +06c.2” A
detailed conceptual analysis of surface charge densities and differen-
tial capacitances is referred to Reference 27. Correspondingly, the
total capacitance Ct is also a combination of the chemisorption capac-
itance C,q and the Cgc.

2.3 | Computational details of DPFT

2.3.1 | Initial guess

In this work, we use the following initial guess for the electron density

and its gradient

-0

e (%) = Eerfc(f (X~ %)), (14
vﬁe(x):’% exp (K~ xm)?), (15)

where R, = 4Nag (:T‘)g)s, =0.408 with Nag =47 representing the num-
ber of all electrons of a sliver atom, and aa; =4.08 A is the lattice con-
stant of the cubic closed-packed cell of Ag, which contains four sliver
atoms. i, is the width of the transition region. Correspondingly, the
initial guess for the electric potential is obtained from solving the
Poisson equation _v2$ =K(Nec — Mle),

o (AP R =)0 =X) + (14 2K~ %) ) erfc(y (X — Kor))
842, _zﬂini(yi/;jM) exp(—ﬂ%i(i—)’(M)z)
(16)

and the corresponding potential gradient reads,
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V(x) = “25.

TANG ET AL.
e o o 2 e3d (.-, e3d [,
—— K2, <2ﬂini(xxM)0(xMx)+ﬁexp(ﬂ%i(xxM) )) Cdl:aggﬁe[dx(nc—na):aggﬁede(ne—ncc), (21)
—Pini (X —Xm)erfc(Bin (X —Xm))
(17) o
The Ct is defined as
Here, O(xm —X) is a Heaviside function, which is equal to 1 when C_I_:actot:_ Oa(’fot’ (22)
JEm Jjie

X <Xm and zero elsewise.

2.3.2 | Boundary conditions

The ordinary differential equations (ODEs) in Equations (8) and (9)
are solved with the following boundary conditions: VA, =0,V¢$ =0
at the bulk metal; fie =0, ¢ =0 at the bulk solution. These boundary
conditions ensure that the DPFT solution is independent of the posi-
tion of the metal-electrolyte boundary. Interfacial distributions of
electron density, solvent density, ion density, and electric potential
are obtained through a self-consistent solution of the coupled equa-
tions. Additionally, the electric potential in the metal phase, E, is not
directly imposed in the boundary conditions. Instead, constant-
potential simulations are achieved by adjusting the electrochemical
potential of electrons, fi., in Equation (8), which effectively corre-

sponds to varying Epm up to an additive constant of e,
ﬁe:ﬂe_eOEMy (18)

_ dtyp , Ouy | dud . . . .
where p, =51+ X+ 7¢ is the chemical potential of electrons with a

uniform density.

2.3.3 | Implementation

All DPFT simulations are performed in COMSOL Multiphysics. The
two controlling equations, Equations (8) and (9), are implemented as a
coefficient-form ODE. All parameters used in the DPFT simulations
are summarized in Tables S1.

24 | Calculation of Cy4 and Ct

The In absence of chemisorption, Cq is calculated as

JGfree JCfree
Cy = = ,
d=> En €o EF

(19)

where ofee is the free surface charge density. The ogee Of the EDL is
calculated from,
e, _ e, —
Ofree = ——gjdx(nc —n,) = ——gjdx(ne —MNee), (20)
a5 ap
where the second equality in Equation (20) reflects the fact that the
whole EDL is electroneutral, and the factor eo/ag is for dimensional

balance. The substitution of Equation (20) into Equation (19) gives the
following equation for calculating the Cy:

where oyt is the total surface charge density. It can be expressed as,

€ o —
Otot = _a_ngX(nc — Ny — na,A)y (23)
0

where n,a denotes the density of chemisorbed anions. In absence of
chemisorption, ie., Nap=0, ot reduces to ofee. Substituting

Equation (23) into Equation (22) gives the following expression for Cy:

Cor e2d
T= 23~
ap0He

Jdi(ﬁc - ﬁa - ﬁa,A): (24)

Similarly, in absence of chemisorption, Ct reduces to Cy. Throughout
this paper and in all figures, we use Ct uniformly and it is understood
that Ct is equal to Cy in absence of chemisorption.

It is also worth noting that for a two-dimensional rough interface,
the projected surface area (flat cross-section area) Ay is utilized to

calculate Cr, in order to be consistent with previous studies.>*>”

2.5 | Calculation of the PZ slope

The PZ slope is determined from the linear relationship obtained by
plotting the inverse of the measured total capacitance Cy against the

inverse of Cgc, which is given by,17'51'5758

£r€Q
o’

Coc= (25)
where ¢, is the relative permittivity of solvent, Ap is the Debye length.
By collecting data at various electrolyte concentrations, the PZ plot is
constructed by plotting 1/Cr vs. 1/Cgc, and the linear slope obtained
from this plot is defined as the PZ slope.

3 | RESULTS AND DISCUSSIONS

3.1 | \Verification of the DPFT models for Parsons-
Zobel plots

The accuracy of the DPFT model is first examined using the PZ plot of
planar Ag(111)-KPF4 aqueous interface. Valette systematically mea-
sured the Cy curves of planar Ag(111) electrode in x mM KPF¢ (x =5,
10, 20, 40, and 100) aqueous solutions. Valette's data are corrected
using the roughness factor of 1.08 suggested by Valette himself,
which are used as the experimental benchmark.*3

BSUSD17 SUOLILLOD 3ANER1D) 3|qed!dde Ut Ag paueA0b afe SBRILE YO ‘88N JO S3INJ 10} AReud1 3U1UO AB|IM UO (SUO R IPUOD-PUR-SLLLIBI WY AB | IMAte1q 11 |UO//SdIY) SUORIPUOD PUe SIS 13U} 39S *[9202/T0/9T] U0 ARiqITauUlUO AB|IM “BIUBD UoIeesay HOWS UdIINC WnjuezsBunyasio4 AQ EETOL 1e/Z00T 0T/I0p/wod" Ao | M Afeig 1 puluo'audfe//Sdny Wwoiy papeojumod ‘2 *9202 ‘S06SLYST



TANG ET AL

AI?BIFJ R NALm

(A) 0.08 pp— 7 (B) 05 ---GC 4
A OPFT L7
@ Experiment ’,’
0.06 -
[y
=
§ 004
5 \O
& e
0.02- L
0.00+= 0.6 . .

000 002 004 006 008

Coc™ (cm?IpF)

00 01 02 03 04 05
Csc (cm?/pF)

FIGURE 3 Parsons-Zobel (PZ) plots for the planar Ag-KPF4 aqueous interfaces at the potential of zero charge (PZC). (A) Comparison
between 2D density-potential functional theory (DPFT) model and experimental results of the PZ plots at the PZC for the Ag(111)-KPF, aqueous
interface. Experimental data were taken from the work of Valette,'® where the total capacitance Cr, which is equal to Cq in this case, curves at
five concentrations, 5, 10, 20, 40, and 100 mM, were measured at 25 4-2°C. The experimental data have been corrected using the roughness
factor of 1.08 determined by Valette himself. (B) PZ plots for Ag(111)-KPF4 aqueous interface using DPFT model at the PZC at five small
concentrations (0.1, 0.5, 1, 5, and 10 mM). A 45° line going through the coordinate origin is plotted for “guides to eye.” The slopes are obtained

by linear fitting to the calculated data.

As shown in Figure 3A, the experimental PZ slope is 0.88 at the
PZC, with a sizeable deviation from the theoretical value of 1. We
note that all experimental data points lie above the 45° line due to the
contribution of Cy. The DPFT model gives a PZ slope of 0.82 at the
PZC, which agrees reasonably with the experimental value.
The exceptionally high correlation coefficient (R2=0.999) from the
linear fitting of the data indicates that Cyy remains independent of ion
concentration. Notably, in the absence of surface roughness or chemi-
sorption, the DPFT model gives a PZ slope smaller than 1. This devia-
tion from unity is attributed to the point charge assumption of the
Gouy-Chapman model, which is valid only in the dilute electrolyte
limit. 18

To lessen the importance of ion size effects, we extend the DPFT
model calculations to very dilute electrolyte solutions (0.1, 0.5, 1, 5,
and 10 mM). We would then expect that the PZ plot will approach
the 45° line, yielding a slope of approximately 1. Our hypothesis is
supported by the model results displayed in Figure 3B. In the
concentration range between 0.1 and 10 mM, the PZ plot for the
planar Ag(111)-KPF4 aqueous interface exhibits a fitted slope of
0.99, with R2~1. It is worth noting that simulating a 10mM
aqueous electrolyte requires accounting for at least 5560 water
molecules given Nyater =55.6 M. This number of water molecules
would present a tremendous computational burden for Kohn-Sham
DFT-based approaches. In the remainder of this work, all subsequent
calculations of the PZ slope are performed at these five

concentrations.
3.2 | Effects of surface roughness on
Parsons-Zobel slopes

Having demonstrated the accuracy of the DPFT model for planar elec-

trodes, we examine the effects of surface roughness, ion attraction,

and ion chemisorption on the PZ slope separately. Firstly, as regards
the surface roughness, there are two computational methods in the
literature for determining the PZ slope: surface area correction
(SAC)**>? and perturbation theory (PT).°”°® The SAC method defines
the PZ slope as the ratio of the projected surface area A, to the real
surface area Ar,.>’ While this method provides an initial framework
to account for roughness, it is insufficient to explain why the Ag(111)
electrode exhibits different PZ slopes in various electrolytes, as shown
in Figure S1. The SAC method simplifies the roughness effects by
ignoring all interplay between surface irregularities and the electro-
static interactions characterized by Ap, and the electronic interactions
characterized by the Thomas-Fermi screening length Arr.%” These
omissions might cause the method to fall short of capturing the com-
plexity of roughness effects on Cq,.

To account for the effects of electrostatic interaction on the PZ

slopes, Daikhin et al.>”

employed PT, which treats surface roughness
as an perturbation of the electrostatic field. By applying PT to both
linear®” and nonlinear®® Poisson-Boltzmann (PB) models, they derived
analytical expressions for the effects of surface roughness on Cy for
various surface geometries, including Euclidean surfaces of sinusoidal
corrugation and random Gaussian roughness, as well as non-Euclidean
self-affine fractal surfaces. However, it is important to note that PT is
only applicable when the characteristic length of surface roughness
is smaller than the Debye length, which is approximately 1 nm for an
electrolyte concentration of 100mM and at room temperature.®”>®
At such small length scales, metal electronic effects and short-range
interactions between the metal and solution cannot be neglected. In
comparison, the DPFT model accounts for these hybrid quantum-
classical factors in a unified framework that is cheap enough, thus
opening the door to simulating EDLs with nanoscale roughness.

To assess the description of surface roughness effects in different
methods, we calculate PZ plots using DPFT, SAC, and PT methods for

sinusoidal-shaped Ag-solution interfaces. Two characteristic lengths—
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FIGURE 4 Parsons-Zobel (PZ) plots for the planar surface and surfaces with various roughness at the potential of zero charge (PZC).
Comparison of PZ slopes for sinusoidal-shaped Ag-solution interfaces with (A) hs =Is = 1 nm and (B) hs = I; = 10 nm using DPFT, surface area
correction (SAC), and perturbation theory (PT) at the PZC. The total capacitance Cr, which is equal to Cg in this case, is calculated at five dilute
concentrations (0.1, 0.5, 1, 5, and 10 mM). A 45° line going through the coordinate origin is plotted for “guides to eye.” PZ plots for sinusoidal-
shaped Ag-solution interfaces with (C) s=1nm and hs = 1,2,3nm and (D) Is = 10 nm and hs = 5,10,15 nm at the PZC. The Cr are calculated at
five dilute concentrations (0.1, 0.5, 1, 5, and 10 mM). The slopes are obtained by linear fitting to the calculated data at the five concentrations.

the roughness length Is and the roughness height hs—are varied in this
comparison, as shown in Figure 2A. Figure 4A,B present the results
for the case with Is=hs=1nm and Is = hs = 10 nm, respectively. Two
reference straight lines are added, including one calculated using the
GC model on a planar electrode (black solid line), and the other calcu-
lated using the SAC method (green solid line). The latter gives a PZ
slope of 0.505 for cases with Is = hs.

In the case of I =hs = 1 nm, the DPFT model yields a PZ slope of
0.99, which is much higher than the value of 0.505 given by the SAC
method. This nearly-unit slope can be explained by the hydrophilicity
of the Ag(111) surface. The DPFT model assumes that the binding
energy of H,O (0.25eV) is larger than that of solvated ions
(0.04 eV).2>%0 As a result, water molecules preferentially occupy the
valleys of the rough surface, effectively “flattening” the interface !
This flattening effect reduces the roughness factor, leading to a PZ
slope of 0.99. In comparison, the PT model predicts a lower PZ slope
of 0.89. This discrepancy arises from the fact that PT only considers
electrostatic interactions on the electrolyte side, neglecting short-
range metal-solution interactions and metal electronic effects.

As the roughness scale increases, the limitations of PT approach

become more pronounced. For instance, for the case of

Is = hs = 10 nm, PT predicts a significantly reduced PZ slope of 0.37, as
shown in Figure 4B, which is even lower than the value given by the
SAC method. Furthermore, the PZ slope is scale-dependent. Specifi-
cally, the PZ slope is different for different roughness scales even
when the ratio of Is to hs remains constant. The scale dependency
suggests that simple geometric corrections like the SAC method are
inadequate to capture the full landscape of surface roughness effects
on PZ slopes.

To further explore the roughness effects on the PZ slope, we
employ the DPFT model to systematically calculate PZ plots as a func-
tion of one characteristic roughness length while fixing the other.
Figure 4C illustrates PZ plots for Is=1nm and varying roughness
heights hs =1,2,3nm. At smaller roughness values (hs = 1,2 nm), the
PZ plot of these rough surfaces coincides with that of the planar sur-
face, indicating a negligible roughness effect due to the flattening
effect of water.®* However, as h; increases to 3 nm, the PZ plot has a
slope of 0.66, because hs = 3nm falls within the range of electrostatic
screening lengths for the five concentrations of solution (Debye
lengths are 3.0, 4.3, 9.6, 13.6, and 30.4 nm, respectively). Figure 4D
shows PZ plots for I;=10nm with varying hy (=5,10,15nm). PZ
slopes are 0.93, 0.82, and 0.72, respectively, as hs increases.
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Recalling the experimental data shown in Figure 1A, while surface
roughness will reduce the PZ slope, it alone cannot account for the
ultralow slopes observed in experimental data for Au(111) and Pt(111).
Additional factors, such as ion attraction and ion chemisorption, have
been introduced to understand the observed deviations from classical
theory, which are to be explored further in subsequent sections.

3.3 |
slopes

Effects of ion attraction on Parsons-Zobel

Surface roughness alone cannot account for the ultralow PZ slopes
observed in experiments conducted with meticulously prepared
single-crystal electrodes. Consequently, we turn our attention to
other potential factors including ion attraction and ion chemisorp-
tion, both of which have been shown to significantly influence PZ
slopes in previous works.'”*® To fully grasp their effects, a more
detailed and systematic investigation is conducted within the DPFT
framework.

AI?BIFJ R NALJ9;f13

We begin by analyzing a simple scenario where the ion attraction
effects are singled out by explicitly excluding any charge transfer
between metal surface and ions. Figures S2a and 5B display computed
PZ plots for various Dj,, values, ranging from 0.14 to 0.35eV. When
Dion is smaller than the ion-water interaction energy of 0.25eV, the
PZ plots become nonlinear. This deviation results in PZ slopes greater
than 1, as depicted in Figure S2a. As Djq, increases beyond Dy,0, as
shown in Figure 5A, the PZ slopes decrease down to 0.468, 0.103,
and 0.03 for D;,, of 0.25, 0.30, and 0.35 eV, respectively. These slopes
are closer to experimental results for Au(111) and Pt(111) surfaces,
suggesting that significant reductions in the PZ slope occur only when
ion-metal interactions are comparable to or even stronger than
metal-solvent interactions. This does not mean that the metal surface
is in direct contact with bare ions because the ions are dressed in a
solvation shell. Determining the exact value of D;,, between the metal
surface and the solvated ion through ab initio calculations and experi-
ments is challenging due to the changes in the solvation shell as the
ion approaches the surface. However, it is largely agreed that
the electrostatic shielding effect of the solvation shell significantly

FIGURE 5 Impact of ion
attraction strengths on Parsons-
Zobel (PZ) plots. (A) Morse potential
profiles w; for ions with varying
attraction strengths

D, =D, =Djo, =0.25,0.30,0.35eV
and dojon =4 A, as well as for water
with Dy,0 =0.25eV and
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planar Ag-solution interfaces with
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differential capacitance Ct are
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weakens the electrostatic interaction between the metal and solvated
ions.®2 As a result, the Dion is predominantly governed by van der
Waals forces, with a magnitude of approximately 0.05eV.%3-%¢ This
indicates that the value of D;,, required to achieve a ultrasmall PZ
slope, is highly unrealistic.

Figure S3 shows DPFT-calculated Ct for several values of Digp.
Interestingly, the change in Morse potential w; does not affect the
PZC,? hence, the PZC for all Ct curves remains at jie.=—3.86eV. At
this PZC, the Ct curves transition from camel-shaped to bell-shaped
curves with increasing D;qp, indicating a rise in Cy due to stronger ion
attraction. This increase in Ct is attributed to the elevated local
ion concentration near the surface, as schematically depicted in
Figure 5E.

Next, we explore the effect of varying the equilibrium distance
dojon between ions and metal surface. Figure 5D presents the PZ
slopes for doyion:Z.SA, which is slightly lower than the distance
between water molecules and metal surface, doh,0 =2.85 A. The cor-
responding Morse potential profiles with varying Do, are depicted in
Figure 5C. Figures S2b and 5D show PZ plots for Do, values from
0.04 to 0.4eV. Given the proximity of dgyjon and don,0, a larger ion
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FIGURE 6

attraction potential is necessary to expel water molecules from the
surface and reduce the PZ slope. This observation is critical, as it sug-
gests that only under such conditions can the experimentally
observed ultralow PZ slopes for Au(111) and Pt(111) surfaces be
reproduced.

A closer examination of the Ct curves in Figures S3 and S4
reveals that the Ct at high electrolyte concentrations varies only
slightly at the PZC as the ion attraction potential increases. The reduc-
tion in PZ slopes at the PZC correlates with a transition in the Ct
curves from hump-shaped to dumbbell-shaped at lower concentra-
tions. While these findings provide insights into how ion attraction
influences the PZ slope, a direct comparison of the experimental and
calculated Cr values reveal a significant discrepancy: the calculated C+
values for both cases are substantially smaller than those observed
experimentally. For example, in experiments involving Pt(111) elec-
trode in 0.1-5mM NaClQy, LiClO,4, CsClO,4, NaCH3SO3, and LiF elec-
trolytes, Cq4 ranges from 50 to 120 uF/cm? at the PZC,**?! whereas
our calculated Cr at 10mM is only around 30 pF/cm? at the PZC.
Therefore, while ion attraction contributes to the ultralow PZ slope, it

cannot fully explain experimental observations. The discrepancy
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Impact of ion chemisorption strengths on Parsons-Zobel (PZ) plots. (A) Morse potential profiles w; for cation with D. =0.04 eV

and do =4A, and for chemisorption anion with varying adsorption strengths D, = 0.45,0.49,0.56 eV and doca= 2.8A at the potential of zero
charge (PZC), as well as for water with Dy,0 =0.25eV and do,0 =2.85 A. (B) The partial charge on the chemisorption anion g, as a function of
its distance with varying adsorption strengths D, =0.45,0.49,0.56 eV at the PZC. (C) PZ slopes of planar Ag-solution interfaces for
chemisorption anion with varying adsorption strengths D, =0.45,0.49,0.56 eV at the PZC. The total differential capacitance Ct are calculated at
five dilute concentrations (0.1, 0.5, 1, 5, and 10 mM). The slopes are obtained by linear fitting to the calculated data at the five concentrations.
The Parsons-Zobel plots of Gouy-Chapman (GC) is located at the 45° line and is plotted for “guides to eye.” (D) Relative contributions of the
chemisorption capacitance C,q4 to the Ct at adsorption energies of D, =0.45,0.49,0.56 eV at the PZC.
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between calculated and measured Cr values suggests that other fac-
tors, beyond non-specific ion attraction, are at play. One of these
factors is the partial charge transfer between the adsorbed ion and
the metal surface, which is to be examined in the next section with a
modified DPFT model.

3.4 | Effects of ion chemisorption on
Parsons-Zobel slopes

We continue to examine the influence of ion chemisorption on the PZ
slope using the DPFT-Chem model. Figure 6A illustrates the potential
energy profiles for cations, chemisorbed anions, and solvent mole-
cules. We vary the potential well depth D, at the PZC to 0.45, 0.49,
and 0.56 eV. The corresponding charge distributions q., are depicted
in Figure 6B, where g, transitions from —1 in the region of d > 5A to
—0.42, —0.42, and —0.43, respectively, for D, =0.45,0.49,0.56 eV at
d<3A. This indicates a partial charge transfer from the chemisorbed
anion to the surface, which plays a crucial role in modifying the sur-
face charges and differential capacitances. By adjusting the Morse
potential well depth to 0.45, 0.49, and 0.56eV, the DPFT-Chem
model predicts PZ slopes of 0.368, 0.109, and 0.026, respectively, as
illustrated in Figure 6C.

Figure S5 presents Ct curves at the PZC for different D,.
Cq ranges from 50 to 80 uF/cm? at the PZC, which closely aligns with
experimental data.!*?? Figure 6D displays the Cr and C,q as a func-
tion of Dc,. As the chemisorption energy increases, the contribution
of C,q to Ct becomes more pronounced, indicating that chemisorption
dominates the Ct in the presence of the chemisorption of ions.

To validate these results, we conduct additional calculations
where charge transfer between anion and surface is excluded, namely,
treating anions as physically adsorbed species. All other parameters
remained identical to those used in Figure 6C. The resulting PZ
plots are shown in Figure S6, where the PZ slopes are notably
higher compared to those in Figure 6C. Additionally, as portrayed
in Figure S7, the calculated Cy at the PZC is around 40 pF/cm? at
10mM, with only minor variations as the potential well depth
increases. This stark contrast underscores the critical role of chemi-
sorption in explaining ultralow PZ slopes and ultrahigh capacitances.
Without chemisorption, the PZ slopes and capacitance values deviate
significantly from experimental observations, highlighting the limita-
tions of ion attraction-based models. Recalling the independence of
ultralow PZ slopes from the specific type of electrolyte ion, we con-
jecture that the underlying origin is dictated not by the unique adsorp-
tion properties of individual ions, but instead by the chemisorption of
a common species. As for Pt, hydroxide ions (OH ™), formed via water
decomposition, emerge as the most plausible candidate, as previously
discussed in Reference 67. It has been recently showed that OH
adsorption on Pt can occur on step sites at an electrode potential
much negative of that on terrace sites.®®%? Since step sites are inevi-
table even in real-world Pt(111), OH adsorption on Pt step sites con-
tributing to ultrahigh Cq4 and ultralow PZ slopes is a reasonable

conjecture.

A'?BERNALM
4 | CONCLUSIONS

In this study, we systematically investigated three potential
mechanisms—surface roughness, nonspecific ion attraction, and ion
chemisorption—to elucidate the origins of ultrahigh double layer
capacitance and ultralow Parsons-Zobel (PZ) slopes at metal-
solution interfaces. Using a unified density-potential functional the-
ory (DPFT) framework, we first examined the effects of surface
roughness. Our results indicate that although roughness can slightly
modify the effective interfacial area, its impact is largely mitigated by
the structuring of interfacial water, which tends to “flatten” the
nanoscale topography. Consequently, surface roughness alone is
unable to reproduce the pronounced decrease in the PZ slope
observed experimentally.

Next, we explored nonspecific ion attraction as a mechanism to
enhance local ion concentration. While our simulations showed that
strengthening ion-metal interactions can reduce the PZ slope, the
required adsorption parameters are unrealistic when compared with
atomistic simulations, and the resultant double layer capacitance
remains substantially lower than experimental values.

In contrast, by integrating the Anderson-Newns model Hamiltonian
into our DPFT framework, we demonstrated that ion chemisorption with
partial charge transfer can concurrently account for the ultrahigh capaci-
tance and ultralow PZ slopes observed in systems such as Au and Pt. This
mechanism effectively alters the local charge distribution at the interface,
reconciling theoretical predictions with experimental data.

Overall, our findings establish that ion chemisorption is the dominant
factor governing the interfacial behavior, providing a robust theoretical
foundation that bridges fundamental electrochemical phenomena with
practical applications. These insights are critical for the rational design of
next-generation electrocatalytic and energy storage systems, addressing
longstanding challenges in the field of chemical engineering. We note,
however, that the present DPFT framework does not account for dipolar
overscreening effects arising from nonlinear solvent polarization, which

may become significant at low electrode polarizations.

SUPPORTING INFORMATION

PZ plots for Ag(111)-KPF,, Ag(111)-NaF, and Ag(111)-KCIO, at the
PZC obtained in experiments; PZ plots for planar Ag-solution inter-
faces with Dio, at the PZC; The DPFT-calculated Ct for planar Ag-
solution interfaces with different values of Diy,, D. and D.; DPFT

model parameters; Anderson-Newns Hamiltonian model parameters.
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