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Prevalent electrolyte effects across a wide range of electrocatalytic reactions underscore the general
importance of the local reaction conditions in the electrical double layer (EDL). Compared to traditional
EDLs, the electrocatalytic siblings feature partially charged chemisorbates that could blur our long-held
views of surface charge densities and differential capacitances—two interrelated quantities shaping the
crucial local reaction conditions. Herein, five variants of surface charge density and three variants of dif-
ferential capacitance in the presence of chemisorbates are defined and compared. A semiclassical model
of electrocatalytic EDLs is developed for a quantitative analysis of the differences and interrelationships
between these variants of surface charge densities and differential capacitances. It is revealed that the
potential- and concentration-dependent net charge on these chemisorbates dramatically changes the sur-
face charge densities and differential capacitances. Specifically, the free surface charge density could
decrease as the electrode potential becomes more positive, implying that the corresponding differential
capacitance is negative. The relationship between the free and total surface charge densities is analyzed
with aid of the concept of electrosorption valency. By linking the electrosorption valency with the differ-
ential capacitance in the absence of chemisorbates, we explain the potential and concentration dependence
of the former. The conceptual analysis presented in this work has important implications for experimen-
tal characterization and first-principles-based atomistic simulations of electrocatalysis and EDL effects.
Particularly, we disclose a hidden yet potentially crucial disadvantage of widely employed atomistic sim-
ulation models that fix the coverage of chemisorbates. Proposing the self-consistent implicit model as an
expedient remedy for this disadvantage, this work contributes to more realistic modeling of electrocatalytic

EDLs.

DOI: 10.1103/PRXEnergy.3.043008

I. INTRODUCTION

Electrocatalytic reactions proceed via the adsorption
and desorption of chemisorbed intermediates. The ther-
modynamic state of the chemisorbed intermediates and
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the kinetic rate of their adsorption and desorption are
determined by both solid and liquid components of
the electrode-electrolyte interface, as exemplified by the
hydrogen evolution reaction (HER). On one hand, the
exchange current density, Jo yer, can vary up to 7 orders
of magnitude among different metallic electrodes [1-3].
The catalytic trends between different metals have been
successfully rationalized using the Sabatier principle [4,5]
and modern theories of chemisorption and electrocataly-
sis [6-9]. On the other hand, Jyyer at Pt(111) is around
20 times higher in 0.05M H,SO4 than in 0.1M NaOH
[10]. Moreover, Jo ner in alkaline solutions decreases with
increasing effective cation size (Lit > Na® > K* >
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Cs™) at Ir, Pd, Pt electrodes, while the trend is reversed
at Cu, Ag, Au electrodes [11,12]. Remarkable elec-
trolyte effects have also been reported for oxygen reduction
[13—19], oxygen evolution [20-25], and carbon dioxide
reduction [26-29], as well as other electrocatalytic reac-
tions, on various catalysts, underpinning the crucial impact
of both the liquid and solid components on electrocatalytic
activity and selectivity.

Understanding the origins of these electrolyte effects is
a long-standing and classical, yet topical, problem in elec-
trocatalysis, as reflected by a review written by Frumkin
in 1959 [30] and recent vigorous research endeavors
[31-33]. Recent emphasis has been targeted towards the
local reaction conditions within the nanometric electrical
double layer (EDL) at the electrode-electrolyte interface
[31-37]. Within the theoretical and computational electro-
catalysis fields, there is a strong consensus on the need
to extend the standard computational hydrogen electrode
(CHE) method by incorporating the EDL effects [38—44].
However, it remains unresolved how these effects should
be described in an efficient, accurate, and general way;
as a result, various approaches from constant-charge to
constant-potential schemes have been proposed and are
under constant development.

The constant-charge scheme involves complementing
the canonical free energy calculated using the CHE method
with various electrostatic correction terms, mostly of the
form —C(U — Uy)? /2, where C is an effective capacitance,
Uy is the electrode potential corresponding to the canoni-
cal DFT slab model, and U is the electrode potential of
interest [45—47]. In this sense, the constant-charge scheme
adopts the Helmholtz model for the EDL, describing it as a
capacitor with a constant capacitance in the potential range
between U and Uy [48,49]. The constant-charge scheme is
handy and widely used, since only a posteriori correction
of EDL effects is required, without resorting to an explicit
treatment of the EDL. However, these models need a good
model of C. Most often, C is treated as a constant, which
cannot be considered a generally valid approximation [47].

The constant-potential scheme entails grand-canonical
free energy calculations [38,40,41,43]. A fully grand-
canonical scheme should allow the electron number (N,);
the coverage of chemisorbates (6;); and the numbers of
cations (V;), anions (%,), and solvent molecules (V) to
vary as functions of the electrochemical potentials of these
components [50]. Since genuine fully grand-canonical cal-
culations are prohibitively expensive and need nontrivial
methodological efforts beyond the current models, various
approximations have been introduced in practical appli-
cations, including an implicit treatment of the electrolyte
solution and a reduced number of grand-canonical vari-
ables [47,51]. Crucially, available implicit solvent models
for DFT simulations cannot treat chemisorption or cova-
lent bonding; instead, they are restricted to only “outer-
Helmbholtz layer” effects dictated mainly by electrostatic

interactions [51]. Therefore, current constant-potential cal-
culations tacitly assume a fixed coverage of chemisor-
bates and should, hence, be referred to as electronically
grand-canonical [43] or semi-grand-canonical simulations
[47].

While the constant-charge and constant-potential sim-
ulations are thermodynamically equivalent and related to
each other via a Legendre transformation [47,52—54], the
inability to treat chemisorption implicitly impacts them
differently. Constant-potential calculations require a good
computational model of the capacitance a priori. By
contrast, constant-charge calculations can correct for the
capacitance a posteriori using even experimental capac-
itance data. Therefore, provided with adequate knowl-
edge about the differential capacitance of the EDL, it is
possible to calculate the constant-potential free energy
from its constant-charge counterpart [47,52—54]. While
it is claimed that constant-charge calculations are more
immune to inaccuracies and omissions in the computed
capacitance, it should be emphasized that it is not any
easier to obtain accurate differential capacitances than
to self-consistently carry out constant-potential calcula-
tions directly. For instance, it has been shown in the
example of the acidic Volmer step on Au(111) that the
constant-charge scheme with a constant-capacitor approxi-
mation agrees quantitatively with the electronically grand-
canonical scheme [54]. However, the grand-canonical
calculations were performed by fixing the chemisorbate
coverage in a single electronically grand-canonical calcu-
lation. Importantly, changes in coverage during the reac-
tion, as required by a fully grand-canonical calculation of
reaction kinetics [55], have not been addressed.

The consequences of constraining the chemisorbate cov-
erage have, however, barely been discussed. What con-
sequences does the constrained chemisorbate coverage
have on the grand-canonical free energies? This question
is transformed to understand the influence of chemisorp-
tion and potential-dependent chemisorbate coverage on the
differential capacitance that bridges canonical and grand-
canonical free energies. As we show below, there are at
least three capacitances in the presence of chemisorbates.
It is not well agreed upon in the literature which one
should be used in the conversion between the electrode
charge and the electrode potential. Moreover, we show
that chemisorption changes not only the magnitude of the
capacitance, as tacitly assumed previously, but also the
sign of the differential capacitance. Our results imply that
electronically grand-canonical methods with constrained
chemisorbate coverages cannot describe this essential
characteristic of electrocatalytic EDLs. Likewise, the fully
self-consistent implementation of constant-charge calcu-
lations should consider the impact of the chemisorption-
induced changes in the differential capacitance. As a step
forward towards fully self-consistent simulations of elec-
trocatalytic EDLs, we propose a practical way to include
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variable chemisorbate coverages in electronically grand-
canonical simulations through an advanced semiclassical
implicit electrolyte model.

II. CONCEPTS

As discussed in Sec. I, both constant-charge and
constant-potential simulations of EDL effects require
knowledge of the differential interfacial capacitance (C),
which is defined as the electrode potential derivative of the
surface charge density. In what follows, we begin by laying
out a few basic concepts of electrocatalytic EDLs. Specif-
ically, we define several types of differential capacitances
and surface charge densities for electrocatalytic EDLs with
chemisorbates. Then, we develop a semiclassical model
of electrocatalytic EDLs to allow for a quantitative dis-
cussion on the differences and relationships between these
variants. Afterwards, the semiclassical model is applied to
understand the influence of chemisorption on the differen-
tial capacitances and surface charge densities. In the end,
we relate the insights learned from the semiclassical model
to experimental characterization of electrocatalytic EDLs
and DFT-based models. For the latter aspect, the empha-
sis is put on understanding the consequence of the fixed
chemisorbate coverage in electronically grand-canonical
models and their future improvements towards a fully
grand-canonical model of EDLs.

A. Surface charge densities

An atomistic simulation of an EDL yields the volumet-
ric charge density (p), not the surface charge density [56].
Surface charge density is obtained by integrating the vol-
umetric charge density along a particular line, most often
the line perpendicular to the electrode surface.

o= / e (on + pe)dz (1)

where p, is the volumetric charge density of nuclei, and p.
is that of electrons which is negative. It needs to be noted
that the selection of the starting and ending points of the
line, zg and z., respectively, make the quantification of o
ambiguous. This is true even for ideally polarizable EDLs,
e.g., that of the Ag(111)-aqueous KPF¢ solution inter-
face, because the overlap between the electron tail of the
metal and the electron cloud of water molecules makes it
impossible to rigorously define a surface charge density, o.
Nevertheless, the electroneutrality condition implies that

o= _M )

A surface

where N, and N, are the number of K* and PF in the elec-
trolyte solution, respectively; |e| is the elementary charge;
and Agyrface 18 the geometrical area of the metal surface. For

ideally polarizable EDLs, the states at the Fermi level are
fully localized on the metal side, and excess electrons are
added to or removed from the metal alone, which can be
quantified by the projected density of states on the metal
states.

In constant-charge DFT simulations of the EDL, Eq. (2)
implies that one can tune o by varying the type and
number of ions in the electrolyte solution [57—59]. The
corresponding electrode potential is then obtained from the
self-consistently computed Fermi level or the inner poten-
tial of the system. In this scheme, the potential of zero
charge (PZC) usually corresponds to metal-water inter-
faces. Rigorously speaking, this potential is the potential of
zero ions (PZI) because there are no electrolyte ions in the
liquid phase. On the contrary, at the PZC an equal number
of cations and anions exist in the EDL. The PZC and PZI
are not necessarily identical since the presence of cations
and anions in the EDL at the PZC may change the config-
uration of interfacial water molecules, and thereby impact
both the Fermi level of the system and entropy.

Though o defined in Eq. (2) is unambiguous, it does
not offer a clear connection with o from Eq. (1) due to
the spatial overlap of metal electrons and electrons of
electrolyte components. Given that electrons are indistin-
guishable particles, and that charge partition cannot be
defined uniquely, one cannot assign the electrolyte, sol-
vent, or electrodes charge without extrathermodynamic
assumptions. It is very plausible that one cannot use Eq. (1)
to unambiguously obtain the same o expressed in Eq. (2),
no matter how we choose z; and z.. Therefore, Eq. (2) is a
pragmatic definition based on a modelistic picture.

Compared to “simple” EDLs without chemisorption,
the EDLs encountered in electrocatalysis are even more
complex, as they feature chemisorbed ions and sol-
vent molecules [31,60,61]. In a modelistic picture, these
chemisorbates in the inner Helmholtz plane (IHP) bear
a net charge and/or a dipole moment. The charge on
chemisorbed ions is different from that of the same ions
in the bulk solution, due to the formation of chemical
bonds between these ions and the electrode. This has been
revealed in the theory of chemisorption [6-9] and quan-
tum chemical simulations [62]. Moreover, the chemisorbed
ions do not need to carry an integer charge but are typ-
ically partially charged. This fact further complicates the
definition and calculation of surface charge densities. As
a result, at least five different types of surface charge den-
sities can be defined, as summarized in Fig. 1: the total
surface charge density (o), the free surface charge den-
sity (ogee), the metal surface charge density (o), the total
and net charge density of chemisorbates (0ad tot, Oad.net)-
All these quantities are related but only some are measur-
able while others are modelistic quantities. We will explore
their relationships and characteristics.

Otot 1S @ measurable quantity, as it corresponds to the
total amount of electrons flowing through the external
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—Ofree

Otot

FIG. 1.

v

Surface charge densities of electrocatalytic EDLs. Total charge density, oy, measures the total amount of electrons flow-

ing through the external circuit when the electrode is subject to a given potential. Metal charge density, oy, is @ modelistic concept,
describing the surface charge density within the metal region, of which the outer boundary is indefinite in the presence of chemisor-
bates. Total and net charge density of partially charged chemisorbates are g0t and oaqnet, respectively, and their difference is the
amount of charge transferred between the metal and the chemisorbed ion, namely, the charge involved in the partial charge transfer
process, denoted opct. Total charge density oy is divided into opct, charging the chemisorbates, and oy, charging the metal. Amount
of charge stored in the diffuse layer stretching from the outer Helmholtz plane to the bulk solution is the negative of the free charge
density, ogee. Since the overall EDL is electroneutral, o is the sum of oy and 0,4 e, Which establishes a rigid dichotomy between

the metal and the chemisorbates.

circuit upon changing the electrode potential. It also bears
thermodynamic significance. The electrocapillary equation
links it with the interfacial tension and electrode poten-
tial: oyt = (0y /OE)y,;, with y being the interfacial tension,
E is the electrode potential, and fi; is the electrochemi-
cal potentials of the constituents of the electrolyte solution
[63,64]. o Was often denoted as oy in earlier references,
e.g., Ref. [65]. Lorenz and Salié thus termed oy the ther-
modynamic charge density [66], while Frumkin and Petrii
coined the name total charge density [67]. In the pres-
ence of chemisorption, oy, contains contributions from
EDL charging or discharging, chemisorbate adsorption or
desorption, and the nontrivial coupling of these processes.

The potential-dependent changes in oy, can be under-
stood using a simple gedanken experiment of a single
anion chemisorption at constant potential. Let us first
freeze all other components of the EDL and move a
monovalent anion from the bulk solution to the IHP. No
matter how the extra valence electron is shared between
the electrode and the anion, an electron must flow out of
the electrode to ensure overall electroneutrality. However,
the presence of this partially charged chemisorbed anion
brings up an extra potential drop between the metal surface
and the IHP. To retain the electrode potential, this potential
drop must be compensated for and screened by accumula-
tion of counterions in the diffuse layer. Therefore, a certain
number of cations move into the diffuse layer, rendering an
equal number of electrons flowing back into the electrode.
In sum, the change in oy is less than one electron upon
chemisorption of a monovalent anion.

Extending from this example, we consider a general case
involving multiple types of chemisorbed ions with surface
coverages 6; = N;/Ny, with Ny being the areal density of
metal atoms and N; that of adsorbates i. We denote the
partial charges of these chemisorbed ions as ¢; and their

corresponding bulk charges ¢°. The total charge density of
chemisorbates oaq 1ot 1S

Oudsor = Y OiNugl, 3)

1

and the net charge density of chemisorbates, oaq net, 1S

Oad,net = ZeiNMQi~ (4)

1

We note that |Gad,net| =< |Uad,t0t|-

One can also use Frumkin’s definition of free surface
charge, ogee [67], where “free” means that the addition
(removal) of these ions does not involve the formation
(cleavage) of chemical bonds. Put in an equivalent way, the
addition (removal) of these ions is purely of electrostatic
origin. Since the outer Helmholtz plane (OHP) is the clos-
est plane that nonspecifically adsorbed ions can approach
the electrode surface, a pragmatic definition of ogee is [56]

Ofree = _/ (Z niq?) dZa (5)
ZQHP 1

1

where zopp denotes the OHP, z, is the bulk solution, and
n; is the number density of ions.

As in the example of anion chemisorption, the total sur-
face charge density is then a sum of the negative of the
total adsorbate charge density and the surface free charge
density:

Otot = —Oad,tot + Ofree, (6)

where the negative sign before 0,4t means that the elec-
trode charge tends to counterbalance the charge carried
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by the chemisorbates. In some cases, the negative sign is
omitted when 0,410t is defined with respect to the electrode
charge.

It is also important to note that ofee and 0,40t are cou-
pled. The immediate influence of this coupling is that the
chemisorption of a monovalent anion results in a fraction
of an elementary charge flowing in the external circuit.
This leads to the concept of electrosorption valency, /
[64,66], which is formally defined in Eq. (9).

Because oy is measurable, Eq. (6) indicates that o
is known if 6; can be measured, e.g., using optical spec-
troscopy approaches [68—70]. However, as oge. is much
smaller than both o1 and a4 101, the accuracy of calculating
the difference between two large numbers is a perplexing
issue.

It is important to note that the relationship oy = Oree
does not hold for the case with chemisorption due to the
presence of nonzero adsorbate charge, o,dnet- Instead, we
have

OM + Oadnet = Ofree» (7)

as illustrated in Fig. 1.
Substituting Eq. (7) into Eq. (6) leads to

Otot = —OPCT + OM, 3

where opcT = (Gadtot — Oadnet) 1S the partial charge trans-
ferred from chemisorbates to the electrode.

We wish to emphasize that these formal definitions of
surface charge variants are not solely driven by academic
curiosity; rather, they play a crucial role in delineating
modelistic quantities from measurable quantities, thus fun-
damentally shaping the modeling and understanding of
capacitance and, consequently, EDL effects in electrocatal-
ysis.

B. Electrosorption valency

The electrosorption valency, /;, is a key quantity in
understanding the influence of chemisorption on the dif-
ferential capacitances, as it measures how the total charge
density depends on the surface coverage of a given species
[64,66]:

—1 {doi,
1,-=—( "“) . 9)
N\ 96 )y

The electrosorption valency quantifies the negative of the
total charge flowing through the external circuit upon
chemisorption of an ion i at constant electrode potential
and coverages of other chemisorbates. /; is different from
@° since oy varies during the chemisorption process, as
seen in the gedanken experiment.

For the usual case with only one type of chemisorbed
ion, the electrosorption valency can be reformulated as

0010
1,:_61}?( Tt ) . (10)
ao'ad,tot E
Combining Egs. (6) and (10) leads to
0
h=q) - q"("—f) : (11)
aUad,tot E

In summary, /; reflects the strength of the coupling between
Ofree aNd 0yq 10t at constant potential. If ogee and oyq o are
decoupled, we retrieve the trivial result, /; = q?.

C. Differential capacitances

The charge density variants lead to corresponding dif-
ferential capacitance variants defined as

co- (3
IE ﬁi’

where we highlight that the capacitance depends on the
electrode potential, £, and that the electrochemical poten-
tials, fi;, are kept constant. According to Eq. (6), the rela-
tionship between the total capacitance, Ciot = 000t/ 0E;
the double layer capacitance, Cpy = d0fee/0F; and the
pseudocapacitance of chemisorption coined by Conway
and Gileadi [71], Cag = —(004d,10t/9E), is obtained as

(12)

Ciot = Caa + CoL. (13)
Inherited from the magnitude difference between o,q 1ot and
Ofree> Cad 18 usually much larger than Cpp. Therefore, Cio
is usually dominated by C,q in the presence of chemisorp-
tion, see examples by Refs. [61,72]. Note that C,g and
CpL are not independent; instead, Cp is influenced by the
adsorbates. Usually, the charging and discharging of the
diffuse layer is much faster than the adsorption and des-
orption of chemisorbates, which allows the separation of
C,q and Cpr, based on the difference of their time constants
using, e.g., electrochemical impedance spectroscopy (EIS)
[73—77]. In this scenario, the differential capacitance mea-
sured at a sufficiently high frequency is Cpp pr, with the
subscript “HF” denoting high frequency, while that mea-
sured at a sufficiently low frequency is the sum of Cpp 1F,
with the subscript “LF” denoting low frequency, and C,gq.
It is important to note that Cpr yr and Cpp Lr are charac-
teristically different due to the influence exerted by C,q; we
come back to this in Sec. V.

III. THEORETICAL METHODS

The key question to answer is how chemisorption
changes the EDL properties. Specifically, we are interested
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Schematic diagram of electrocatalytic EDLs with partially charged chemisorbates (intermediates, denoted 4) located at the

IHP. This work develops a grand-canonical, semiclassical model for electrocatalytic EDLs with an implicit treatment of chemisorption.
Specifically, the metal electrons are described using an orbital-free DFT, the electrolyte solution is described using a classical statistical
field theory, and metal-solution short-range interactions are described using Morse potentials. Chemisorption of anions is treated using
the Anderson-Newns model Hamiltonian approach. The semiclassical model itself does not involve classical modelistic concepts like
the IHP and OHP; instead, it describes the whole EDL with continuous density and potential profiles.

in the influence of chemisorption on g and Cpy, the cou-
pling between oyqt0t and Ofee, and the coupling between
Caq and Cp . To address these questions, we need a method
capable of modeling the EDL with chemisorption under
constant electrode and electrochemical potential condi-
tions. For this purpose, we extend recent density-potential
functional theory (DPFT) from previous models developed
for ideally polarizable EDLs to EDLs with chemisorption
[78-81].

As illustrated in Fig. 2, the DPFT method combines
orbital-free DFT of the metal electrons, thermodynamic
statistical classical DFT theory of the liquid solution, and
parameterized potential relationships for short-range inter-
actions between the metal and the electrolyte solution.
In the absence of chemisorption, the DPFT approach is
an orbital-free version of the recently developed con-
stant inner-potential DFT (CIP-DFT) approach [82]. DPFT
expresses the grand potential of the EDL as a hybrid
explicit functional of the electron density and the elec-
trostatic potential. The variational analysis of the grand
potential functional is carried out using the Euler-Lagrange
equation, resulting in two coupled partial differential equa-
tions in terms of the electron density (n.) and the electro-
static potential (¢). These two controlling equations are
solved under constant electrochemical potentials of elec-
trons, electrolyte ions, and solvent conditions, namely,

under typical experimental conditions of constant elec-
trode potential and electrolyte activity. As a result, one
obtains self-consistent and continuous profiles of electron
density, electrostatic potential, ion density, and solvent
density. As the model describes the entire interphase [83]
from the metal phase to the electrolyte or solution phase,
the electrostatic potential and all the densities are cal-
culated for the entire interphase. Properly parameterized
short-range interactions between the metal and the elec-
trolyte solution separate the two phases, guaranteeing that
ions and solvent molecules do not penetrate the metal.
Currently, the orbital-free DFT description cannot reli-
ably treat chemisorption on metal surfaces [84,85]. Here,
we adopt a different strategy and treat chemisorption in an
implicit modelistic way. The present implicit chemisorp-
tion model can also be combined with common Kohn-
Sham DFT implementations in electrocatalysis as an
extension of available implicit solvent models. Specifi-
cally, we employ the Anderson-Newns model Hamiltonian
to describe the hybridization of the ion’s valence elec-
tron orbital with the metal orbitals (bands) [6-9]. The key
result from the implicit chemisorption model is the par-
tial charge of the ion, ¢;, which depends on the electrode
potential and ion position. Since the resultant g; enters
the Euler-Lagrange equation for the electrostatic equation,
the electronic structure, adsorbate charge, and electrostatic
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potential, as well as the electrolyte densities, are solved
self-consistently and are naturally coupled to each other.

A. DPFT-Chem model

Here, we present a brief review of the key equations
of the DPFT and refer interested readers to a detailed
derivation in a previous work [79]. To extend the DPFT
model to electrosorption problems, we reformulate the
DPFT equations for the specific case of an Ag(111) elec-
trode immersed in an electrolyte. Motivated by an exper-
imental study [65], we consider the Ag(111) electrode
in ¢(1 —f )M KPF¢ + ¢fM KCl solution, where c is the
total molar concentration of anions and 0 < f <1 is the
fraction of the chemisorbing C1™ anion of the total anion
concentration. We denote the Ag cationic cores with the
abbreviation “CC,” metal electrons with “e,” solvent with
“s,” electrolyte cations with “c,” nonspecifically adsorbed
PF, anion with “NA,” and chemically adsorbing CI™
anion with “CA.” The metal electrode is modeled as a
jellium.

The controlling equation for the electron density
described with orbital-free DFT at the semilocal level is
[75]

0 0 -
ov; — 205 o drpp y dux | duc  (lelgtiie)
VVie = FhegoZo | e t 37 T 9 ean.

+(ro-16xc) V)2
2fte(9Tw—9xc)( ne)”,

(14)
where w = (2/5)7°/333(n,)!/? is a density-dependent
coefficient; 7, = n.(ap)’, using the Bohr radius, ao, as

the reference length is the dimensionless electron density;
V = qyV is the dimensionless gradient operator; 1 and

J

0,

Oxc are the coefficients of the “semilocal” gradient terms in
kinetic energy and exchange-correlation energy functional,
respectively; tr is the Thomas-Fermi kinetic energy func-
tional, u% and u. are the exchange and correlation energy
in the Perdew-Burke-Ernzerhof (PBE) functional, respec-
tively; |e| is the elementary charge; e,,, = 27.2 eV is the
reference energy in atomic units; and ji. is the elec-
trochemical potential of electrons, which corresponds to
the electrode potential and is the key control variable
in constant-potential experiments. Equation (14) is gen-
eral and can be applied to both atomic and continuum
descriptions of the electrode. Herein, we adopt a jellium
description of the electrode.

The controlling equation for the electrostatic potential is
[79]

- 6(EOP6QB + nspsk L)

=k ((ncc — ne) + A + ncagea — NNA), (15)

where ¢ = |e|¢/kgT is the dimensionless electrostatic
potential with the Boltzmann constant, kg, and tempera-
ture, T; €op is the dimensionless optical permittivity refer-
enced to the permittivity of vacuum, eo; 7; = ny(ao)>,/ €
{s, CC, CA, NA} are the dimensionless number densi-
ties; ps = ps/|ela is the dimensionless dipole moment of
the solvent; k = eé/kBT €0ap 1s a unitless number origi-
nating from the nondimensionalization process; and Ls =
coth(psE) — (psE)~" is the Langevin function with the
dimensionless electric field, £ = V. Recently, Shibata et
al. extended the DPFT model with an improved description
of the electrolyte solution [86].

The number densities are obtained from variational
analysis of the grand potential, and are given by

n; =

where ;’1}’ is the dimensionless bulk density of species /,
xi =717/ Y i, y is the relative size of species / refer-
enced to that of the solvent molecule, and ¥, is the volume
fraction of unoccupied space in the bulk solution.

The Boltzmann factors, ®;, are

®l eXp(_(QI(l; + Wl)),l € {Ca CAaNA}a
inh(p<F 17
O, = exp (— (—msmh_ﬂ + w)) : (an
Ps

where ¢; is 1 for cations (/ = ¢), —1 for nonspecifically
adsorbing anions (/ = NA), and fractional for chemisorbed

n
"Xy 4 XxsOs + veaxca®ca + NaxNaOna + VexeOc

, le{s,c,CA,NA}, (16)

(

anions (/ = CA). The short-range interaction terms, w;, [ €
{s,c, CA,NA}, are described using Morse potentials [78,
87]:

wi(7) = Dy(exp(—2B1(d(F) — by))
— 2exp(—Bid () — bp)), (18)

with D; being the well depth, related to the binding
strength; B, is a coefficient controlling the well width;
d(7) is the distance from a point with coordinate 7 ref-
erenced to the metal surface; and b; the distance to the
well bottom. Throughout this paper, we use 7 for coordi-
nates of a point in the space, z for the coordinate in the
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direction normal to the surface, and d(7) for the distance
between a point and the metal surface. When 7 is within
the metal, d(7) is negative and w;(¥) increases exponen-
tially, resulting in a negligible probability of species / in
the bulk metal. As the electrode potential varies, the extent
of the electron spillover of the metal changes, which ulti-
mately affects the binding strength of the anion on the
metal surface. Specifically, the potential-dependent cova-
lent binding strength of the chemisorbed anion, CI™ in the
present work, grows at more positive electrode potential
[62,88]. This is approximated through a linear relationship:

1 -
Dcp = kB_T(DOCA + acafle), (19)

where the coefficient acp < 0, and Dg A denotes the inter-
cept at fie = 0 eV. Note that Eq. (19) does not include the
electrostatic interactions, which are described separately
through Eq. (17).

The charge of the chemisorbed anion, C1™ in the present
case, is derived from an Anderson-Newns model Hamilto-
nian treatment detailed in the Supplemental Material [89]
(including Refs. [50,90—101]):

€CA

d) = ! ! t 20
CICA()——E‘F;Mcan(X), (20)

where A = Aexp(—ka(d — do)0(d — dow)) is  the
strength of the electronic metal-anion interaction, which
decreases exponentially with the anion moving away
from the metal surface; ko is the coefficient determin-
ing the exponential decay of A; d is the distance of
the anion away from the metal surface; dg, is the cut-
off distance; and 6(x) is the Heaviside function. €cp =
—fLe + (68A — Ac(1 — exp(—ke(d — dew)0(d — dewr)))) 18
the energy of the valence orbital of the anion referenced to
the Fermi level of the metal. ec4 also changes with the dis-
tance d, characterized with a magnitude of A, > 0 and a
coefficient of «.. 68  1s the reference value at d = d.. The
increase in €ca with decreasing d facilitates transfer of the
electron from the anion to the metal.

In summary, the current model has three coupled com-
ponents, which are to be solved self-consistently. The first
component describes the metal phase using orbital-free
DFT theory in Eq. (14). Different from standard Kohn-
Sham DFT calculations, the electrostatic potential and the
electron density are not dual variables here; instead, they
have the same status. The second component describes the
electrolyte phase using an extended Poisson-Boltzmann
equation in Eq. (15). The extension is threefold: solvent
orientational polarization of solvent molecules is treated as
in dipolar Poisson-Boltzmann theory [102,103]; a unified
description of the metal and electrolyte phases removes
problems associated with the metal-solution boundary, par-
ticularly the image charge problem [104,105]; and the ion

charge is not constant but varies spatially and as a function
of the electrode potential due to chemisorption. The partial
variable charge of chemisorbed anions is calculated from
an Anderson-Newns model Hamiltonian, which is the third
component of the current model.

B. Model parameters

The developed model has four groups of parameters.
The first group of parameters is related to orbital-free
DFT of metal electrons, including 07 calibrated using
the experimental PZC and 0x¢ with recommended values
in the PBE functional. The second group of parameters
describes the short-range effects between the solvent, elec-
trolyte, and the metal through the Morse potentials, as
shown in Eq. (18). The third group of parameters is the
structural and electrical properties of electrolyte ions and
solvent molecules. The fourth group of parameters is in the
Anderson-Newns Hamiltonian describing the chemisorp-
tion of anions. The first three groups of parameters are
inherited without changes from our previous study on
the EDL at the Ag(111)-KPF4 aqueous solution interface
[79]. These parameters were calibrated by benchmark-
ing the model results with experimental differential dou-
ble layer capacitance profiles for a series of electrolyte
concentrations [106]. Additionally, the short-range inter-
action between Ag(111) and the chloride anion is studied
using grand-canonical DFT (GC-DFT) calculations [93].
The details of implementing the GC-DFT calculations are
provided in the Supplemental Material [89].

In the previous work [79], the density profiles of elec-
trons, ions, and solvent molecules from the metal phase
to the electrolyte phase were obtained for a range of
electrochemical potentials. Herein, we disclose the under-
lying factors determining the density profiles, as these are
instrumental to understand the interplay among different
components of the model. Equation (16) indicates that 7,
is determined by the competition between four Boltzmann
factors, ®;, which are further determined by w;, ¢, and
In(sinh(psE) /psE), according to Eq. (17). These terms are
displayed in Fig. 3.

Nondimensional short-range interactions between the
metal and nonspecifically adsorbing anions (wny ), cations
(w¢), solvent molecules (wg), and chemisorbed anions
(wca) are illustrated in Fig. 3(a). As expressed in Eq. (18),
all w; profiles transit from zero in the bulk solution to neg-
ative values near the metal surface and then to positive
values at smaller d. The dip with a value of —D; is obtained
at b;. Solvent molecules and chemisorbed anions approach
the metal surface closer than other species, namely, the
values of b; are smaller for solvent and chemisorbed
anions. In addition, the well depth, —D,, is greater for sol-
vent molecules than nonspecifically adsorbing anions and
cations.
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Decomposition of and comparison between Boltzmann factors. (a) Nondimensional (normalized to kg 7) short-range inter-

actions between the metal and nonspecifically adsorbing anions (wna), cations (w), solvent molecules (ws), and chemisorbed anions
(wca). wea depends on the electrochemical potential of electrons (fie). The x axis denotes the distance to the metal surface, and d = 0
denotes the metal edge. (b) Nondimensional (normalized to kg 7T) electrostatic potential distribution at five electrochemical potentials
of electrons. (c) Electric field factor at five electrochemical potentials of electrons. (d) Boltzmann factors of the chemisorbed anions
(®ca), cations () and solvent molecules (O;) as a function of distance at two electrochemical potentials of electrons.

Figure 3(a) shows that the well is deeper for the
chemisorbed anions at more negative fi., namely, at more
positive electrode potentials. In other words, the binding
strength of the chemisorbed anions is stronger at more pos-
itive electrode potentials. This trend is supported by our
GC-DFT results plotted in Fig. 4(b) for the model system
depicted in Fig. 4(a). When comparing the GC-DFT model
and the DPFT model, it should be noted that the definition
of distance, energy, and electrode potential are different.
First, with regard to the distance, d in the GC-DFT model
refers to the distance between the outer surfaces of the
outermost Ag atom and the chloride atom because the Ag
atoms are allowed to relax at each electrode potential and
chloride position. Figure 4(a) shows the case of d = 0A.
By contrast, d in the DPFT model refers to the distance
between the edge of the jellium, which is half a lattice con-
stant beyond the outer surface of the outermost Ag atom
[107], and the center of the chloride atom. Second, the
y axes in Figs. 3(a) and 4(b) represent different energies.

Figure 4(b) describes the adsorption grand free energy,
denoted AQ of CI™ adsorption, given by Eq. (S15) within
the Supplemental Material [89]. Therefore, AQ2 implicitly
describes changes in both the short-range covalent inter-
action energy, wca, shown in Fig. 3(a), as well as the
longer-range electrostatic interactions between the chlo-
ride anion, the electrode, and the implicit solvent. A rough
estimation indicates that the former short-range forces
dominate AQ. As the electrode potential changes from
—0.510 0.75 V versus the SHE, AQ changes by more than
1 eV, while the mean-field electrostatic energy changes
around 0.2 eV, given that the electric potential changes
by around 0.4 V [Fig. 3(b)] and the partial charge of the
anion is around —0.5e (Fig. 5). Third, the DPFT model
uses the electrochemical potential of electrons referenced
to vacuum, [L., to represent the electrode potential, while
the GC-DFT model uses the standard hydrogen electrode
(SHE, Esyg) potential scale. These electrode potential ref-
erences are related, fie = /10 — |e|Esyg, with 0 being the
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FIG. 4. (a) Schematic of the interface configuration used in the GC-DFT model at d = 0 A. Electrostatic potential profiles at three
electrode potentials referenced to the standard hydrogen electrode are shown. Solvated jellium region is shown in blue. (b) Adsorption
grand free energy, A2, of a chloride anion as a function of its distance from the metal surface, d, and the electrode potential referenced
to the standard hydrogen electrode. See a discussion on the definition of d, A2, and the electrode potential in the GC-DFT simulation,
compared to the DPFT model and experiments, in the text. Data for subplot (b) is tabulated in the Supplemental Material [89].

electrochemical potential of electrons at the SHE refer-
enced to vacuum. While a value of —4.44 eV is often
used for ,112, Hormann and Reuter found that a value of
—4.04 eV gave better agreement with experimentally mea-
sured adsorption potentials, most likely due to deficiencies
in the implicit electrolyte treatment [88,108]. Given these
differences, we cannot directly use the GC-DFT results
to parametrize the short-range interactions of the DPFT
model; instead, the GC-DFT results guide us in properly
treating the potential dependency of the short-range force
on the chloride anion, as expressed in Eq. (19).

(a) This model

fe / eV

FIG. 5.

Figure 3(a) shows that short-range potentials are repul-
sive and the w; profiles increase exponentially with
decreasing d when d is below 0.2 nm. Accordingly, the
Boltzmann factors, ®;, and the concentrations, #;, in this
region are negligibly small, as shown in Fig. 3(d). This
means that electrolyte solution species cannot reside closer
to the metal surface due to the strong short-range repulsion.
This effectively separates the electrolyte solution from the
metal. Note that In(sinh(p;E) /psE) also increases dramati-
cally within d < 0.2 nm due to the intrinsic potential drop
caused by the electron tail at the metal surface, as shown

GC-DFT —Gea

1.0

0.0

d/A

Partial charge on a chloride anion as a function of its distance from the metal surface, d, and the electrochemical potential of

electrons (fie). (a),(b) Results obtained from the current model and grand-canonical DFT (GC-DFT) calculations. Electrode potential
in the GC-DFT model is rescaled to match the experimental PZC of this system; see a discussion in the text. Model parameters used
in this comparison are listed in Table I. Data in subplot (b) is tabulated in the Supplemental Material [89].
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TABLE 1.

Default values of parameters in the Anderson-Newns Hamiltonian of chemisorption, determined by comparing the partial

charge profiles from the present model with that from grand-canonical DFT calculations. Together, these parameters allow a reasonable
description of the partial charge transfer process. However, the rationality of each single parameter alone is not guaranteed due to the

limited data used in model calibration.

Symbol Meaning Value
DY, Intercept of the binding strength relationship in Eq. (19) at fi, = 0 eV —1.08 eV
Uea Linear coefficient of the binding strength relationship in Eq. (19) —0.35
Bea Coeflicient in the Morse potential of chemisorbing anions in Eq. (18) 0.8/ag
bea Location of the minimum of the Morse potential of chemisorbing anions in Eq. (18) 28 A
A? Strength of electronic interactions between the metal and chemisorbing anions 2eV
KA Coefficient determining the exponential decay of electronic interactions Vagy
deut Cutoff distance of the exponential decays Say
el Reference energy of the valence orbital of chemisorbing anions —32eV
A Overall change of the valence orbital of chemisorbing anions 3eV
Ke Coeflicient determining the change rate of the valence orbital of chemisorbing anion 1/agy

in Fig. 3(c). This tends to bring solvent molecules into this
region. However, since w, > In(sinh(psE) /psE), we have
® ~ 0 in this region close to the electrode surface.

In the region of 0.2 nm < d < 0.4 nm, either ®ca or
Oy is the dominant Boltzmann factor, depending on fi., as
shown in Fig. 3(d). Cations and nonspecifically adsorbed
anions have a negligibly small density in this region
because of the distance from the Morse potential mini-
mum, b, and bna, and the resulting positive w, and wya.
At distances greater than 0.4 nm, the nondimensional elec-
trostatic potential, ¢, in Fig. 3(b) determines ®;. At i, =
—3.4 eV, corresponding to an electrode potential of about
0.6 V below the PZC, the surface is negatively charged
and ¢ is negative when d > 0.4 nm. Therefore, ®, is sig-
nificantly larger than other Boltzmann factors, as shown in
Fig. 3(d); this signifies the accumulation of cations in the
outer Helmholtz layer at potentials below the PZC.

The last group of model parameters is determined by
comparing gca calculated using Eq. (20) with those deter-
mined from the GC-DFT calculations for a range of dis-
tances d and electrode potentials [87]. These parameters
are listed in Table 1. Details of the GC-DFT calculations
are provided in the Supplemental Material [89]. A one-
to-one comparison of gca from DPFT and GC-DFT is
not possible given the different charge definitions. DPFT
defines gca from the projected density of states in Eq. (20),
while GC-DFT uses Bader charge analysis. However, both
GC-DFT and the DPFT model show two similar trends for
gca, as shown in Fig. 5. On one hand, gca increases from
—1 in the region of d > 5 A to about —0.4 in the region of
d<3A, implying a partial charge transfer reaction from
the chloride anion to Ag(111). This partial charge transfer
process has been studied in detail using DFT calculations
by Avilaet al. [62]. On the other hand, the abrupt change in
GC-DFT-computed chloride charge takes place at a larger
distance from the metal surface and at more negative [i..
The second trend means that the partial charge transfer in
GC-DFT extends further in the electrolyte solution at more

positive electrode potentials. Nevertheless, the good qual-
itative agreement with the GC-DFT model lends credence
to parameters and relationships used in the DPFT-Chem
model.

IV. RESULTS
A. EDL structure

To set the stage for discussing spatially averaged quanti-
ties such as surface charge densities and differential capac-
itances, we first consider the spatially resolved structure
of the EDL with the aid of the DPFT model. The sol-
vent density, cs; cation density, c.; and chemisorbed anion,
cca, profiles at two representative electrode potentials are
shown in Figs. 6(a) and 6(c). The schematic diagrams of
the EDL structures resulting from the model are depicted
in Figs. 6(b) and 6(d). When drawing the schematic pic-
tures using discrete particles, variations on the scale of
0.1 nm in the model-calculated results are filtered out.
According to Eq. (16), the density profiles are determined
by the Boltzmann factors, ®;. The discussion of ®; and
its underlying factors in the preceding section forms the
basis for understanding the density profiles and the EDL
structure.

At fie = —4.6 eV, corresponding to an electrode poten-
tial about 0.6 V positive of the PZC, extensive specific
chemisorption of the chloride anions takes place. This is
quantified by a peak in cca in the region of 0.2—0.4 nm
in Fig. 6(a). This peak is accompanied by a dip in c;,
indicating replacement of the interfacial adsorbed sol-
vent molecules by chemisorbed anions. As depicted in
the corresponding schematic EDL structure in Fig. 6(b),
a high concentration of chemisorbed anions and solvent
molecules coexist in the region below 0.5 nm, viz., in the
so-called IHP. Note that the present model does not assign
any specific value to the distance at which the THP starts
nor does the model require the chemisorbed anions or
solvent molecules to rigidly align at the IHP, in contrast

043008-11



JUN HUANG et al.

PRX ENERGY 3, 043008 (2024)

(@) o (b)

50 Adsorbed solvent
E 40 Chemisorbed ions Outer Helmholtz plane
5 |
o
® 30
£ (A
Y 20
< C
S :
S g

0 Cc a

0 X

00 02 04 06 08 10

d/nm
(c) 60 (d)
fle =34V Saturation of
aturation o

E %0 Adsorbed solvent solvated cations
S 40 [
% 2 [ >
£ %0 o«
S 20 ‘
g QO
(o] ‘-l

10 Ce . ‘

%o o0z 04 06 o8 10

d/nm
FIG. 6. Representative structures of the EDL of Ag(111) immersed in an electrolyte solution of 0.05M KPF¢ + 0.05M KCIl. (a)
Profiles of solvent density (c;), cation density (c.), and chemisorbed anions (cca) at fte = —4.6 €V, and the corresponding EDL

structure is pictured in (b). Results at fie = —3.4 eV are displayed in (c) and (d), respectively. Density of nonspecifically adsorbing
anions (not shown) depends on the electrode potential in an opposite manner compared to c..

to classical EDL models. Instead, the continuous den-
sity profiles are determined by the competition between
the various interactions included in the Boltzmann fac-
tors of the different species. Recalling the profiles of ®;
and its components in Fig. 3, we attribute the accumula-
tion of chemisorbed anions in the region of 0.2-0.4 nm
to the most negative wca in this region. This leads to the
dominance of ®ca over those of the other components.
In addition, the chemisorbed chloride anions carry a par-
tial charge of gca &~ —0.4, see Fig. 5. These negatively
charged chemisorbed anions attract solvated cations in the
region of 0.4-0.6 nm, even though the electrode surface
is positively charged, as the electrode potential is about
0.6 V positive of the original PZC. The small hump in
the cation concentration, c., at about 0.35 nm, correspond-
ing to an increased cation concentration, is not visible in
Fig. 6(a), as the local solvent concentration, ¢, is much
higher. However, this is reflected in negative o and Cpr
in Fig. 7.

At i = —3.4 ¢V, i.e., around —0.6 V below the PZC,
the EDL structure is composed of a layer of adsorbed
solvent molecules, ¢s, around 0.2-0.3 nm, as shown in
Fig. 6(c) and depicted in Fig. 6(d). This is followed by
a high concentration of electrostatically bound, solvated
cations, c., above 0.3 nm. Since the cations with a solva-
tion shell are much larger than the solvent molecules, sol-
vent molecules are depleted. As a result, an extended dip
in the solvent concentration (cs) is found in Fig. 6(c). The

chloride chemisorption is negligible at such a negatively
charged interface.

B. Surface charge densities and differential
capacitances

To study the different surface charge density and dif-
ferential capacitance variants, the DPFT equations were
solved for a series of f[i. in the range between —4.6
and —3.4 eV at 0.04 eV intervals. Figures 7(a) and
7(b) compare the experimental [65] and model-based oo
curves for Ag(111) immersed in an electrolyte solution
of 0.05M KPFg4 + 0.05M KCl and 0.1M KPFg. In addition,
five surface charge densities, namely, Oiot, Oad,tot> Tadnets
Ofee, and oy, were evaluated according to definitions
and relationships expressed in Egs. (3)+7), as shown in
Fig. 7(c). Three differential capacitances are derived from
Otot> Oad,tot> aNd Ofree, accordingly, as shown in Fig. 7(d).

Semiquantitative agreement between the model and
experiments is obtained, which is remarkable because the
parameters of the EDL model were determined previ-
ously according to the experiments by Valette [106]. oo
increases as the electrode potential is made more posi-
tive. An increase in oy, corresponds to an increase in the
outflow of electrons from the electrode under study to
the counter electrode through the external circuit. When
—ile < 3.8 eV, all the surface charge densities, o, oM,
and oy, are almost equal. This means that all electrons
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(a) Experimental and (b) model-based total surface charge curves of Ag(111) immersed in an electrolyte solution of

0.05M KPF¢ + 0.05M KCI and 0.1M KPFg. Experimental data are reproduced from Foresti et al. [65]. (c) Variants of surface charge
densities and (d) corresponding differential capacitances of Ag(111) immersed in an electrolyte solution of 0.05M KPF¢ 4 0.05M KCl.
Definitions of these quantities are given in the Sec. II and the caption of Fig. 1. In calculating og.. using Eq. (5), we determine the
location of the OHP, according to the criterion of wca > —1, namely, when the short-range interaction between the metal and the anion

expressed in Eq. (18) decays to the thermal energy.

entering or leaving through the circuitry are spent charg-
ing the metallic electrode, and the formation or cleavage of
chemical bonds does not take place. Accordingly, at these
highly negative electrode potentials, 0agior and oadnet are
zero.

Notably, the model captures the positive shift in oy in
the presence of ClI~ due to chemisorption when —ji. >
3.8 eV, corresponding to potentials more positive than
—0.88 Vgcg. In the present model, the onset potential of
chemisorption is sensitive to two parameters: the valence
orbital energy, €ca, in Eq. (20) and the coefficient of the
Morse potential, Dca, in Eq. (19). At potentials higher than
—fie = 4.0 eV, oy is fully determined by —0,4 10t. In other
words, the free charge, ofee = Otot + Tad tot, remains almost
constant and has a much smaller magnitude than oy
when — i, > 4.0 eV. This implies that the electron flow is
mainly caused by anion chemisorption, while the charge of
the diffuse layer remains almost unchanged. A closer look

reveals that, o decreases as —[i increases above 3.9 eV.
This observation is in sharp contrast with the conventional
view that of.e increases monotonically with an increasing
electrode potential [56]. Importantly, this unconventional
surface charging behavior leads to a negative differential
capacitance, Cpy, as shown in Fig. 7(d).

To understand the origin of the negative Cpp, we fur-
ther decompose ofee into contributions from the metal
(om) and the adsorbates (0aqnet), according to Eq. (7). As
Fig. 7(c) shows, oy increases monotonically with increas-
ing —jie, indicating that the metallic region of the EDL
becomes more positively charged, as in the traditional
EDL models without chemisorption [56]. However, since
the chemisorbed anions retain a fraction of their nega-
tive charge, o,anet becomes increasingly negative as the
chloride coverage increases. When the increasingly neg-
ative Oudnet SUIPAsSes OmM, Ofee Starts to decrease, and
Cpr becomes negative. This 0aq net-induced nonmonotonic
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surface charging behavior has important implications for
computational electrocatalysis, a point that is discussed
further below.

C. Electrosorption valency

A quantitative analysis of the influence of chemisorp-
tion on the EDL structure and capacitance is obtained by
studying the electrosorption valency, which was recently
revisited by Hormann ef al., combining DFT calculations
and a mean-field EDL model [39,88,108,109]. For the
present case with C1™ as the only chemisorbing species,
the subscript in /; is dropped and Eq. (11) is simplified to

_ l < 00Tree )
F\oTca /) ;'
where I'ca is the total amount of chemisorbed anions
in moles per area, that is, the molar surface coverage.
Equation (21) was used earlier by Garcia-Araez et al. in
their thermodynamic analysis of Cpp, of Pt(111) with the
chemisorption of OH [110]. Note that the electrode poten-
tial, £, is fixed in the partial derivative in Eq. (21). Within
our model, we can decompose the overall potential differ-
ence between the metal phase and the electrolyte phase
into two parts: the potential difference between the metal
phase and the IHP, AgpM~THP and that between the IHP

and the solution phase, A¢"*~=3, Introducing A¢™P~S as
an auxiliary variable, Eq. (21) can be written as

l( 80—free ) <8A¢IHP_S)
F 8A¢IHP_S E 8FCA E

8A¢1HP—S
)

I=—1

e2))

[=-1

1
=—-1+ FCIHP—S(E)< (22)

where Ciip_s(E) = (005ee/d AP S) is the differential
capacitance of the region confined between the IHP and
the bulk solution. We use d(A¢"P—5) = —d(ApM~1HP) at
fixed electrode potentials in the second equality. Using a
capacitor model for the region between the metal surface
and the IHP, A¢'"P=S can be approximated as the sum of
an intrinsic potential difference arising from the metal elec-
tron tail, A¢gr, and an extra potential difference due to the
partially charged chemisorbates, A¢ca,

I Fé
AGMPS = Adpr + Adea = Adpr — m
IHP
(23)

where Siyp and egp are the effective thickness and dielec-
tric permittivity of the space between the metal surface and
the THP, respectively.

Combining Egs. (23) and (22), the electrosorption
valency can be expressed as

Ciup—
= _1 _ Smp=s

, 24
Crittip qca (24)

where Cy_igp = Siup/€mp is the effective capacitance of
the region between the metal surface and the IHP. The
above analysis of the electrosorption valency is a sim-
plified version of the more elaborate analysis conducted
by Schmickler and Guidelli [64]. Nevertheless, we find
that the simple expression of Eq. (24) is already very
informative in grasping the potential and concentration
dependency of the electrosorption valency. Our expression
for the electrosorption valency in Eq. (24) shares the same
idea as the expression given by Hormann and Reuter, see
Eq. (11) in Ref. [108], which involves the double layer

capacitance, Cg", and work function, CDg“, at the PZC for
coverage 6,, two quantities that can be determined again
from DFT calculations. On the contrary, our expression
involves two modelistic capacitance components, Cy;_iyp
and C]Hp,s.

In dilute solutions, the potential dependency of Ciyp_g
is more pronounced than that of Cyi_jgp and gca. There-
fore, / is expected to largely follow the shape of Ciyp_s,
which has a well-known camel shape with the minimum at
the PZC [111]. This expectation is confirmed by the / and
Cp curves for 0.01M ion concentration in Figs. 8(a) and
8(b), respectively. When the ion concentration is increased
to 0.1M, the PZC minimum of the / curve almost vanishes.
Correspondingly, Ciyp_s becomes smoother. Comparing
Figs. 8(a) and 8(b), we find that the Cpy. curves are largely
symmetric around the PZC, but the / curves are asymmetric
and exhibit much bigger peaks at more positive electrode
potentials. This asymmetry is caused by both an increasing
Ciup_s and a decreasing Cy;_igp at more positive electrode
potentials.

V. DISCUSSION

A. Implications for experimental EDLs and surface
charge characterization

Experimental characterization of the local reaction con-
ditions within the EDL is difficult because the EDL is an
interphase [83] buried between two bulk phases. While
changes in the total charge, oy, are directly measurable,
the local reaction conditions are not directly determined
by o,; instead, the local reaction conditions depend more
sensitively on the free charge, ofee [26,35,36,112]. Unfor-
tunately, ogee 1S not directly measurable and its quan-
tification typically requires an EDL model. In principle,
the relationship in Eq. (6), Ofree = Otot + Gad tot, allows one
to estimate the free charge after determining oot USing
thermodynamic relationships, as in Refs. [65,110,113].
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(a) Electrosorption valency of chloride anion at Ag(111) immersed in an electrolyte solution of c¢(1 —f )M KPF¢ +

¢fM KCI. Two ion concentrations (¢=0.1 and 0.01M) are compared. Electrosorption valency is obtained from a linear fitting of
the oyor — Gag.or Telationships at five values of f = 0, 1073, 1072, 107!, and 0.5; see Fig. S1 within the Supplemental Material [89]. (b)
Differential double layer capacitance curves of the Ag(111)-aqueous KPF¢ solution interface at two concentrations of 0.1 and 0.01M

without chloride anions.

However, this approach suffers from low accuracy, as e
is much smaller than oy, and o,q,ot-

Another possible method is to calculate oge from Cpp
using

E
Ofree = O frrzfe + Cic)qL (E)dE.

Eref

(25)

It is important to note that Cp} (E) in this context is an equi-
librium quantity [114]. In general, we can use EIS to sepa-
rate Cpr (F) from the pseudocapacitance due to chemisorp-
tion, C,q, using a proper model, such as the Frumkin-
Melik-Gaikazyan (FMG) model, as demonstrated in a
series of works from Pajkossy et al. [73—77]. In extract-
ing Cpy (E) from experimental data using the FMG model,
one needs to extrapolate to sufficiently high frequencies,
where the chemisorption process does not occur due to
timescale differences. Therefore, Cp (E£) determined from
EIS measurements this way is not Cp)} , as stressed recently
[114]. Instead, it is the high-frequency component, Cpp ur,
which is characteristically different from C%qL. CoLur 18
always positive while Cp)} could be negative due to the net
negative charge on the chemisorbates. Negative Cpy; was
proposed in an earlier Gouy-Chapman-Stern type model
of electrocatalytic EDLs [115,116], and later confirmed
by atomistic simulations [117,118]. The nonmonotonic
surface charging behaviors of Pt(111)-aqueous solution
interfaces due to anion chemisorption were also obtained
by Zhang et al. using a thermodynamic analysis [113].
Wippermann et al. found nonmonotonic surface charging
of Pt electrodes immersed in ionic liquids with a trace

amount of water [119]. Importantly, a negative Cp,; does
not violate the stability requirement of the EDL, which is
ensured by the positivity of total different capacitance, Ct,
in the presence of chemisorption. Interested readers are
referred to a discussion on the stability of electrochemical
interfaces by Partenskii and Jordan [120].

The above analysis on the difference between Cp} and
CpLpr implies that one should not calculate ofe. using
Eq. (25) with Cpp(E) determined from EIS. The first
method based on ofee = ot + Tad ot SEEMS to be a bet-
ter option. However, it is very important to gauge the
errors involved in thermodynamic estimation of oaq 1or. For
instance, Zhang ef al. [113] and Garcia-Araez et al. [110]
observed nonmonotonic behaviors in ogee at Pt(111) with
chemisorption of sulfate anions or OH from water disso-
ciation. While Eq. (21) indicates that the free charge can
be determined from either simulated or measured elec-
trosorption valences, such data remains scarce. Foresti
et al. measured the electrosorption valency of C1~, Br™,
I, and S*~ on Ag(111) in a total concentration of 0.1M
[65]. Despite the fact that the Foresti study is more than
three-decades old, it constitutes the most important piece
of original experimental data in recent ab initio thermody-
namic modeling of electrosorption by Hormann et al. [39,
88,108,109]. Their data show that both /g, and /; exhibit
a “V” shape with minima obtained at around —0.8 and
—1.0 Vgcg, respectively, which is qualitatively consistent
with our results in Fig. 8. However, their work examined
only a single electrolyte concentration and the concen-
tration dependence of the /; curve was not addressed.
Hence, our observation that the /; curve follows the Cpr
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curve without chemisorption at more dilute concentrations
remains, to the best of our knowledge, a model-based
prediction.

B. Implications for electrochemical DFT simulations

The semiclassical model developed and used herein
identifies an important ingredient missing from atom-
istic (DFT) simulation methods used for studying electro-
chemical interfaces: the potential-dependent chemisorbate
coverage. As our results show that the varying chemisor-
bate coverage has a significant impact on the potential-
dependent capacitance and surface charge, we argue that
the common practice of fixing the surface coverage has far-
reaching implications for both canonical constant-charge
and semi-grand-canonical constant-potential methods. In
particular, the differential capacitance used in current DFT
simulations within an implicit electrolyte model is actu-
ally Cprpr, not Cp}, since the relaxation of the coverage
of chemisorbates is forbidden. Since Cpr yr and C%qL are
characteristically different in the presence of chemisorp-
tion, see, e.g., Fig. 7, the conversion between the charge
and electrode potential in current implicit electrolyte mod-
els is not fully correct. The influence of chemisorption on

DqL is expected to be more significant for more charged
adsorbates, like the chemisorbed CO; ion with a net charge
of around one electron on gold electrodes [29].

This is a notable deficiency because the accuracy
of constant-charge and semi-grand-canonical constant-
potential methods hinges on the quality of the differential
capacitance used for converting between the total charge
and electrode potential. As the semi-grand-canonical cal-
culations are by design fully self-consistent, they need an
accurate description of the differential capacitance a pri-
ori to correctly predict the total charge needed to maintain
a constant electrode potential. While it is, in principle,
possible to use an experimentally measured capacitance
to map between the charge and electrode potential, this
will impair the self-consistent nature of GC-DFT calcula-
tions. In practice, the capacitance is often calculated from
an implicit electrolyte model. Therefore, if the implicit
electrolyte model cannot describe chemisorption and its
influence on the capacitance, the charge and number of
electrons in the system at a given electrode potential will
be inaccurate. For instance, a recent critical analysis on the
timescales of electrochemical interfaces suggests that the
EDL is in equilibrium during an electron transfer process
if the activation barrier is higher than 0.3 eV [55]. This
means that the local reaction conditions are determined by
C%qL, not Cpp pr. Therefore, semi-grand-canonical simu-
lations may wrongly describe the electrode potential and
local reaction conditions in the EDL with considerably
charged chemisorbates.

A similar limitation is present in canonical constant-
charge calculations, even though some studies indicate that

they are more robust against inaccuracies in capacitance
[51,52]. In practice, however, these canonical constant-
charge calculations require mapping the surface charge
to the electrode potential via the differential capacitance.
This also raises two issues. If experimentally measured
capacitances are used, the DFT calculations are no longer
self-consistent or ab initio. Furthermore, accurate exper-
imental capacitances are only available for a handful of
surfaces, which limits the use of such constant-charge
calculations.

The above discussion delineates that the accuracy
and applicability of canonical and semi-grand-canonical
simulations hinge on the description of the differential
capacitance. Despite the promising performance of recent
advances in implicit electrolyte models in DFT codes, such
as the implementation of the dipolar Poisson-Boltzmann
theory [121], a self-consistent and grand-canonical treat-
ment of potential-dependent chemisorbate coverage is
missing in currently available implicit continuum elec-
trolyte models. We propose to mitigate this deficiency by
augmenting the implicit solvent models with an implicit
treatment of chemisorption through an Anderson-Newns
model Hamiltonian. This approach achieves a good and
transparent description of chemisorption-induced changes
in the surface charge densities and differential capaci-
tances. The chemisorption model can also be implemented
in implicit electrolyte models available in different Kohn-
Sham DFT codes with only modest efforts.

VI. CONCLUSION

We have extended the use of DPFT of EDLs to the
case with chemisorption. Specifically, chemisorption is
treated in an implicit manner based on the Anderson-
Newns model Hamiltonian. This implicit chemisorption
model has been compared with a semi-grand-canonical
DFT model. Decent agreement between both models in
terms of the potential and distance dependences of the
partial charge number on the chloride anion adsorbed on
Ag(111) has been obtained. The extended DPFT model
constitutes a viable approach to model and understand the
interplay between electrode charging, chemisorption, and
diffuse layer charging under realistic experimental condi-
tions. For instance, it can describe the replacement of water
molecules with chemisorbed anions in the inner layer of
the EDL at very positive electrode potentials.

Armed with the extended DPFT model, we have pre-
sented a detailed conceptual analysis on five variants of
surface charge density and three variants of differential
capacitance of electrocatalytic EDLs. We have focused
on the influence of chemisorbed chloride on the free sur-
face charge density, o, Which is not directly measurable,
but which plays a crucial role in tuning the local reac-
tion conditions within the EDL. Specifically, we have
revealed that partially charged chemisorbed CI™ possesses
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a potential-dependent negative net charge density, result-
ing in a peculiar nonmonotonic behavior of ofee: Ofree first
increases and then decreases, as the electrode potential
becomes more positive and anion chemisorption proceeds.
This implies the existence of a negative differential double
layer capacitance at highly positive potentials with respect
to the potential of zero charge.

The influence of chemisorption on the free surface
charge density has also been examined from the perspec-
tive of the electrosorption valency. A relationship between
the electrosorption valency, the differential capacitances,
and the partial charge number is derived. This simple
relationship explains a large part of the potential and con-
centration dependence of the electrosorption valency. The
model predicts that a dip in the electrosorption valency
would appear at the PZC in more dilute concentrations.

We have also discussed the implications of our results
for the experimental characterization and theoretical mod-
eling of electrocatalytic EDLs. Regarding experimental
measurements of oge, We reveal a caveat in employing
EIS to determine Cpp and using it in the integration of
Cpr over a range of electrode potentials to evaluate ofe.
The problem lies in the mismatch of frequency between
CpL, obtained from EIS measurements and ofe.: While ofee
is an equilibrium quantity, Cpp extracted from EIS mea-
surements, with the aid of a proper physical model to
disentangle Cpp and C,q, is a high-frequency nonequilib-
rium quantity. Therefore, we recommend determining e
from the difference between oy and o,440t. However, the
error involved in calculating the difference of two large
surface charge densities should be carefully considered.

With regard to theoretical modeling, fixing the
chemisorbate coverage in current DFT models misses out
an essential feature of electrocatalytic EDLs, namely, the
influence of potential-varying coverage of chemisorbates
on ogee and Cpp. Because both constant-potential and
constant-charge DFT models need an accurate descrip-
tion of the differential capacitance, the missing contribu-
tion from the varying surface coverage negatively impacts
the accuracy and generality of current DFT models of
electrochemical systems. For instance, as an immediate
consequence, Cpp, obtained from such canonical or grand-
canonical DFT models is always positive, and the non-
monotonic surface charging behavior is totally missing.
This leads to errors in the description of the local reac-
tion conditions and the EDL. The influence of this neglect
on the thermodynamics and kinetics of chemisorption and
electrocatalytic reactions remains to be studied in the
future. To remedy this, we propose the implicit chemisorp-
tion model as a practical and feasible approach to improve
the quality of self-consistent DFT simulations of electro-
chemical interfaces and electrocatalytic reactions.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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