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ABSTRACT

The complexity of electrochemical interfaces has led to the development of several approximate density functional theory (DFT)-based
schemes to study reaction thermodynamics and kinetics as a function of electrode potential. While fixed electrode potential conditions can
be simulated with grand canonical ensemble DFT (GCE-DFT), various electrostatic corrections on canonical, constant charge DFT are often
applied instead. In this work, we present a systematic derivation and analysis of the different electrostatic corrections on canonical DFT
to understand their physical validity, implicit assumptions, and scope of applicability. Our work highlights the need to carefully address
the suitability of a given model for the problem under study, especially if physical or chemical insight in addition to reaction energetics is
sought. In particular, we analytically show that the different corrections cannot differentiate between electrostatic interactions and covalent
or charge-transfer interactions. By numerically testing different models for CO, adsorption on a single-atom catalyst as a function of the
electrode potential, we further show that computed capacitances, dipole moments, and the obtained physical insight depend sensitively on
the chosen approximation. These features limit the scope, generality, and physical insight of these corrective schemes despite their proven
practicality for specific systems and energetics. Finally, we suggest guidelines for choosing different electrostatic corrections and propose the
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use of conceptual DFT to develop more general approximations for electrochemical interfaces and reactions using canonical DFT.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0138197

I. INTRODUCTION

Evaluation of electrocatalytic thermodynamics and kinetics
with density functional theoretical methods has received signifi-
cant interest during the past 20 years.! Early on, Lozovoi et al.
noted that electrochemical interfaces cannot be properly treated
with constant charge (canonical) density functional theory (DFT)
calculations because the experimentally relevant constant poten-
tial measurements correspond to the grand canonical ensemble
(GCE).” Lozovoi et al. also showed that canonical DFT calculations
correspond to a capacitor or an STM device rather than an elec-
trochemical interface.” Furthermore, during the last 5 years, it has
been theoretically shown that the GCE-DFT" provides, in principle,
an exact description of electrochemical and electrocatalytic thermo-
dynamics and kinetics.” ° GCE-DFT naturally captures the charge
fluctuations’ needed to maintain a constant electrode potential and
can at least, in principle, account for the rapid charge injection
during an electrochemical reaction.” The development of practical

GCE-DFT methods has led to the situation where it is now techni-
cally possible to simulate both kinetics and thermodynamics directly
with GCE-DFT.”"

In addition to direct GCE-DFT simulations, several electro-
static schemes have been developed to enable the application of
canonical, constant charge DFT to approximate GCE-DFT.’ " In
practice, the developed electrostatic approximations work rather
well for predicting reaction energetics. However, different schemes
have been applied to different systems and it is not a priori clear
which scheme would be most appropriate for a given system. At a
more fundamental level, it remains unclear how well these different
models actually capture the chemistry and physics of electrochem-
ical interfaces or electrocatalysis. For instance, all electrostatic cor-
rections are based on the separation of chemical and electrostatic
interactions such that potential-dependent or “electrochemical”
contributions are computed with electrostatic schemes akin to the
classical Frumkin correction.”® The Frumkin correction should,
however, be applied to outer-sphere electron transfer reactions

J. Chem. Phys. 158, 144701 (2023); doi: 10.1063/5.0138197
Published under an exclusive license by AIP Publishing

158, 144701-1


https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0138197
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0138197
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0138197&domain=pdf&date_stamp=2023-April-10
https://doi.org/10.1063/5.0138197
https://orcid.org/0000-0002-0102-6240
https://orcid.org/0000-0001-7111-1603
mailto:marko.m.melander@jyu.fi
https://doi.org/10.1063/5.0138197

The Journal

of Chemical Physics

only,” but the electrostatic DFT schemes are primarily used for
studying electrocatalytic inner-sphere reactions without formal jus-
tification. Furthermore, all electrostatic approximations can be sys-
tematically developed by treating the electrochemical interface as a
capacitor (vide infra). Hence, the electrostatic corrections seem to
contradict Lozovoi’s conclusions, raising the question if and when
electrochemical interfaces can be treated as capacitors.

To understand how well different electrostatic corrections on
canonical DFT capture the physics and chemistry of electrochemical
interfaces, we systematically derive and analyze various previously
developed and widely used approaches such as capacitor, multi-
capacitor, and dipole field models. We use different approaches
and methods from conceptual DFT, classical electrostatics, GCE-
DFT, canonical DFT, and thermodynamics to analyze which implicit
assumptions are included in different electrostatic corrections and
how these might impact their robustness, convergence, and phys-
ical insight. In agreement with previous studies, we arrive to the
conclusion that various electrostatic corrections on top of canoni-
cal DFT calculations can reliably reproduce or fit reaction energies
at different electrode potentials. However, our analysis highlights
the implicit assumptions behind these different approximations
and that physical insight from such fits is limited and depends
heavily on the chosen scheme. After analyzing the limitations of
different approximations, we provide guidelines for choosing an
appropriate electrostatic method for a given system. We also propose
beyond-electrostatic corrections to include charge transfer concepts
and covalent bonding effects in an effective manner using con-
ceptual DFT. Overall, we show that while electrostatic corrections
to canonical DFT can be used to fit electrochemical thermody-
namics, the electrostatic scheme needs to be chosen with care
and validated case by case if some physical or chemical insight
is sought.

Il. RESULTS

In computational electrochemistry and electrocatalysis, DFT
is most often used for computing (free) energy differences related
to adsorption, reaction thermodynamics, or kinetics. We will focus

TABLE I. Summary of the various approximations derived in this work.
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on how the electrochemical conditions, i.e., the electrolyte and the
electrode potential, influence these energetic differences. Different
electrostatic approximations attempt to model potential-dependent
reaction (free) energies (AE(U)) using corrections (dE(U)) on
reference state (AE(ref)) energetics using a generic expression,

AE(U) = AE(ref) + dE(U), (1)

where U is the electrode potential. We study different approxi-
mations to the potential-dependent differential free energies dE(U)
both in the grand canonical (dQ) and Helmholtz (dA) ensembles.

Below, we first present the general formulation of integral
and differential free energies in the grand canonical and canoni-
cal ensembles. We then assume that geometric changes are sup-
pressed and that chemical and electrostatic interactions can be
separated. These are common approximations to all electrostatic
approximations, which allow us to derive and focus on various previ-
ously developed corrections such as the capacitor, multi-/partitioned
capacitor, and dipole field approximations. This is followed by the
analysis of geometric changes as a function of the potential and the
general validity of separating electrostatic interactions from charge
transfer effects and covalent bonds (Table I). Different approxima-
tions are tested for the CO; electrosorption step on a prototypical
single-atom iron-nitrogen graphene Fe-NC catalyst.

A. GCE-DFT

GCE-DFT describes the thermodynamic state of an electro-
chemical system under constant temperature (T), volume (V),
and (electro)chemical potential ({i}) conditions, as shown in
Fig. 1. The electrochemical potential of electrons within the elec-
trode ({fin}) is equal to the absolute electrode potential.”” The
constant electrode potential condition is enforced by fixing the elec-
trochemical potential of electrons in the electrode (fi), whereas
constant electrolyte activity is set by fixing the electrolyte chemi-
cal potential (fi.).” The equilibrium GCE free energy, Q, in turn,
is a functional of the nuclear/electronic GCE density operator

(P): Q] (T, V, {i}),

A Eq. (6)

Ay Eq. (9)

Ael,cap Eq (13)

Acup Eq. (14)

Acap,part Eq. (17)

Acup, series Eq ( 18)
Acup, parallel Eq ( 1 9)
Acap,part, mixed Eq (21)
Acap, part, average Eq (22)
Acharge, field Eq (2'1)

Free energy in the Helmholtz ensemble

Linear electrochemical free energy correction
Electrostatic free energy form from a capacitor

Free energy form from a capacitor

Free energy form of the multicapacitor approximation
Free energy form from a capacitive system in series
Free energy from a capacitive system in parallel
Free energy from mixing parallel and series partitions
Free energy form of the capacitor partition with an average number of electrons
Free energy form of the electron potential in function of the surface charge
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Aes Eq. (27)
Agip—jietd Eq. (32)
Afp dip-fietd EQ. (33)
Adip—geum Eq (34)

Free energy form of the multipole expansion
Free energy form of the field-dependent model
Free energy form of the effective dipole model
Free energy form of the energetics of the electrode potential-driven changes in the geometry
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FIG. 1. Schematic representation of the different thermodynamic ensembles.

Q[pu](T, V. {s}) = A(Nis {@i}) = 3 N, ©)

where N; is the expectation value for the number of species i
and A(Ni;{gi}) is the canonical free energy at a constant elec-
trode potential. Q includes all quantum effects for electrons and
nuclei at thermodynamic equilibrium, and is, in principle, exact by
construction.” Q[p,](T, V,{jii}) also shows that the grand canon-
ical free energy depends explicitly on the chemical potentials of
all components in the system. This indicates that all chemical
potentials and, hence, concentrations can be controlled indepen-
dently: one can change the electrode potential without impacting
electrolyte activity.

For the computation of reaction thermodynamics and kinetics,
it is also useful to define grand free energy differentials. This can be
done in the framework of GCE conceptual DFT.”**" We assume that
the temperature and volume are fixed, in which case the differential
grand canonical energy is*’

oQ 3 0
> (8!11’ )v(,),ﬁwd‘ul ! / (6v(r) ){ﬁ[}&/(r)dr, (3)

ien,+

where v(r) is the external potential due to the nuclei. The reaction
pathways under constant (electro)chemical potentials can then be
mapped by varying v(r) to present nuclear movement. Variations in
the electrode potential and the result of the electrostatics are encoded
in fi; since they depend on the average electrostatic potential (qSE (r))

27,31

as

g =M+ zi(¢" (r)), 4

where z is the charge of species i in phase P and eV units are used.
Within the electrode, ¢* = <¢E (r)) is equal to the electrode inner

potential, which uniquely defines the electrode potential.”””" The
first term in Eq. (3) can then be written as a function of the electrode
potential U,

(80) - (aQ) (aQ) )
~ ="\ 5 .E =\ 5+ >
On )y N0 Ly OV g

which shows that the electrostatic potential within the electrode,
i.e., the inner potential, defines the relationship between the grand
free energy and electrostatics. As the inner potential is determined
by the electrode charge density through the Coulomb potential
[Eq. (26)], the relationship between charge (density), electrostatics,
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and free energy is established. In practical GCE-DFT calculations,
the Hartree potential is used as a proxy for the inner potential and
only its changes are meaningful and unique.*?

B. Canonical DFT, computational hydrogen electrode,
and Frumkin and capacitor corrections

Constant charge or canonical DFT describes the thermody-
namics in the Helmholtz ensemble where the number of particles
(Ni), T, and V are fixed. The relevant energy functional A is writ-
ten in terms of the thermal density operator pr: A[pr(T, V,{Ni})].
This functional is, in principle, exact but does not correspond to con-
stant electrode potential or constant electrolyte activity conditions.
At constant volume and temperature, the canonical free energy
differential is**

oA A
dA = ( ) dN; + ( ) Sv(r)dr. 6
iézn,::t aNi v(r),Nis j / 61/(1‘) {N;} ( ) ( )

Unlike in GCE-DFT, the canonical free energy and the num-
ber of electrons do not explicitly depend on the electrode potential
(see Fig. 1). Furthermore, in practical canonical DFT calculations,
the number of electrons and electrolyte concentration cannot be
independently controlled since charge neutrality needs to be main-
tained. This shows the first flaw of canonical DFT calculations
for electrochemical systems: in simulations, the number of elec-
trons and electrolyte concentration (or number of ions) are not
truly independent variables as they are in experiments. In prin-
ciple, this can be easily fixed by performing the calculations in
a semi-grand canonical ensemble where the electrolyte chemi-
cal potential (fi.) rather than the number of ions is fixed, as
shown in Fig. 1.

To study the impact of the electrode potential, canonical DFT
simulations control the number of electrons or the surface charge,
which are connected to the electrode potential through the self-
consistently computed Fermi level, Er, which itself is a function of
both v(r) and {N;}. Changes in the Fermi level are in turn directly
proportional to both electrode potential and inner-potential differ-
ences: AU = —AEp = —Ajfic = A¢E. For the sake of clarity, we consider
electrode dependency within the semi-grand canonical ensemble
with fixed fi.. In this case, the electron electrochemical potential is

(28], ()
"N vy \OU ey i, \ONu ) o 4,

HA 9A
__ (%)V(f),ﬂi o (ﬁ)v(r),ﬁi @)
c(U) Co

where the minus sign on the second row comes from the definition
of the capacitance with respect to the number of electrons or surface
charge (0): C(U) = % = —%I\[}". The potential-dependent (C(U))
and constant effective (Ceff) differential capacitances were also

introduced,

(82A) :(8;2,1(Nn)) :7(8U,,(N,,))
ON: ) g N ONo L ONu oo

b
C(U)  Cy’

®)

J. Chem. Phys. 158, 144701 (2023); doi: 10.1063/5.0138197
Published under an exclusive license by AIP Publishing

158, 144701-3

11:90:20 €20Z dunf 0¢


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

This equation shows that modeling the Helmholtz free energy as
a function of the electrode potential requires reliable estimates for
either the partial derivatives or the effective capacitance.

The simplest electrochemical approximation to A(U) is
obtained by assuming that all potential-dependency is captured
through the electrostatic potential. In this case, one obtains the lin-
ear electrochemical free energy correction Ay (Ny) ~ A(Nuo) — (N4
— Nno)ng =A(Nn) — AN,¢~ around a reference free energy with
Nuo electrons for a reaction where AN, electrons are transferred.
Equation (7) then gives

(3Aez) - BA(N,,%))JAN,@E . BAéIl\TJnn) — AN,
ON, Cop Cor
8A(Nn0) ( aAel )
L IR) (e, AN, ), 9
au 7 ONy ©)

where it is implied that v(r), fi, and AN, are kept fixed. This
equation provides a relation between the canonical free energy,
electrode potential, and number of electrons assuming effective con-

a‘gg\lj\i”) = O reduces Eq. (10) to dA,

. _ 9¢ _ dN, . . . e . ~
N aN dN, = o which is a simple capacitive correction devel

oped, e.g., in Ref. 21. Alternatively, one can assume that the canon-

ical energy of A, does not explicitly depend on the number of

8AE()N”0) -0
U

stant capacitance. Assuming that

electrons in the system ( ) in which case Eq. (10) pro-
vides a purely electrostatic correction, and Eq. (9) leads to a linear,
Nernstian relation between the electrode potential and free energy.
If the same assumption is made for proton-coupled electron transfer
(PCET) thermodynamics, Eq. (9) would be equivalent to the com-
putational hydrogen electrode (CHE) method,* which also predicts
that PCET reactions exhibit Nernstian behavior against the electrode
potential.

To go beyond linear Nernstian or CHE behavior, a general
capacitance relation for dA,/ON, or OA/OU is needed. Various
approximations have been developed to the differential JA/OU,
but to mention one, the significant work? of Hérmann et al.
shows how this term can be efficiently computed as a first-order
correction to the CHE or Nernstian models. In the crudest approxi-
mation, the Helmholtz free energy depends linearly on the electrode
potential and dA,; = (0A,;/ON,)dN,, which is valid when dT = dV
= 0. Including the differential capacitance as C = —9N,/0U, one
obtains

OAa(Ny)

dA, ~ — & x dN,, = 39‘45’715]]\7”) x ANy, = —fin(Ny)dN,, (10)
ou n

which shows that the free energy dA,; contains both an electrostatic
and chemical term, and depends linearly on the number of elec-
trons around some electrochemical potential fi,. This form closely
resembles the Frumkin correction as can be seen by noticing that
the electrochemical potential in different phases is equal in equilib-
rium. This allows one to replace the electrode potential (f,) with
the corresponding electron electrochemical potential of the solvent
phase (S, /). Combining Eq. (10) and Eq. (4) for g yields an
expression practically equal to the Frumkin correction: dA g kin (1)
oc ¢5(r)dN, with the electrostatic potential ¢*(r) in the reaction
plane corresponding to fi.
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To describe non-linear effects in the free energy, Eq. (9) can
also be written in terms of the electrode potential and number of
electrons without the effective capacitance,

9Ag(Nyo) AN, ¢

(BAel) N n)
8Nn0 v(r) iy 8Nn0/6U
OA(Nyo) ou )
= — AN,
( ONno ONyo
OA o (Nno) ou )
- dAg ~ — AN, dN,, 11
! ( 8I\TnO 8I\]nO ’ ( )

where AN, is fixed. A physically appealing approximation to
OA,1/ONyo can be developed by considering a situation where the
electrode and electrolyte are successively charged (a capacitor). Con-
sider that the charge (density) of the electrode is changed from
Nuo = [y, dtpuo(r) to Ny = [, drpy(r). To maintain charge

neutrality, the electrolyte charge density also changes from —Nyg
= sz . P+0(r) to —=Ny1. As the electrode and electrolyte are phys-
electrolyte

ically distinct phases, their volumes do not overlap. Such a division
can be achieved on a macroscopic scale using, e.g., the Gibbs divid-
ing surface but is very difficult to achieve at the molecular level
where the division between the electrode and electrolyte or solvent
regions is not well-defined. If we assume that such a separation
can be achieved and that the electrolyte volume and all interactions
apart from electrostatics remain unchanged, the electrostatic work
to assemble a charge state for phase i is

i 1 1 Pri i 1
Wy = 3 ff drdr % =5 Jdrpi(r)¢e(r), (12)

which provides the electrostatic interaction energy between the elec-
trolyte charge density and the electrostatic potential ¢, generated
by the electrode [see Eq. (26)]. For two conductors, here the elec-
trode and electrolyte, the electrostatic work is equal to that of a single

tor W = NuiNei _ N,
capacitor: We,, = ¢, =y
kept constant, the differential free energy is the electric work done

on the system, and Eq. (11) becomes

. When temperature and volume are

OWep OU ) No 1
dA N — = + dN
cheap ( ONw  ONw)" T\ Cy Gy )T
- Ael,cap = me + NnO/Ceff- (13)

This equation is essentially the capacitative correction developed in
Ref. 21, and the only difference is the constant N, term, which arises
from our choice of using electrochemical [see Eq. (9)] rather than
chemical potentials to carry out the analysis. The above-mentioned
developments exemplify the physical basis and main approxima-
tions in the capacitor models that are treated more systematically
in subsequent sections.

C. The capacitor approximation

The systematic development of capacitor-based schemes is
achieved through the Taylor expansion of the Helmholtz energy
with respect to the number of electrons rather than assuming effec-
tive forms for the electrostatic interactions—the physical basis,
however, is the same. The Taylor expansion perspective is very
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general but will always rely on the tacit assumption that an
electrochemical interface can be treated as a mere double-layer
capacitor and that all electrochemical reactions are just pseudo-
capacitive processes.”” The supplementary material, Secs S1-S2,
shows that the Taylor expansion of canonical and grand canonical
free energies is equally valid and share the same approximations.
However, other derived thermodynamic quantities such as pres-
sure and surface tension are thermodynamically consistent only
in the GCE.™

The capacitor approximations result from a second-order Tay-
lor expansion of the canonical free energy with respect to the
number of electrons in the system. This is not only mathematically
convenient but also physically motivated as it captures potential-
dependency through (surface) charge and constant effective capaci-
tance from Eq. (8). As shown in detail in the supplementary material,
the second-order approximation is

(dN,)?

3
2y iy * 6(dN’) (14)

A(Nn)cap ¥ A(Nno) + fin(Nno )dNy, +
around the reference system with N, electrons.

In the previous equation, the electrolyte properties cannot be
controlled independently of surface charges since charge neutral-
ity needs to be maintained. This problem can, however, be fixed by
switching to a semi-grand canonical ensemble (see Fig. 1) where
the electrolyte chemical potentials are constant, and the previous
equation can be generalized to

DA )
ONn ) y(e)

2 2
Ny ) o).

A(Nn:ﬂi)cup N A(Nno) + ( dN,

where the constant electrolyte chemical potential and external
potential are implied. In practice, the constant i, condition can
be fulfilled by using any Poisson-Boltzmann model variant com-
bined with the Lagrange multiplier technique to enforce charge
neutrality.”” Choosing the reference state N, to correspond to the
potential of zero free charge (PZC), a convenient form for the dif-
ferential Helmholtz energy within the capacitor approximation is

obtained,

DA dN,
dA(Ny)eap = —2L 4N, = ( Npo) + 7”)dNn, (16)
( ) p 8Nn Au( 0) Ceﬁ(NnO)

where the constant electrolyte chemical and external potentials are
again implied. The linear term captures the Nernstian CHE-like
behavior, while the quadratic term is the capacitive correction. Note
that an equivalent expression is obtained by performing the Tay-
lor expansion and subsequent steps in terms of the number of
electrolyte ions rather than electrons: this implies that the capac-
itor model cannot reliably distinguish electrode potential from
electrolyte-induced changes in the Helmholtz energy. This was also
noted in Ref. 17 where it was shown that the same electrode poten-
tial can be obtained at different (surface) charges depending on the
description of the solvent or electrolyte.

Both the fully canonical and semi-grand canonical variants of
the capacitor model can be expressed in terms of the electron electro-
chemical potential and constant C. While the constant capacitance

ARTICLE scitation.org/journalljcp

approximation is common to all capacitor approximations, Eq. (8)
shows that the effective capacitance depends not only on the elec-
trode potential through the electron chemical potential but also on
the electrolyte and the nuclear positions through v(r). It is also
well-known that capacitance does substantially depend on the adsor-
bates’® and Cy can even become negative due to chemisorption-
induced changes in the surface dipole.”” Some consequences of the
constant capacitance approximation are addressed and discussed in
more detail in Sec. IT H.

The quality of the constant capacitance approximation nat-
urally depends on the capacitance used to convert charge-
dependent adsorption energies to potential-dependent energies as
discussed in detail in the supplementary material, Sec. S2. The
results therein show that potential-dependent differential adsorp-
tion energy relationships depend very sensitively on the capac-
itance used for converting charge variations to changes in the
electrode potential. These results highlight that the effective capac-
itance must be self-consistently computed and not taken as a
parameter from experiments or treated as a free parameter. Even
if reasonable capacitance values are used, the differential adsorp-
tion energy from the capacitance is also symmetric with respect
to the PZC. Such behavior is not observed in direct simula-
tions of electrosorption energies. This will be discussed in more
detail in Sec. IT H.

D. The multicapacitor and partitioned
capacitor approximations

In multicapacitor schemes, the total capacitance is broken
down either into spatial contributions corresponding to electrode
and electrolyte charging processes or to charge-transfer events
due to adsorption, while reactions are treated as pseudo-capacitive
events. Compared to the aforementioned original capacitor mod-
els, the multicapacitor models implicitly assume that the total
charge or number of electrons in the system can be partitioned
to non-interacting subsystems such as the electrode and reac-
tants/adsorbate, explicit and implicit solvent volumes, or different
regions of the electrode.'””* The general form of the multicapacitor
energy expression is obtained by writing Eq. (15) as

ON,
N dA(Npy + Nie)? ( A )
v(r)

AN gt AN + d(Noy + N,,,e)(a—A)
v(r)

2 ON2 (17)
where N, is the total number of electrons, N,, is the number
of electrons on the reactant, and N. is the electrode charge. It
must be noted that this Taylor expansion is well-defined only
when both N,, and N, are included in Eq. (17), but the result-
ing equation would be equal to the general capacitor model in
Eq. (15). This indicates that the capacitance cannot be exactly sep-
arated to different contributions and that some approximations are
always needed.

Different multicapacitor models are obtained by express-

ON?

n

ing the (‘92A) term in various ways. A physically motivated
v(r)

decomposition divides the total effective capacitance into multiple
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FIG. 2. Different equivalent circuits discussed in the text. (a) The serial
Gouy-Chapman model consisting of double-layer (DL) and Helmholtz (H) capaci-
tances. (b) Frumkin-Melik—Gaikazyan model shows a circuit including adsorption
(ads) capacitance in parallel with the Gouy-Chapman and Helmholtz capac-
itances. (c) The Grahame model with adsorption and DL capacitances. The
resistances are neglected in the thermodynamic treatment.

capacitors either in series or parallel. The serial situation cor-
responds to non-interacting capacitors where each capacitor has

its own energy and the total capacitor energy is the sum of the
NZ

individual i capacitors with potential V: Ecp series = 2.; Wicap = Fro

= Zi%. For the series case, there is only one effective capac-
itance, which cannot be easily separated: Ecapseries = % = Zg—zc
Figure 2 shows that the serial and parallel connections correspond to
distinct physical and chemical processes at the electrochemical inter-
face. This fact is widely used in electrochemical impedance spec-
troscopy where different equivalent circuits are applied to interpret
the total capacitance in terms of adsorption, double-layer, and other
charge-transfer processes.””’’ The equivalent circuit in Fig. 2(a)
shows how the total effective capacitance can be separated as dif-
fuse, Gouy-Chapman and compact, Helmholtz contributions using
capacitors in series (1/Cpr = 1/Cgc + 1/Cn). Figure 2(c) shows the
Grahame model that treats capacitors in parallel to model the
double-layer capacitance and charge transfer or specific adsorption
as pseudo-capacitive (Cpy = Cogs + Cpr). The extended Grahame
or Frumkin-Melik-Gaikazyan*' circuit shown in Fig. 2(b) further
decomposes the double-layer capacitance to Gouy-Chapman and
Helmbholtz contributions.

The choice of an appropriate equivalent circuit model is cru-
cial for rationalizing and understanding electrochemical reactions
within the multicapacitor approximations. As most DFT studies
address electrochemical adsorption processes and surface reac-
tion steps, the (extended) Grahame or Frumkin-Melik-Gaikazyan
model of parallel capacitors would be the most relevant equiva-
lent circuit. This is, however, not the model adopted in partitioned
or multicapacitor approaches because the total capacitance can-
not be partitioned without further approximations. Rather than
using the Grahame model, current multicapacitor approaches use
either serial or parallel capacitors, and estimate the Helmholtz free
energy as

0A
A(Nn) capseries = AMNn) + d(Noy + Nue) | 5
( )cup,serzes ( ) + ( or N, )(8Nn )v(r)
d(Nn,r +Nn,e)2( 1 1 )
=t =
2 G Ce v(r)
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~ A(Ny) + d(Npy + Nn,e)(%‘) .

dN;, dN;

( 26:7 + the)v(r) = A(N")Cap,pamllel) (18)
where the mixed 2NN, term has been neglected and the charges
have been assigned to individual capacitors. The parallel capac-
itor schemes were developed and used in Refs. 38 and 17, but
the aforementioned systematic expansion shows that various terms
are neglected in the multicapacitor schemes for mathematical
convenience without physical reasoning.

The previous equation also highlights the emergence of two dif-
ferent effective capacitances if the mixed terms are neglected and if
charges are assigned to individual capacitors. These extrathermody-
namic assumptions are due to system partitioning and have been
shown to lead to unphysical behavior of reaction energies when a
multicapacitor scheme is combined explicit/implicit solvent mod-
els.”” The previous equation also shows that current multicapacitor
models cannot reliably distinguish between serial and parallel capac-
itors because both versions of Eq. (18) are equally suitable for
fitting the Helmholtz energy even though the physical/chemical
processes behind these equivalent circuits (or fits) are clearly
distinct.

A slightly more robust partitioned capacitor approximation can
be derived by inserting a parallel capacitance relation directly in
Eq. (17),

0A

A(Nn)cap,Pamllel ~ A(N”) + d(Nn,r + Nn,e)((?T) (r)

2
N d(Npy + Nie) ( 1 ) ) (19)
2 C +Ce v(r)

which requires further assumptions to be useful. To move forward,
one can assume that N, is significantly larger than N, . leading to

0A
A(Nn)cup)Pamllel ~ A(Nuro) + Nn’r( Tm)v(r)

1{ N,
) VA , 2
+ 2(C5+Cr)v(r) (20)

which is unsatisfactory because it presents an unsystematic Tay-
lor expansion. A slightly better approximation is achieved if one
assumes that Nir > Nﬁ,e in which case Nﬁ,e is neglected but the
NurNpe > Nﬁ)e term is retained. This gives

A(Ny) ~ A(Npyo) + dNprfin,,

N dNZ, + dN,,,dN,.
Cer

cap,part,mixed

, 1)

where Cy corresponds to the effective capacitance accounting for
both the e and r subsystems. The last formula is equal to the
equation developed originally in Ref. 11 for the partitioned capac-
itance scheme, containing the mixed N, ,N,. term. However, the
origin of the mixed term was not discussed in the original ref-
erence and its appearance with the N7 is difficult to justify from
the Taylor expansion perspective alone. Inclusion of NN, with-
out Ne2 is mathematically valid only for N, — 0, i.e., when charge
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transfer is negligible or when electrostatic interactions through
dipole/polarization effects dominate.

Another partitioned capacitance approximation is obtained by
considering the differential form of Eq. (17). This will lead to the
“average number of electrons” approach introduced in Ref. 17,

d(Npy + Npe)/2

ey )d(N, +N.), (22)

dA (NT ) cap,part,average ~ (luNnO +

which is closely related to Eq. (17), but the origin of denominator 2
is difficult to see as it does not appear in the differential form of the
capacitance approximation [see Eq. (16)].

E. Dipole field approximations

Further approximations to the partitioned and multi-
capacitor schemes are obtained through various electrostatic
expansions.'”'*** The most systematic development in an electro-
catalytic setup'! starts from Eq. (21), the differential form of the

mixed capacitor scheme,

. 2dNy; + dNy,
dA(Nﬂ)cuP’purt,mixed N ('uN"" + %
eff

= dAcharge,ﬁeld~ (23)

o,

If the reactant charge variations are small compared to these of
the electrode, dN,; << dN ., and dN,, ./ C,r measures the electrode
potential variation as a function of surface charge Ny.. Then, one
can write

dA(N”)charge,ﬁeld ~ [[ZNnO + dN"'e/Ceff]dN”’r
= i(Nyo + dNye ) ANy (24)

The electrochemical potential can be further separated to the
standard state and electric potential contributions using Eq. (4).
Neglecting the irrelevant standard state chemical potential leads to

AANND) grargeiola ® ~9" (6 N0 + Nie)dN, (25)

where it is indicated that the electric field depends on the surface
charge Ny .. It should be noted that the above-mentioned interac-
tion is strictly electrostatic and the spatial extent of ¢,(r) should
depend on the electrolyte and the approach used to divide the total
charge density to the electrode and reactant subsystems. The elec-
trostatic potential created by the electrode can be computed from
the Coulomb equation

¢ (r) = f dr'? E(rl,)r (26)

|r—r

where p®(r) is the electrode charge density. In the above-mentioned
equation and throughout the work, we use atomic units where the
vacuum permittivity term, 4¢y = 1, is absent from the denominator
of Eq. (26). For this reason, the permittivity does not appear in the
following equations. If Eq. (26) is applied to continuum solutions,
the solvent permittivity should be included in it and all equations
derived from it. Furthermore, it should also be noted that p®(r’)
cannot be uniquely defined since char%e partitioning cannot be
achieved without approximations, and ¢~ (r) should be considered
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as an effective quantity. Nevertheless, the electrostatic interaction
(free) energy between e and r is defined as*’

Aes=/dr'M, 27)

where p"(r) is the charge density of the reactant. The full electro-
static interaction is expressed through a multipole expansion,*’

-
174 106°
Ags ® qEqr + Eﬁ’E(r)Mr *3 851.) N AR (28)

where g is the electrode (surface) charge, q" is the reactant charge,
‘2% is the electric field generated by the electrode, M" is the reac-

E
tant dipole moment, aé;r(r) is the electric field gradient, and ar

is the quadrupole tensor of r. It should be noted that the multi-
pole expansion is known to diverge when the distance between the
electrostatic potential (¢*) and charge distribution (p") is smaller
than the radius within which the expansion is carried out:* when
the electrode and reactant regions overlap, the electrostatic inter-
action energy is ill-defined. It is, therefore, questionable whether
the expansion is valid when applied to potential/charge-dependent
adsorption energies, a typical application of the dipole field approx-
imation, where the molecule and electrode are spatially very close to
each other.'"'*"* We shall return to this issue in Sec. I 1.

Nonetheless, the differential electrostatic interaction energy
can be defined as

A~ dg" + dq + %(gE(r)dM' + M*dgE(r))

T

1065 () 0 o [0st(r)
3 lex +ad T

:| 4o (29)

where dg* +dq" =0 due to charge conservation in the canonical
ensemble—for a real electrochemical interface or the GCE, there
is no need for such a condition. While the previous equation can
be used to write the electrostatic energy as a function of the field

[see Eq. (32)], in the dipole field approximation only M"d&" (r) is
typically included.'"'®"” This choice assumes that changes in the
reactant geometry do not impact the dipole moment and that the
quadrupole can be neglected even for linear molecules, such as CO»,
which do not even have a permanent dipole.

A more general dipole field model can be constructed by
accounting for non-linear field-dependencies, which are expected
to be important for non-polar molecules and at high-electric fields
present at electrochemical interfaces. These terms are included in
the induced dipole moment (M;,;), and the total dipole moment is

-
M (&) =My+ Moy () s My +ad+BE>+---, (30

where Mj, a, and f3 are the intrinsic dipole moment, polarizabil-
ity, and hyperpolarizability, respectively. A similar expansion could
also be made to the quadrupole and higher moments. Including the
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induced dipole moment in the dipole field model of Eq. (28) results
in

—
E

&
Ad,p ﬁeld(ég ) q q + f(M0+OC(§ +ﬁ£’ + - ), (31)

which is the field-dependent model used in, e.g., Ref. 19, to fit free
energies as a function of the field. If the field is taken as an indepen-
dent variable, we can write the differential dipole field free energy
as

—
— E

E s r —lt?
dAdip—ﬁeld(éa ) N T(MO +af +--- ), (32)

which assumes that the polarizability does not depend on the field
strength and that field gradients can be omitted. While these may be
reasonable assumptions at least for flat surfaces, their validity should
be demonstrated, e.g., for stepped surfaces or nanostructures such as
particles or dentrites.*

In practice, the effective dipole field differential free energy is
often estimated as'"'%****

dA g ap-gita Mg x dég (AUNE))
= My CyrdU(NE)
e dNn, (33)

where “eff” denotes effective. This effective dipole field model can
be interpreted as an effective dipole interacting with the effective
field obtained by assuming an effective interfacial capacitance of the
electrochemical interface at an effective surface charge. We consider
déyy an effective electric field because it is not really evaluated or uti-

lized in actual applications of the dipole field models."***** Rather,
dé&yr serves the purpose of justifying the use of the dipole field
interaction as the underlying mechanism for potential or charge-
dependent adsorption energetics. Overall, the large number of effec-
tive quantities prevents detailed understanding of which interactions
really contribute to the fitted dipole field model.

The dipole field model in its different forms has mostly been
applied to simulate adsorption energies of linear molecules that
do not have an intrinsic dipole moment, such as CO,. Hence, the
dominant contribution in the dipole field model would be the polar-
izability term, which is in the meV range and much smaller than the
field dependencies computed in the literature.'"'***** To deal with
this issue, the dipole field models typically use an effective surface
dipole moment'"'*****—a property of the entire interface with an
adsorbate rather than the reactant alone. Often, the surface dipole
is treated as an effective quantity for fitting dA as a function of the
total charge or the explicit electric field. Since the field is related to
the surface charge by Gauss’s law, the slope of A, as a function of
the surface charge glves an estimate for M"."! While fitting A.; works
very well in practice,' " it remains unclear whether this fit captures
only the dipole field interactions or whether other interactions also
contribute to the slope. For instance, the effective (surface) dipole
moment M, is considered constant even though it should depend
on the field [Eq. (32)].

In addmon to fitting the effective dipole moment, it can also
be extracted using the work function changes due to adsorption in
the canonical ensemble.'******* The effective dipole moment should
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then be viewed as a property of the entire surface + adsorbate sys-
tem and the adsorbate must be considered as part of the surface.”
While practical, combining the dipole field model with the effective
surface dipole concept leads to a physically ambiguous situation: the
dipole field model describes the interaction energy between an effec-
tive dipole of the interface and the effective field generated by the
very same interface. In this situation, the dipole field model should
break down since the underlying electrostatic multipole expansion
[Eq. (27)] is not well-defined because the electrode and reactant can
no longer be treated separately.

The aforementioned conceptual problem can be partially alle-
viated by treating the field as an external variable, as shown in

(31), which develops the dipole field model from a Taylor
expansion of the canonical free energy with respect to the electric
field"” rather than the multipole expansion. To achieve the Tay-
lor expansion rigorously, the free energy should be written as a
functional of the electric field (A[*]) However, the connection
between A[&F] and Helmholtz or grand free energies is not straight-
forward because these are not functionals of the electric field, but
rather, functions of the number of particles and chemical potentials,
respectively. Unlike the number of electrons or electrode poten-
tial, the electric field depends on properties of the electrolyte and
is not a suitable independent thermodynamic variable for electro-
chemical interfaces. Furthermore, while an external electric field
can easily be added to standard DFT calculations, connecting the
external field to the applied electrode potential cannot be achieved
without free parameters.® A third way to arrive at the dipole
field model is the electrostatic conceptual DFT approach treated
as follows in Eq. (34).

F. Impact of geometric changes

Up to this point, we have focused solely on the JA/ONdN
terms, and the second term in Eq. (6) related to variations in the
external (nuclear) potential has been ignored. Explicit treatment of
this contribution is mostly missing from the capacitor-like mod-
els in the literature but should be included in general. Without
compromising generality, the nuclear potential (dv(r)) can be
assumed to present changes in the external nuclear potential brought
about by geometric changes.

A notable exception is the recent dipole- or force-dependent
method, which we call the dipole-force model,'’> developed to
estimate electrode potential effects on transition state energy
with canonical DFT calculations. This method implicitly includes
geometry-dependency in both potential and geometric variables (R)
through the reactant or surface dipole moment along the reaction

coordinate @: dAd,P fme(R U) ~ U>< IM G for a macroscopi-
cally large electrode.'” This clever scheme was shown to work well
for “short” reaction pathways, when the reaction coordinate can
be taken as a single bond length, and when the dipole-field and
capacitor-based approximations hold. However, the method cannot
be used when the reactant or solvent structures/geometries change
drastically as a function of the electrode potential or when the reac-
tion coordinate depends on the electrode potential. Difficulties for
such systems likely result from the capacitor approximation focusing
only on the effective dipole moment rather than the dipole vec-
tor, and the difficulty of determining the reaction coordinate for
complex reactions.
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We next show how this dipole-force model can be related to the
general geometric term through electrostatic conceptual DFT."**

One first realizes that the [ (%) Ov(r)dr term can be simpli-

{N:}

Ny p(r).” In its original formulation, elec-

trostatic DFT describes only the electrostatic energy in terms for the
electronic dipole moment.”** To describe the electrostatic energy
using the fotal dipole moment, we need to account for nuclear
degrees of freedom and the nuclear dipole moment. This can be
achieved within the multicomponent conceptual DFT framework,
as shown in the supplementary material. Within the electrostatic
conceptual DFT approximation, the first-order geometric term is

fied by writing ( % )

- —

AAdip—goom » d & - M, (34)

indicating that Agiy_geom ~ Z.M and the total differential

AAgip—geom ~ dé -M+dM- &. Here, changes in both the field
and dipole moment are considered, and the model presents a
generalization of the dipole-field method developed in Ref. 12. Our
derivation also presents an alternative way to obtain the dipole-field
model without a multipole expansion, but an external electric field
has to be assumed.

The relation between the external field and electrode potential
can be sought through Gauss’ theorem similar to Eq. (33). Keeping
the field constant and assuming it mimics the electrode potential,
dA gip- geom 15 @ model for the energetics of electrode potential-driven
changes in the geometry. Considering geometric changes only along
the reaction coordinate leads to a conceptual DFT equivalent of the
dipole-force model,

dAgipgeom(B) U x (dM - D), (35)

which shows that the dipole-force method'’ can be seen as the
first-degree approximation to the geometric term of the electro-
static conceptual DFT. This development also reveals another side
of dipole-force and dipole-field methods—they can also be derived
using electrostatic conceptual DFT rather than pure electrostatics.
As shown in Sec. II G and discussed in Sec. I G, switching to the
conceptual DFT framework allows us to include other interactions
and corrections in addition to electrostatics.

G. Separating chemical and electrostatic interactions

The above-mentioned analysis on different electrostatic cor-
rections has relied on the assumption that chemical and electro-
static contributions can be separated or differentiated. But are
these valid assumptions? This question dates back to the first
electrostatic correction, the Frumkin model, which was devel-
oped originally for outer-sphere reactions.””* The appropriate-
ness of the Frumkin model for outer-sphere electrochemical
electron transfer was recently verified for graphene-modified elec-
trodes®’ through meticulous experiments and an extension of the
Schmickler-Newns-Anderson model Hamiltonian’* to include a
Frumkin-like correction term.”” However, it has been argued that
the Frumkin or other electrostatic corrections cannot distinguish
between specific adsorption and local electrostatic effects.”® This
view is also supported by our analysis and, in particular, Eq. (18)
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shows that the same energy expression can be derived for two dif-
ferent equivalent circuits. As shown in Fig. 2, different circuits
present different physical and chemical processes indicating that the
capacitor models cannot distinguish between double-layer charging,
charge-transfer reactions, or adsorption processes.

These observations indicate that the distinction between elec-
trostatics and chemical interactions is at least somewhat artificial
and that electrostatic corrections can be cast as covalent chemical
interactions and vice versa. This bears direct relevance not only
for fundamental electrochemistry but also electrocatalyst design.
For instance, it has been suggested that dipole-field interactions
are important for single-atom catalysts in CO, reduction'"'*** but
the many approximations in the dipole-field model itself makes it
difficult to assess this suggestion. On the other hand, potential-
dependency of CO, adsorption can be equally approached using,
e.g., a classical donation-backdonation method® or charge-transfer
interactions™* addressed with, e.g., conceptual DFT.

To test the separation of electrostatic and charge-transfer inter-
actions, we develop a conceptual DFT model for a simple elec-
trosorption step with charge transfer. We follow the conceptual DFT
reactivity approach® applied successfully to, e.g., ion-pair forma-
tion™ and charge-transfer interactions,” but extend the model to
an electrochemical interface. This model describes the influence of
charge transfer on the reaction energy of a generic electrochemical
reaction A + B — AB (where A is the adsorbate, B is the electrode,
and AB is the chemisorbed state) as

5

AEyp = (jig — i3 )AN + %(;703 + 114 ) AN?, (36)

where AN denotes the charge transfer between A and B during
the reaction, while the superscript “°> denotes quantities computed
at the chosen reference state. The first term includes the refer-
ence electrode potential and molecule chemical potential, which
is directly related to its redox properties through its ionization
energy and electron affinity.”® The second term is chemical hardness,

i = (ngg) = (ng) . For electrochemical interfaces, the
N; v(r) i/v(r)

hardness is related to the effective electrode capacitance through
Eq. (8): g = C% For molecule A, the hardness depends on its

redox propertiefg such as electron affinity and ionization poten-
tial.”® Hence, Eq. (36) can be seen as a correction to electrosorption
energies due to charge transfer between A and B.

As shown in the supplementary material, the differential
adsorption energy as a function of the electrode potential (ig) is

1
dAEas(dp) ~ 6N[g°g — % + AN x (qﬁ o+ B—N)]dﬂg, (37)

where ANy is the charge transfer between A and B at a refer-
ence potential and SN denotes the potential-dependent change from
ANp. As discussed in detail in the supplementary material, Sec.
S4.1, dAE4p(fis) depends on changes in both the adsorbate charge
and electrode potential. Hence, [ﬂ% - ﬂOA + ANy x (;1% o+ %N)]
acts as the kernel, which determines how the potential-dependent
changes in the adsorbate charge impact the adsorption energy.
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The previous equation has the same form as the dipole-field
model [Eq. (33)] and can equally well be used for fitting potential-
dependent adsorption energies. However, the conceptual and phys-
ical insights from these models are very different: the dipole-field
model interprets the slope as a dipole moment, while the slope of
Eq. (37) measures how the reaction energy depends on charge trans-
fer as a function of the electrode potential. Accordingly, the dipole-
field model would predict that electrostatics, interfacial dipoles, and
electric fields are the key quantities in electrocatalysis, whereas the
model based on the conceptual DFT emphasizes the importance of
charge transfer and (electro)chemical potential equalization. This
notion is strengthened by observing that the previous equation pro-
vides a conceptual DFT-based route to the recent model developed
by Ringe* to quantify charge transfer and potential of zero-charge
effects in electrocatalysis.””

H. Testing the models for electroadsorption:
Electrostatics, charge transfer, or covalent bonding

While electrostatic and charge transfer contributions cannot,
in general, be separated for weak interactions,’® it remains an open
question whether the separation is possible for a strong chemisorp-
tion bond. To answer this question, we consider the CO, adsorption
on an iron-nitrogen-graphene single-atom catalyst, Fe-NC. We
first computed grand-canonical adsorption free energies and sub-
sequently fitted different electrostatic models to these energies in
order to assess how well these approximations reproduce the explic-
itly potential-dependent adsorption energies. In addition to fitting
adsorption energies, our goal is to analyze whether the interaction
between Fe-NC and CO, can be understood within the dipole-
field model, the charge transfer approach, or if something more
complex is needed. The studied system is motivated by the proven
success of dipole-field and capacitor models to fit the adsorption
energy as a function of the electrode potential and surface charge
for single-atom electrocatalysts.

Adsorption energies as a function of the electrode potential are
given in Table II. Between —1.0 and —0.25 V, the adsorption energy
changes linearly as a function of the electrode potential. When the
potential is between —0.25 and 0.0 V, the surface charge changes
from negative to positive. Below 0.0 V, CO, adsorbs on the sur-
face, but above this potential, CO, spontaneously desorbs from the
surface upon structural optimization. This behavior is in quantita-
tive disagreement with the capacitor approximation, which predicts
that (differential) adsorption energy is symmetric with respect to the
potential of zero charge (see Fig. S1).

Consequently, we evaluated the effective capacitance by fitting
the adsorption energies using different capacitor models. The results

TABLE II. Analysis of CO, adsorption on Fe-NC as a function of the electrode poten-
tial. U: applied potential, Q,qs: adsorption energies, Mm: magnetic moment, and Q:
system charge of CO, + FeNC.
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TABLE lIl. Capacitance values extracted by fitting the GCE adsorption energies with
different electrostatic models. Cg‘;’ is computed for the electrode + reactant system
from GCE energies Eq. (8). C&1;, C¢,p, and Cg,,, are the capacitance of the electrode

+ reactant and electrode systems from Eq. (16). C;ar, and C,’)a,t are for the partitioned

capacitance model from Eq. (18). The unit is yF/cmZ.

+ +
fo ! Cgupr Cﬁap C;urt C;urt

2.76 12.47 11.09 24.30 7.27

in Table ITT show that the computed capacitances of the same surface
depend sensitively on the chosen model as they vary between 2.7 and
24 pF/cm?. The smallest capacitance difference is that of the pris-
tine Fe-NC and CO, adsorbed on Fe-NC computed from the direct
definition of effective capacitance [Eq. (8)]. Extracting C,y from the
adsorption energies within the original capacitor model [Eq. (16)]
leads to a significantly smaller capacitance. The partitioned capacitor
model of Eq. (18), on the other hand, gives a much larger capacitance
for the surface but the value is in line with the capacitance of pristine
graphene.”” Other partitioned capacitor models were not consid-
ered because they assume that the adsorbate charge should remain
unaltered, but Table IV clearly shows that the CO; charge does not
remain constant—hence the assumption N7, > N2, leading to the
mixed capacitor does not hold.

The dipole-field model achieves a good qualitative agreement
between the electrode charge or potential and adsorption energy. As
a linear dependency between charge and adsorption energy is seen,
the effective dipole moment can be obtained from Eq. (33), which
gives 0.59 e A or 2.83 Debye at —0.5 V in good agreement with
the corresponding values in Ref. 11. However, the dipole moment
from the dipole-field model is surprisingly large—almost five times
the gas-phase dipole moment of fully reduced CO;, which is 0.55
Debye. Table IV shows that the adsorbed CO; carries a significant
negative charge but the fitted dipole moment of 2.81 Debye cannot
arise from the CO; alone. It might be possible that this large dipole
moment effectively implies stronger stabilization of the system due
to its interaction with the electric field."* Such a large dipole moment
may also arise from the failure of the multipole expansion to dis-
sect the adsorption interaction in dipole and field contributions as
discussed in Sec. IT E.

To analyze the results from the dipole-field model, the effec-
tive dipole moment was calculated from atomic charges. Assuming
that CO,-FeNC can be approximated as a diatomic molecule, the
effective dipole moment is computed as

TABLE IV. Bader charges of CO, and Fe, and the dipole moment in both eA and
Debye units calculated using Eq. (38) as a function of the applied potential U.

u/v Quas/eV Mm Q/e u/v COy/e Fele eA D

0.0 -0.67 1.33 -0.48 0.0 -0.66 1.73 2.39 11.48
-0.25 -1.03 1.13 -0.95 -0.25 -0.74 0.26 1.00 4.80
-0.5 -1.16 1.15 -1.22 -0.5 -0.77 -0.18 0.59 2.83
-0.75 -1.32 1.06 -1.43 -0.75 -0.80 —0.42 0.38 1.82
-1.0 -1.55 0.73 -1.77 -1.0 -0.85 -0.92 -0.07 -0.34
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FIG. 3. The projected density of states
for CO, adsorbed on Fe-NC as a func-

tion of the potential. The dashed lines
indicate the iron d-states and the solid
lines represent the CO, sp-states. The

PDOS

inset shows the states around the Fermi
level. Electrode potentials are given on
the standard hydrogen electrode (SHE)
scale.

0
Energy [eV]

Me)ff ~ Zqi(rf - rcb)’ (38)

where r; is the position of the ith nucleus and r,, denotes the mid-
point of the Fe-C bond. The potential-dependent dipole moments
are given in Table IV and it is clearly visible that M, exhibits signif-
icant variations as a function of the electrode potential. The largest
value is 16 times larger than the CO; dipole moment and the small-
est has a reversed direction, i.e., the dipole moment points from
CO; to Fe. These features can be understood by the strong depen-
dency between atomic charges and the electrode potential as shown
in Table I'V.

The above-mentioned analysis shows that adsorption ener-
gies can be fitted using capacitance and dipole-field approxima-
tions, but the physical insight depends on the chosen method
and the computed capacitances or dipole moments do not always
appear physically correct. To understand the source of these uncer-
tainties, we performed a detailed analysis of CO, adsorption on
Fe-NC as a function of the potential. First, it needs to be noted
that separating the adsorption process into well-defined interac-
tions is not straightforward. While atomic charges as a function
of the potential can be easily computed, separating charge-transfer
from electronic polarization, which is an electrostatic effect rather
than charge-transfer, is difficult because charge partitioning can-
not distinguish between these two effects. For an electronically
adiabatic process, a more practical and somewhat more robust
alternative to distinguish among charge-transfer, covalent bonds,
and electrostatics is tracing the changes in the projected density
of states (PDOS) upon adsorption as a function of the electrode
potential.®’

The PDOS p(e)(U) = T,|(¥(¢s U)|1//)|26(£—e'), shown in
Fig. 3, provides a quantitative and qualitative measure of the cova-
lent interactions between adsorbate orbitals (|y)) with the total wave
function (|¥)), and how this interaction changes as a function of
the electrode potential U. The comparison of PDOS plots in Fig. 3
and Fig. S3 in the supplementary material shows that the covalent
interactions between Fe and CO, take place mainly between —2.5
and 2.5 eV around the Fermi level. The PDOS plots show that there
are only few CO; states around the Fermi level at all potentials. The
bonding and antibonding states are located around —1.5--1.0 eV
and 1.5-2.0 eV depending on the potential. These figures also show

that the covalent interactions depend very sensitively on the elec-
trode potential and spin. At 0.0 V vs SHE (orange lines), there is
a broad peak between —2 and —1 eV corresponding to filled CO,
states. For the down-spin, a narrower peak for covalent interactions
is observed at —1 eV. The iron down-spin states span the Fermi level
while the up-spin has a band gap.

As the electrode potential is decreased, the surface becomes
negatively charged and the PDOS goes through a series of notable
changes. The filled Fe up-spin states are split, while the down-
spin states move to lower energies as the potential is decreased
from 0.0 to —0.5 V. As shown in Table II, the iron spin changes
significantly. On the other hand, the CO, states remain rather
unchanged. As the potential is further decreased to —1.0 V, the
CO; and corresponding Fe states move to lower energies. The
Fe down-spin states become more occupied and the Fe spin state
approaches zero (Table II). At other potentials, similar changes are
observed (Fig. S3).

The above-mentioned analysis shows that the CO, interaction
with the Fe-NC catalyst is very complex. The adsorption energy is
not only sensitive to the electrode potential but also notable changes
in atomic charges point to charge-transfer effects, while the PDOS
shows that the covalent bonding depends on both the potential and
spin. As discussed, both the dipole-field and capacitor models can
accurately fit potential-dependent adsorption energy. However, it is
very questionable whether either model often used for CO, adsorp-
tion on Fe-NC-type materials can condense this complex chemistry
to a single parameter.

lll. DISCUSSION

This work systematically derives and discusses various elec-
trostatic corrections that have been developed to study electro-
catalytic thermodynamics and kinetics within canonical, constant
charge DFT without explicitly treating the electrode potential. We
have analyzed different electrostatic models in detail to understand
the assumptions, limitations, and physical/chemical implications of
the different electrostatic approximations. As it has been widely
demonstrated in the literature that these methods can capture or
fit potential-dependent reaction energies, our primary goal is to
analyze what physicochemical insight can be obtained from the dif-
ferent electrostatic corrections to canonical DFT. We also propose
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some alternative approaches to extend canonical DFT to electro-
chemical systems. The present work answers the question as to
which extent canonical DFT can approximate the in-principle exact
thermodynamics from GCE-DFT.®!

Through free energy differentiation, it was shown that the
capacitor and dipole-field approximations only focus on changes
in the number of particles, whereas geometric changes are usu-
ally ignored. This essentially means that the electrostatic corrections
cannot account for the interplay between energetics, potential, and
geometry. As such, these approaches cannot be applied to situations
where the adsorption, transition state, or electrolyte configuration
changes as a function of the electrode potential. While this might
be a reasonable assumption for simple molecules, this can hardly be
the case for complex molecules with different binding motifs and
orientations.

A closely related issue pertains to the infinite-cell extrapolation
schemes,””"" which are often used for validating or parametrizing
electrostatic models. In particular, it is not always explicitly specified
whether geometric variations are accounted for when the cell/charge
extrapolation is performed. If the transition state and other geome-
tries are not optimized at all different charge states and cell sizes,
the situation schematically shown Fig. 4 arises. Specifically, without
accounting for the geometric contribution, the extrapolation scheme
is not a fully reliable reference. It is also questionable whether the
extrapolation scheme can treat fi, and i, as independent thermody-
namic variables since the electrode potential (o< f,) is changed by
including a different concentration of cations/anions (o< fi.) in the
simulation cell.

The main issue with the original capacitor model in the fully
canonical situation [Eq. (14)] is the use of an effective capaci-
tance that makes the model insensitive toward electrolyte properties.
The electrolyte effects can, however, be included in the semi-grand
canonical ensemble [Eq. (15)]. If the common approximation of
effective capacitance is made, the electrode and electrolyte prop-
erties cannot be addressed separately, while this is possible both
experimentally and in GCE-DFT calculations. The effective capac-
itor model cannot capture the subtle interplay between the elec-
trode potential and charge, which is a fundamental feature of an
electrochemical interface.

Another issue with the constant capacitance assumption is
related to the description of electrode potential effects in reaction
energies [Eq. (1)] when geometric changes take place. We have
shown that for CO, adsorption on Fe-NC, and more generally for
different initial and final states,** the effective capacitance is not
constant. Furthermore, the capacitance should not be treated as a

Small cell, fixed charge, potential fluctuates,
one TST structure
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free variable to convert adsorption energies from canonical, con-
stant charge calculations to potential-dependent adsorption energies
as shown in the supplementary material, Sec. S2. The capacitor
model also predicts the differential free energy to be symmetric and
parabolic with respect to the PZC. This would indicate that both
negative and positive applied potentials would lead to identical free
energy changes as a function of the electrode potential, which is not
observed in numerical GCE-DFT simulations. Despite these theoret-
ical issues, the capacitor model seems robust, in practice, for metallic
electrodes and when (potential-induced) changes in geometry are
small. However, the effective capacitance should not be used as a
free parameter but should be self-consistently computed for a given
system using the chosen capacitor model. Finally, if the capacitance
scheme is to be applied to semiconductor electrodes, space-charge
capacitance should be included in Cey.

The partitioned capacitance approaches include further
approximations as partitioning is mathematically ambiguous
because some terms in the free energy Taylor expansion are
neglected and it is not a priori clear how these omissions impact
different systems. The partitioned capacitance [Eq. (18)] will always
suffer from artificial separation of the electrochemical interface to
the electrode and reactants/double-layer subsystems, which makes
the model prone to computational artifacts as noted in Ref. 17.
This can lead to a situation where different parts of the system
have seemingly different capacitances. This thermodynamic incon-
sistency is, however, a computational artifact resulting from system
partitioning and/or the use of mixed explicit-implicit solvent mod-
els: the division into different subsystems cannot be done without
extrathermodynamic assumptions.

Also, the physical interpretation of partitioned capacitance
approaches is problematic because the total capacitance cannot be
uniquely separated to double-layer, Helmholtz, or Gouy-Chapman
charging and electrosorption (adsorption) contributions without
extrathermodynamic assumptions. Based on an impedance spec-
troscopy perspective (Fig. 2) and Eq. (18), the Grahame model
and parallel capacitors should be the most appropriate repre-
sentations for adsorption and double-layer charging while the
Gouy-Chapman-Stern model should be used for explicit/implicit
double layers. In practice, however, Eq. (18) cannot separate between
these two physically very distinct cases: by fitting A(N,) with
Eq. (18), it is not possible to separate (1) DL charging and charge
transfer due to adsorption or (2) separate explicit (Helmholtz)
and implicit (DL) charging processes. Another partitioned paral-
lel capacitor model, Eq. (21), is expected to perform better for
electrosorption energies but only when charge transfer between

Big cell, fixed charge, U fixed,
another TST structure?

Does
JA

o ° ° o 5o(r) dv(r)dr °

remain constant?

Extrapolate

FIG. 4. The geometric term in cell-size
° L4 ° extrapolation. If the TST is not recal-

culated for each cell size, the geomet-
ric term, [ 55 dv(r)dr, is not cor-
rectly accounted for in the extrapolation
scheme.
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the electrode and double-layer or reactant is negligible. The aver-
age capacitor model, Eq. (22), introduces least approximations and
is, therefore, expected to be the most robust partitioned capacitor
scheme. Finally, if the partitioned capacitors are used for semicon-
ductor electrodes, the space-charge capacitance C, should also be
included either in series or in parallel.

Even further approximations are introduced in the dipole-field
model. While it was shown that this model can be derived by apply-
ing a multipole expansion on the partitioned capacitor model or
through Taylor expansion with respect to the electric field, sev-
eral theoretical issues were raised. First, the underlying partitioned
capacitance model already contains several assumptions. Second,
the multipole expansion is divergent when applied to spatially close
interacting subsystems, such as those treated in chemisorption or
electrosorption problems. Third, only the dipole-field term of the
full multipole expansion is retained and effects such as induced
dipole moments or polarizability are typically omitted. For compar-
ison, in the context of oriented electric field catalysis, higher-order
field dependencies are needed even for qualitative understand-
ing of polarization and field effects,”” and the linear dependency
between field and reaction energies seems to be valid only for
a very narrow range of fields.”” Fourth, the practical dipole-field
model [Eq. (33)] contains several effective quantities such as effec-
tive capacitance, surface charge, and the dipole moment, which are
effectively treated as fitting quantities in most cases. Fifth, the phys-
ical interpretation Eq. (33) is that of surface dipole interacting with
the effective field generated by the surface itself. In this case, the
electrostatic energy and the multipole model leading to the dipole-
field model are not well-defined as discussed in Sec. II E. Sixth,
the Taylor expansion with respect to the electric field is problem-
atic because neither the canonical nor grand canonical ensembles
or free energies are functionals of the electric field and the electric
field cannot be considered an independent thermodynamic variable
of an electrochemical interface because it depends on the properties
of the electrolyte. These features limit the applicability, general-
ity, and physical insight of the dipole-field models. Furthermore,
our derivations show that it is necessary to test and parameter-
ize the model and its many effective quantities for each surface
and reactant. In practice, we observed that the dipole moments
extracted from the dipole-field model appear unreasonably large
and show substantial potential dependencies (Table I'V). While these
are acceptable traits of an effective model and for fitting purposes,
fundamental understanding on the role of the electric field, dipole
moments, polarizability, etc., should be approached cautiously,
given the amount of effective quantities and implicit assumptions in
the model.

We also addressed the general plausibility of separating chem-
ical and electrostatic contributions. In line with previous studies on
the Frumkin model, we conclude that electrostatics and chemical
interactions or covalent bonding cannot, in general, be differen-
tiated by studying reaction or adsorption free energies as a func-
tion of charge N, or electrode potential U. By means of analytic
arguments on the capacitor model [Eq. (18)] and by contrast-
ing the dipole-field model with a charge transfer model derived
using conceptual DFT [Eq. (37)], we have shown that just by
fitting A(N,) or Q(fis), one cannot differentiate between charge-
transfer and electrostatic interactions. While both electrostatic and
charge-transfer models are equally suitable for fitting purposes, their
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physical implications are clearly different, which is a very important
point for computational electrocatalyst design; the interpretation
of electrocatalytic thermodynamics or kinetics based on electro-
static or charge-transfer models leads to different conclusions on
which interactions determine electrocatalytic performance. As such,
depending on the selected model, different quantities can be chosen
for optimization in electrocatalyst development. Here, insights and
approaches from conceptual DFT might prove to be very helpful as
it offers a rigorous way to describe chemical interactions through,
e.g., chemical softness or Fukui functions in addition to electro-
static or geometric terms. In fact, a detailed analysis of electrostatics
and geometrical changes at electrochemical interfaces conducted
in Ref. 67 has shown that general, reliable estimates of electro-
chemical thermodynamics are achievable with conceptual DFT, but
this requires the inclusion of several high-order terms. We, there-
fore, propose that addressing geometric, electrostatic, and chem-
ical interactions within conceptual DFT quantities would be very
beneficial for the next generation of approximate electrochemical
DFT schemes.

We wish to re-emphasize that all approximations discussed
in this work have been successfully applied to predict or fit elec-
trochemical thermodynamics and kinetics for different systems.
At the same time, it needs to be emphasized that different elec-
trostatic schemes have been developed and used for distinct sys-
tems, and it is important that the correct scheme is selected
and tested for a particular problem. This is clearly shown in
our analysis of potential-dependent CO, adsorption on a Fe-NC
catalyst where largely varying capacitances and dipole moments
were obtained with different approximations. We also showed
that conceptual DFT approaches can be used to derive alterna-
tive and possibly more general ways to include geometric and
potential dependencies in the electrocatalytic DFT approximations.
Finally, if one wishes to avoid these electrostatic or conceptual
DFT approximations altogether, GCE-DFT should be the method
of choice. While GCE-DFT is not often employed in large-scale
(screening) studies, its computational cost is only ~30% more
than that of canonical DFT and it can already be readily applied
to complex multi-step reactions®® and even molecular dynamic
simulations.”’

IV. CONCLUSIONS

We have provided a detailed and systematic derivation of dif-
ferent electrostatic approximations developed to estimate the impact
of the electrode potential on reaction thermodynamics and kinetics
within canonical DFT. This allowed us to reveal the implicit assump-
tions behind these approximations and their limitations and physical
implications. We have shown that these approximations efficiently
capture or fit the potential-dependency in reaction energetics, but
care should be exercised when physical or chemical insight other
than energetics is drawn from them. Also, the validity of the cho-
sen approximation should be carefully considered separately for
each system. More specifically, several aspects and limitations have
been discussed in detail: (1) the constant effective capacitance pre-
cludes the study of electrolyte/solvent effects, (2) the physical picture
of partitioned capacitance schemes is unclear and extrathermody-
namic assumptions are made to achieve separation to subsystems,
(3) the dipole-field models contain multiple effective quantities

J. Chem. Phys. 158, 144701 (2023); doi: 10.1063/5.0138197
Published under an exclusive license by AIP Publishing

158, 144701-13

11:90:20 €20Z dunf 0¢


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

limiting their predictive power, (4) the interplay between geomet-
rical changes and the electrode potential is often neglected, (5)
distinguishing between electrostatic, charge transfer, and covalent
interactions is difficult, and (6) the computed capacitances, dipole
moments, and physical insight depend sensitively on the selected
approximation. Careful consideration of these issues allowed us to
analyze model accuracy and insight, to suggest when a given model
should be chosen, and to propose alternative formulations based on
conceptual DFT or GCE-DFT.

V. COMPUTATIONAL METHODS

We performed grand-canonical ensemble density functional
(GCE-DFT) simulations using the Solvated Jellium Model (SJM)
method®” asimplemented in GPAW.”" The solvent was treated using
the dielectric continuum model for water developed in Ref. 71 and
the vdW radius for Fe was set to 2.0 A. The electronic structure
was calculated on a real-space grid with a spacing of 0.2 A, and a
(3 x 3 x 1) k-point sampling was used. The Bayesian error esti-
mation functional with van der Waals correlation (BEEF-vdW)”*
was used to model the exchange-correlation effects. The reactions
were simulated on a graphene layer constituting 3 hexagonal rings
per four and a half (54 atoms) with an Fe atom encrusted right
in the middle surrounded by four N atoms to each connection
to the graphene and one CO, molecule adsorbed on top of the
Fe atom. A vacuum of 15 A thickness was applied on the slab
along the z-direction to prevent interactions of the slab with its
upper and lower periodic images. The carbon atoms from the
graphene layer were kept fixed, while the remaining atoms were
allowed to relax.

The CO; dipole moment was computed with NWChem 7.0.”°
The B3LYP-D37* function with the aug-cc-pVDZ basis set”” for both
Cand O coupled with an ultrafine integration grid following the rec-
ommendation for accurate dipole moment calculations.”® Geometry
optimization was performed before the dipole moment calculation.

SUPPLEMENTARY MATERIAL

See the supplementary material for Taylor expansions of the
grand canonical and canonical free energies, adsorption Helmholtz
free energy as a function of the electrode potential: impact of
capacitance, including the nuclear dipole in the electrostatic concep-
tual DFT picture, derivation of the electrocatalytic electrochemical
potential equilibrium model, and additional DOS figures.
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