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Fundamental understanding of electrical double layers (EDL) has been gleaned mostly on ideally planar
electrodes, while realistic electrodes usually exhibit surface roughness on multiple scales. The influence of
mesoscopic roughness (1-10 nm) is elusive, representing a cutting-edge challenge to theoretical modeling
as both quantum- and classical-mechanical effects should be treated efficiently on the same footing.
Addressing this challenge, we combine semiclassical models and Kohn-Sham density functional theory
calculations to study the influence of mesoscopic roughness on the work function and the potential of zero
free charge (PZFC) of silver electrodes. While the work function decreases at rougher electrodes as
expected, the change in the PZFC is, unexpectedly, much smaller. The weakened correlation between work
function and PZFC is ascribed to the decreased interfacial permittivity in the valley caused by a large, local,
electron-spilling-induced electric field. In addition, the rough EDL at PZFC is heterogeneously charged
with excess cations in the valley and excess anions near the peak, leading to the deviation of the potential of

minimal capacitance from the PZFC.

DOI: 10.1103/bwdx-3yf3

Introduction—Surface roughness of metal-solution inter-
faces is ubiquitous in electrochemical systems [1,2], nano-
fluidics [3], and plasmonic systems [4,5]. Surface
roughness includes steps, kinks, defects, dendrites, nano-
grains, pits, and fractures, spanning from atomistic, to
nanometric, and to macroscopic scales [6,7]. Surface
roughness affects both activity and selectivity of electro-
chemical reactions taking place at the interface [8—13]. In
our perspective, an adequate understanding of the impact of
surface roughness on electrochemical reactions needs to
include a fundamental understanding of electrical double
layer (EDL) forming at rough surfaces. There has been
unattenuated interest in understanding the impact of surface
roughness on fundamental properties of EDLs, including
the work function, [14] the potential of zero free charge
(PZFC) [15-18], and the double layer capacitance [19-24].
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Previous works can be broadly divided into three groups, as
illustrated in Fig. 1. The first group focuses on atomistic
roughness, including steps, kinks, and defects [25,26],
the second focuses on mesoscopic roughness on the scale
of Debye length—the characteristic length of EDL
[19,21,27,28], and the third focuses on macroscopic rough-
ness on the scale of diffusion length [29-31].

At different scales, different factors dominate interfacial
properties. Short-range, quantum mechanical, electronic
factors dominate on the atomistic scale. These can be
accurately addressed by Kohn-Sham density functional
theory (DFT) calculation [17,24]. Classical mass transport
dominates roughness effects observed on the macroscopic
scale. On the mesoscale, both short-range, quantum-
mechanical, electronic effects and long-range, classical,
electrostatic effects are important. Previous works, how-
ever, have focused mainly on latter aspects [19-21,23,32].
For instance, Goldstein et al. [32] developed a perturbation
approach to treat weak, mesoscopic roughness using
Poisson-Boltzmann equations. Using the perturbation
approach, Daikhin et al. [19,21] derived analytical expres-
sions describing the influence of mesoscopic roughness on
the double layer capacitance. Beyond these perturbative
treatments, Poisson-Boltzmann-based mean-field models
have also been extended to confined geometries such as
nanoporous electrodes. Kondrat and Kornyshev [33,34]
demonstrated that image-force-induced exponential screen-
ing enables dense ion packing in metallic nanopores, giving
rise to very high capacitance when the pore size approaches
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FIG. 1. The scale spectrum of studies on surface roughness.

The surface roughness can be broadly divided into three scales:
atomistic, mesoscopic, and macroscopic roughness. On the
atomistic scale, short-range geometric and electronic factors
dominate, which can be addressed adequately by Kohn-Sham
density functional theory calculations. On the macroscopic scale,
mass transport described using Fick’s law is the dominant factor.
This work focuses on mesoscopic roughness, where short-range
electronic and long-range electrostatic effects are equally im-
portant and addressed using density-potential functional theo-
retical method under constant electrochemical potential of
electrons ji.. Specifically, we consider a sinusoidal surface with
two characteristic lengths, i.e., the roughness length /; and the
roughness height 4. a and Ap are the lattice constant of the metal
and Debye length, respectively.

the ion diameter. These classical models focus solely on the
electrolyte part of the EDL while treating the metal part as a
featureless boundary. Hence, they fall short in capturing the
interplay between metal electronic effects and classical
electrostatic interactions in the presence of mesoscopic
roughness. This is the gap that this work aims to fill. In
principle, molecular dynamics (MD) simulations, including
both DFT-based MD and classical MD (when coupled to the
Siepmann-Sprik model [35]), can be used to bridge this gap
and to explore rough and defective electrochemical inter-
faces. Cheng and co-workers, for example, employed DFT-
based MD to study stepped metal-water interfaces, revealing
the role of step density in modulating water chemisorption
and the PZFC [17]. More recently, they developed a machine
learning potential for the Pt(211)-water interface and per-
formed large-scale simulations that uncovered anisotropic
interfacial water structures and hydrogen-bond dynamics
[36]. MD studies from the groups of Salanne [37,38] and
Bocquet [39] have further elucidated ion and solvent struc-
ture near defective and nanostructured electrodes. These
molecular-level simulations provide valuable insights into
structural and dynamic heterogeneity at electrochemical
interfaces, thereby complementing continuum and semi-
classical theories. Importantly, molecular-level studies have
shown that surface morphology not only alters ionic
distributions but also reshapes the interfacial water struc-
ture hydrogen-bond network [17,40], and adsorption
behavior [41,42], with direct consequences for solvation
free energy, adsorption thermodynamics, and the electronic
properties of the EDL. Nevertheless, their computational

cost and the difficulty to simulate EDLs under constant
potential conditions limit direct application to mesoscale
systems [43].

A viable alternative is the recently developed density-
potential functional theoretical (DPFT) method. Inspired by
earlier jellium models of EDL [44,45], DPFT models
combine an orbital-free quantum mechanical description
of delocalized electrons in the metal and a classical
statistical field description of the electrolyte solution
[46-49]. Without enumerating Kohn-Sham orbitals,
DPFT provides a computationally efficient method to
simulate EDLs on the mesoscale. Importantly, in DPFT,
the electrostatic potential is an explicit variable of equal
status as the electron density, in sharp contrast with
Kohn-Sham DFT where electron density and electro-
static potential are dual variables. DPFT thus allows us
to explicitly control the inner potential of the metal
phase, equivalent to controlling the electrode potential
[50]. The advantages offered by orbital-free DFT come,
however, at a price. DPFT itself cannot treat chemi-
sorption, unless coupled with the model Hamiltonian of
chemisorption as in Ref. [47]. Furthermore, DPFT
neglects the atomistic structure of the electrolyte sol-
ution. Being aware of the shortcomings, we consider
ideally polarizable EDLs without chemisorption in this
work and employ Kohn-Sham DFT to check the DPFT
results at affordable scales.

DPFT is validated and parametrized in two steps; see
Supplemental Material note 1 [51]. In the first step, we
compare the influence of atomistic roughness on the work
function of a series of Ag-vacuum interfaces using DPFT
and Kohn-Sham DFT. In the second step, we compare
DPFT-based and experimental double layer capacitance
curves of atomically flat Ag-aqueous solution interfaces,
as measured by Valette [52]. Semiquantitative agreement
is obtained in both steps (see note 1 [51]). We then employ
the resulting, reasonably parametrized DPFT model to
study the influence of mesoscopic roughness first on the
work function, and then on the PZFC. Thereafter, the
correlation between work function and PZFC at rough
electrodes is interrogated using first DPFT and then
ab initio molecular dynamics (AIMD) to test the DPFT-
based insights.

The work function of Ag-vacuum interfaces with
mesoscopic roughness—We now extend the DPFT model
that has been verified for Ag-vacuum interfaces with atomic
roughness (see note 1 [51]) to nanometric roughness. To do
so, we simplify the model even further: Since an Ag
nanosphere of 1.6 nm radius already contains over 1000
atoms, the discreteness of metal atoms can be further
smoothened out and the mesoscopically rough metal is
modeled as an electron gas situated against a positively
charged background, namely, jellium. Specifically, we
consider sinusoidal electrode surfaces, as depicted in
Fig. 1, characterized by two parameters: the roughness
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FIG. 2. Work functions of Ag-vacuum interfaces with meso-
scopic sinusoidal roughness. (a) The work function and the
moment of the electron density distribution M, as defined in
Eq. (1), for sinusoidal Ag-vacuum interfaces. Here, we fix the
roughness height i, = 10 A and vary I, (larger values mean flatter
surfaces). (b) Netelectronic charge density normalized with respect
to positive background charge density n., po = (ne. — ne)/nee, for
the case of [, = 10 A. Electron deficiency is found near the peak,
and electron excess is found in the valley.

length [, and the roughness height 4. The values of /; and
h, are between the lattice constant (a =~ 4.08 A for Ag) and

the Debye length (ip = 30 A for 10 mM KPF¢ aqueous
solution in this work).

The DPFT model reveals that work function decreases
from 4.53 eV at an ideally planar surface to 4.06 eV at
the rough surface with [, = 10 A, as shown in Fig. 2(a).
That work function decreases with increasing surface
roughness is thus a general trend for both atomistic
roughness, as shown in Fig. S1 [51], and mesoscopic
roughness. This decreasing trend is caused by the
electronic charge density smoothening out atomic rough-
ness, leading to an electronic dipole moment opposing
that of the metal surface. At the atomic scale, this effect
is known from previous studies as the Smoluchowski
effect [53-55]. As illustrated in Fig. 2(b), valleys have
excess electrons, whereas hills have excess deficit
compared to the planar case. We quantify this countering
effect by calculating the moment of the electron density
distribution M as

[ (7 — ?CC)AZ dydz ‘

lreal

M = eaq,

(1)

Here, 71, and 7. represent the dimensionless electron
density and charge density of metal cationic cores, both
normalized to n.; = ay> with a, the Bohr radius. AZ is
the dimensionless horizontal distance of a point to the
electrode surface edge. /.., is the real (i.e., nonprojected)
length of the sinusoidal Ag surface in the unit cell
normalized to ay. M decreases from planar to rougher
surfaces, as shown in Fig. 2(a). A smaller M results in a
reduced potential drop at the metal surface, namely, a
smaller surface potential. Provided that the chemical

potential of electrons in the bulk metal is unchanged, a
smaller surface potential results in a smaller work
function.

PZFC of the Ag solution interfaces with mesoscopic
roughness—To simulate double layer capacitance (Cy;)
curves, we use the DPFT model parametrized using
experimental Cg curves of the Ag(l111) electrode in
aqueous solution of x mM KPF¢ (x =5, 10, 20, 40, and
100) reported by Valette [52], see Supplemental Material
note 1 [51]. We keep the parameters constant and simulate
planar (/; = o0), and three rough Ag electrodes (h, = 10 A,
[, =30,20,10 A)in 10mM KPFq. Figure 3(a) shows a shift
in the potential of minimal double layer capacitance
(PMC) and a change in the magnitude of Cgy. In general,
the PMC shifts negatively when the surface gets rougher. The
magnitude of Cy; per projected surface area generally grows
when the surface gets rougher (I, = c0o — 30 — 20 A).
However, the increasing trend is reversed for the case of [, =
10 A at negative potentials, when valleys get too narrow to

accommodate cations. The sharp increase of Cy atl, = 10 A
at more positive potentials (more positive —fi,) can be
explained by anions with a smaller size than cations
penetrating the valley.

Intriguingly, the electrochemical potential at which the
net ionic charge in the electrolyte solution is zero,
denoted fi, pzrc, does not coincide with PMC for rough
surfaces. This mismatch is in stark contrast to what is
known for planar surfaces. The deviation occurs because
the rough EDL is heterogeneous in that the valley is
filled with excess cations while the peak region features
excess anions, see Fig. 3(c), though the overall electro-
lyte solution is electroneutral at fi, pzpc. Cation accumu-
lation in the valley region is caused by excess electrons
“spilling” into the valley as shown in Fig. 3(d).
Similarly, anion accumulation near the peak is caused
by an electron deficiency at the peaks. A similar scenario
can be found in polycrystalline electrodes [18,56] and in
overlapping EDLs at supported nanoparticles [57].

We calculate the absolute PZFC as EiS.. =
—Jie pzrc/eo [dashed lines in Fig. 3(a)], and plot E®S
against WF for the four examined surfaces in Fig. 3(b).
For homogeneous surfaces, a linear relation with a slope
equal to 1 has been established between WF and PZFC
with a vertical shift attributed to interfacial water [58].
This relation is indicated in Fig. 3(b) by a dashed line. For
the rough surfaces as simulated here, a linear regression
gives, however, a much lower slope of ~0.12, suggesting
a much weaker correlation between WF and PZFC at
mesoscopically rough electrodes. This weakened correla-
tion appears to be relatively robust against changes in the
model parametrization. For example, the correlation per-
tains when only 1s electrons are considered or when the
gradient coefficient in the kinetic energy functional is
changed, see Supplemental Material note 2 [51].
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FIG. 3. Sinusoidal Ag-solution interfaces. (a) Double layer capacitance Cy; curves for planar (I, = o) and three rough Ag electrodes
(hy = 10 A, I, = 30,20, 10 A) in 10 mM KPFs. Model parameters are calibrated using experimental Cy; curves of Ag(111) electrode in
aqueous solution of x mM KPFg (x = 5, 10, 20, 40 and 100) reported by Valette, [52] see Supplemental Material note 1 [51]. The dashed
lines locate the values of ji, with overall zero free charge in the EDL, denoted fi. pzpc. It is noted that fi, pzpc and the potentials of
minimal capacitance do not coincide, except for the ideally planar surface. (b) The relation between absolute potential of zero free
charge, E&%.~ = —fi. pzrc/ €9, and work function for the four examined electrodes. The dashed line represents a linear relation with a
unity slope, while the dotted line represents a linear regression. Squares correspond to AIMD simulations. (c) Dimensionless net ionic
charge density, pion = (1. — n,)/ n}’on, with n., n,, and nibOn being cation, anion, bulk ion concentrations, respectively, for the rough
electrode (hy = 10 A, I, = 10 A) at its ji, pzrc. (d) Dimensionless net electronic charge density, pe = (1gc — 1) /fie, With ng. and n,
being cationic charge and electron densities, respectively, for the rough electrode (g = 10 A, I, =10 A) atits fi. pzrc- (e) Electric field

and (f) effective permittivity for the rough electrode (hy = 10 A, I, =10 A) at its Jie pzEC-

Origin of the weaker correlation between PZC and work
function—Following our previous study on the solvent-
dependency of PZFC of planar Au(111) electrodes [59], the
much smaller change in PZFC compared to WF at rough
surfaces can be expected to be associated with the inter-
facial permittivity distribution. It has been revealed that a
lower permittivity near the electrode surface increases the
potential drop at the interface at a given electron density
distribution, and hence a more positive PZFC is obtained.
Therefore, we hypothesize that a smaller local permittivity
offsets the large decrease in the WF, resulting in a smaller
decrease in PZFC at increasingly rough electrodes.

The relative permittivity distribution at the sinusoidal
Ag-solution interface (I, = h, = 10 A) is depicted in
Fig. 3(f). We find that the permittivity is indeed much
smaller in the valley due to two factors. On one hand, the
large electric field near the metal surface, as shown in
Fig. 3(e), reduces the screening capability of water dipoles
in response to free charges [60,61]. On the other hand, the
cation accumulation in the valley decreases the density of
water molecules. The two combined effects on the local
permittivity can be explained via

(2)

- 1

Ecft = €ng + Kiigp* {COth@ E) - p_E} ;
where e, is the high-frequency component of permittivity,
k = (e3/kgTeyay) is a fundamental constant resulting from
nondimensionalization, p = (p/eyay) is the dimensionless
dipole moment of water, 7, is the dimensionless water
density, and E = |V¢| is the dimensionless electric field.
Equation (2) indicates that e, is smaller at higher E and
lower 7, suggesting that this could, indeed be the cause for
the reduced slope observed for PZFC vs WF for rough
surfaces.

For comparison, earlier theoretical frameworks such as
the Bazant-Storey-Kornyshev (BSK) model [62] and the
Brown hydration model [63] treated dielectric and solva-
tion effects in different ways. The BSK model accounts for
electrostatic correlations and finite ion size in solvent-free
ionic liquids by introducing a nonlocal permittivity char-
acterized by a correlation length, whereas the Brown model
introduces short-range hydration forces as an external
potential to explain the emergence of the Stern layer. In
contrast, the present semiclassical DPFT formulation
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(a) A representative snapshot during an AIMD simulation for the rough Ag-water interface. The first water layer region is

highlighted in the red dotted box. (b) Orientation changes in the first water layer region for Ag(111)-water and rough Ag-water interfaces

under —0.1 and 0.02 V/A electric field.

describes the solvent response through a local, field- and
density-dependent permittivity, which naturally reflects the
combined effects of interfacial electric fields and solvent
depletion near rough surfaces without invoking empirical
potentials.

Verifying the weaker correlation between PZC and work
Sfunction using AIMD—Since the DPFT model relies on
parametrization, neglects the atomistic structure of the
electrolyte, and disregards chemical interactions between
water and Ag atoms, we performed AIMD simulations on
nanoscopically rough Ag-water and Ag(111)-water inter-
faces. This allows us to test whether the deviating trend
obtained between PZFC and WF in DPFT is real.

A representative snapshot for the rough Ag-water inter-
face obtained in the AIMD simulations is shown in
Fig. 4(a). Details of AIMD simulation and the analysis
of interfacial water structure and the H-bonding network
are provided in Supplemental Material note 3 [51]. From
the simulations, we can obtain both the WF and the PZFC.
Similarly to the DPFT results, we find the change in PZFC
when going from atomically flat to a rough surface to be
smaller than the change in the WF. This is also shown in
Fig. 3(b). Although there are quantitative differences (with
AIMD suggesting a slope of 0.43 and DPFT a slope of
0.12), the general trend of changes in the PZFC being
smaller than changes in the WF remains.

To further understand the reduced PZFC-WF slope and
test the hypothesis proposed earlier, we study the orienta-
tional change of the first-layer water molecules in response
to applied electric fields in AIMD simulation and compare
it with the DPFT predictions. Two field directions are
considered: toward the bulk solution (defined as positive)
and toward the metal bulk (defined as negative). To prevent
bulk water molecules from migrating into the vacuum
region (Fig. S9 [51]), a lower electric field magnitude
(0.02 V/A) was applied in the positive direction compared
to the negative direction (—0.1 V/A). As shown in
Figs. S7 and S10 [51], the water density profiles under
these electric fields exhibit negligible changes compared to

the zero-charge case for both Ag(111) and rough Ag
electrodes. Instead, the applied electric field primarily
affects water molecules’ orientation, as illustrated by the
cos@ and Acos¢ distribution profiles in Figs. S13-S14
[S1]. A positive field promotes an H-up configuration
(cos @ > 0), whereas a negative field favors an H-down
configuration (cos ¢ < 0).

To further analyze the reaction of the water molecules
to the electric field, we analyzed the accumulated average
water orientation change, defined as the integral of water
dipole variations under an electric field vs no electric
field, normalized by the integral of water density
(Fig. S15 [51]). Figure 4(b) summarizes the changes in
water orientation within the first interfacial layer under
both positive and negative applied electric fields. On Ag
(111), water molecules at the interface exhibit significant
orientational changes in response to the applied field,
which gradually stabilize in the bulk region. Both the
interfacial response and the converged bulk values align
with the direction of the applied field. In contrast, the first
water layer near the rough Ag electrode undergoes signifi-
cantly smaller orientational changes, tentatively indicating
reduced polarizability and permittivity, consistent with the
analysis based on the DPFT model. Although the reduced
Hbondingin the trough (see Fig. S16 [51]) would indicate an
increased permittivity, a reduced reorientation could arise
from a strong water-surface interaction within surface
troughs. This finding aligns with experimental evidence
showing that confined water possesses lower permittivity
[61]. The reduced reorientation may, however, also be a
consequence of the local electric field in the valleys being
small due to tip enhancement of the electric field at the rough
surface. Unfortunately, the local electric field cannot be
derived from the Hartree potential obtained in the DFT
calculations. (The Hartree potential includes the potential
within the atoms and molecules, which is irrelevant to the
water reorientation.) This highlights the relevance of sim-
plified models such as DPFT to providing insight into the
underlying physical processes.
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Conclusions—We investigated the effects of mesoscopic
roughness on work function and PZFC of silver electrodes
in nonadsorbing aqueous electrolyte solutions. The WF of
metal-vacuum interfaces decreases with increasing rough-
ness, due to the Smoluchowski effect that describes spilling
of electrons from the tips to the valleys of the rough surface.
In contrast with noticeable WF changes when increasing
the roughness, the changes in the PZFC are much smaller,
deviating from the linear relation between WF and PZFC
with a slope of unity established in the literature. This trend
is confirmed in AIMD simulations. Based on our semi-
classical model, we attribute the much weaker correlation
between WF and PZFC to the permittivity decrement in the
valley at mesoscopically rough Ag electrodes. In addition,
we found that the potential of minimal capacitance does not
coincide with the PZFC at mesoscopic rough electrodes.
The mismatch is related to the charging heterogeneity of the
rough EDL with excess cations in the valley and excess
anions near the peak at the PZFC. Taken together, the
results indicate that the semiclassical DPFT method with a
unified treatment of mixed quantum and classical mechani-
cal effects is a viable theoretical approach to model EDLs
with mesoscopic roughness.
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