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Modeling electrochemical interfaces from ab initio
molecular dynamics: water adsorption on metal
surfaces at potential of zero charge

Jia-Bo Le and Jun Cheng

Abstract interaction with metal surface are of close relevance to

The origin of the potential difference between the potential of electrocatalysis. The study of the electrochemical in-
zero charge of a metal/water interface and the work function of ~ terfaces normally starts from the condition of potential
the metal is a recurring issue because it is related to how water of zero charge (PZC) [4,5], which is defined as the
interacts with metal surface in the absence of surface charge. potential at which there is no charge on the electrode
Recently ab initio molecular dynamics method has been used surface. The Gouy-Chapman theory predicts that the

to model electrochemical interfaces to study interfacial poten- PZC corresponds to the minimum of the differential
tial and the structure of interface water. Here, we will first capacity in a dilute solution, which has been successfully
introduce the computational standard hydrogen electrode used to determine the PZC for various metal electrodes
method, which allows for ab initio determination of electrode such as Ag and Au [6]. However, this approach is often
potentials that can be directly compared with experiment. not suitable for platinum group metals because of the
Then, we will review the recent progress from ab initio mo- presence of surface adsorbates. Thus, two different
lecular dynamics simulation in understanding the interaction definitions of PZC are proposed [7,8], namely, potential
between water and metal and its impact on interfacial potential. ~ of zero total charge (PZTC) and potential of zero free
Finally, we will give our perspective for future development of charge (PZFC). The PZTC is the potential at which the
ab initio computational electrochemistry. sum of the surface free charge and the charge trans-

ferred upon adsorption equals zero. When there is no
Addresses specific adsorption, the PZTC coincides with the
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PZFC, and only in this case it is an intrinsic property of
the interface. Significant efforts have been made in
literature to distinguish these two and determine the
Corresponding author: Cheng, Jun (chengjun@xmu.edu.cn) PZFC, see for example, the recent work on Pt from Rizo
et al. [5]. Computation has certain advantage of
modeling pristine interfaces, and thus in this work we
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2 i only consider the PZC in the absence of specific
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Edited by Galina Tsirlina Elucidating the interfaces at PZC helps to reveal how
For a complete overview see the Issue and the Editorial water interacts with metal surfaces, chemically or
Available online 9 December 2019 physically, in the absence of electric field, serving as
https://doi.org/10.1016/j.coelec.2019.11.008 good reference for the structure of interface water when

a bias is applied. As shown in Figure 1a, the PZC of a
metal—water interface (Upyc) is related to the work
function of its metal surface (®yp) [9],
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eoUpzc = ®v — Pspp + AD. (1)

The ®gr in Eq. (1) denotes the absolute potential
Introduction energy of the standard hydrogen electrode (SHE),
The water molecules at electrochemical metal—water which brings the Upzc measured from an electro-
interfaces not just serve as the solvation medium but ~ chemical cell in the same energy level of the Py
also can be reactants for many electrocatalytic reactions, ~ measured in vacuum. Note that there is an uncertainty
for example, hydrogen evolution reaction [1] and oxygen  in ®\ from different measurements (4.28~4.85 eV)
reduction reaction [2,3]. Therefore, understanding the ~ [10—13], and we will take the value 4.44 eV as recom-
structure of the adsorbed water at the interface and its ~ mended by International Union of Pure and Applied
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Relation between work function and potential of zero charge for metals.
(a) Diagram for visualizing the definitions of the work function (@) of a metal
surface and the potential of zero charge (PZC) (e Upzc + ®sne) of a
metal—water interface on the absolute scale. The A® denotes the difference
in the outer potential between the metal and solution phase (adapted from a
study by Cheng [14]). (b) The PZC (Upzc) on the SHE scale versus work
function ( @y ) for a series of metal—water interfaces. The data of the sp metal
(T, In, Bi, Pb, and Sb) denoted by filled circles are fitted with Eq. (1), see the
dashed line, and the data for three typical transition metal surfaces, that is,
Pt(111), Ag(111) and Au(111), are represented with red cross marks
(adapted from studies by Trasatti [6], Schmickler [9] and Le [15]).

Chemistry (IUPAC) for discussion in this work. The
term A® represents the difference in the outer (Volta)
potential between metal and electrolyte solution (i.e.
the potential at vacuum just outside the phase). As seen
in Figure 1b, the A® is almost a constant (~ —0.2 eV)
for sp metals [9]. However, the transition metal surfaces
are significantly off the trend line, and the A® value can
be as large as ~-1 eV for Pt(111).

For the sake of theoretical understanding, the Ad is
often divided into two parts:

AD = ADy; + AD. (2)

The term Ad; in Eq. (2) denotes the potential change
because of orientation of interfacial water, and the A®,, is
because of electronic redistribution upon water adsorp-
tion. Although it is not obvious, if possible, to separate
these two terms, Ad,; and Ad,,. As such, the large de-
viation in A® for Pt(111) [16] and other transition metals
is not well understood. Recently, development in
computational work has provided new insight into this
issue [15,17,18]. In particular, the ab initio molecular
dynamics (AIMDs) method not only treats the dynamic
behavior of liquid electrolyte solution but also correctly
captures the electronic structure of metal electrode and
the electronic interaction between metal and water, thus
faithfully describing both the structure and electronic
structure of the electrochemical interface [15,19,20].

Here, we will briefly review the recent progress in
AIMD simulations of the metal—water interface at PZC.
First, we will introduce the computational standard
hydrogen electrode (¢SHE) method, for calculating the
electrode potential of the metal—water interface for
comparison with experiment. Then, we will describe the
structure of the interfacial water at PZC from AIMD and
show that the chemical interaction between water and
metal surface can induce a dramatic potential change at
the interface. At last, we present an outlook on the
necessity for developing other computational reference
electrodes and the significance in understanding the
role of the chemisorbed water in the presence of the
electric double layer (EDL).

cSHE method

Based on the definitions aforementioned [5], the
atomistic model of an electrochemical interface built by
simply merging a metal surface and water film in a pe-
riodic cell corresponds to the condition of PZTC in the
absence of surface adsorbates (i.e. PZFC). The model is
then used for AIMD simulation for equilibration and
configurational sampling. AIMD is a powerful tool for
modeling electrochemical interfaces; and however,
owing to the limitations in density functional, model
size and time scale, the interface structures obtained
from AIMD simulations are often subjected to criticisms
that how realistic they are in comparison with experi-
ment. Thus, it is very important to validate AIMD
simulations by comparing physical properties that can be
computed against their values that can be measured
reliably by experiment. Among many others, PZC is
probably one of the best physical quantities for bench-
marking because PZC of many metal electrodes have
been measured at high accuracy. On the other hand,
there has been recent development for computing
electrode potentials using AIMD. Most of computa-
tional work have adopted work function method in
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which electrode potentials are calculated with reference
to vacuum potential [21—24] and then converted into
common electrochemical scale by subtracting the ab-
solute potential of a reference electrode, for example,
®dgpp, to compare with electrochemical measurements.
However, the uncertainty in experimental ®gyg, as well
as possible errors in treating the water—vacuum inter-
face, incur some concern on the accuracy in the work
function method.

In the following paragraph, we will introduce a different
approach, that is, the ¢SHE method developed
by Cheng [14,25,26] and Le [15]. The calculated
electrode potentials using this method are directly
comparable with experimental measurements without
the need of resorting to estimated ®gp and treating
water—vacuum interface, thus unaffected by the un-
certainty in ®gpg and surface potential of water. In the
c¢SHE method, the half reaction of SHE (H™ (ag) +
¢~ (vac)—>3Hz(g)) is broken down into two parts,
namely desolvation of aqueous proton
(H" (ag) > H™" (g)) and reduction of H into H; in the
gas phase (H" () + ¢~ (vac) = 1H; (g)). The latter is a
gas phase reaction and the free energy can be readily
obtained. For the former step, the free energy is calcu-
lated by deprotonation of aqueous H3O™ in periodic
boxes (Figure 2a), which is the key in the cSHE method
serving as internal potential reference under periodic
boundary conditions. Thus, the electrode potential with
respect to SHE can be calculated by referencing the
Fermi level to the sum of the above two energies:

U = — &) + (Bapdly o = AGE — AFzp). (3)

The s() and Agp4 o+ in Eq. (3) denote the Fermi level
of a metal electroge and the deprotonation free energy
of aqueous H3O™, as calculated in the same interface
model (indicated by the superscript [7]), respectively.
The A¢GH represents the formation free energy of a
gas-phase proton, that is, the energy of the reverse of the
reaction H¥(g) + ¢~ (vac) > 3H; (g), and the AEyzp is
the zero-point energy correction for one O—H bond in

the H3O™ missed in the calculation of AdpA(i) Note

H;0*
(i)

: (i)
that neither the calculated e’ nor AdpAH30+

physical meaning due to an artificial offset in potential
reference under periodic boundary conditions. Because
both are calculated in the same interface model, their
offsets are the same and canceled when combined in Eq.
(3), giving rise to the physical potential vs SHE.

alone has

In the ¢SHE method, calculation of AdpA(H) o+ s very
time-consuming because this free energy néeds to be
obtained by expensive thermodynamic
integration scheme [26], which significantly limits its
application to complex systems. Therefore, we further
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develop the cSHE method for the purpose of increasing
its efficiency [15]. As shown in Figure 2, the interface
model is coupled with a pure water model in the new
scheme, and then the term AdpA(H) . in Eq. (3) can be
replaced by the deprotonatlon energy of a H;O™" in the
pure water model (Agp4 )O+) with the adjustment of
the electrostatic potential energy difference of bulk
water between these two models (cogyar — eoqb‘(;,;t .
Note that the eggyy, in pure water box must be zero in
Ewald summation. Thus, the electrode potential can be
reformulated as

EoU: - () (AdpA( )

H,O* — ol — MG — AEZP)-

4)

Comparing with the former version of the ¢SHE, this
new scheme increases the efficiency of electrode po-
tential calculation by a factor of ~10. Furthermore, its
accuracy has been validated by computing the PZC of
various metal/water interfaces, for example, Pt(111),
Ag(111) and Au(111), and all of the calculated PZC are
within the error of 0.1 V comparing with the experi-
mental estimates [5,15,27]. This positive agreement
also suggests that the AIMD simulations are sufficient
to converge the interface potentials at relevant
timescale and thus give reasonable representative
structures of the interfaces.

Water adsorption on metal surfaces at PZCs
In this section, we will review the recent progress in
studying the structures of metal/water interfaces using
AIMD. As shown in Figure 3, we will mainly take the
Pt(111)/water interface as an example to elucidate how
water is adsorbed on transition metal surface at PZC.
Early literature proposed the so-called ice-like bilayer
structure of water at electrochemical interfaces, which
was often used to model the solvent environment in
computational electrocatalysis [29,30]. The ice-like
bilayer structure originated from low-energy electron
diffraction patterns [31] and scanning tunneling
microscopy images [32] observed in ultrahigh vacuum
(UHV) conditions and was also supported by density
functional theory calculations [33]. However, owing to
such great difference between electrochemical condi-
tion and UHYV, it is quite dubious to assume the bilayer
structure at electrochemical interfaces. Later, it was
reported that the ice-like bilayer structure of water is
actually not stable on Pt(111) and other transition metal
surfaces using AIMD simulation [34—37].

Figure 3a shows a representative configuration of
adsorbed water at the Pt(111)—water interface at PZC
from AIMD simulation, showing no sign of ordered
patterns of surface water. Further analysis reveals that
part of the surface water is chemisorbed on Pt(111), that
is, the water (named watA) highlighted with blue in
Figure 3a, corresponding to the first peak of the water
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Scheme of the computational standard hydrogen electrode method [15]. (a) Two models are used in the scheme, namely, a metal—water interface model
and a pure water model. Owing to the difference of the Hartree potential shifts in the two models, the computed deprotonation free energy of aqueous
hydronium in the interface model differs from that in pure water model by e0V. (b) The difference between the computed electrostatic potentials of the

water phase in the two models equals to e0V, and thus, AdpAﬂlU — AgpA

(W)
HsO*

— eodyn — (— Codpm)-

density pyy,o distribution in Figure 3b [15,34]. The
structure of the chemisorbed water at Pt(111)—water
interface is very similar to the configuration of a water
monomer on Pt(111) in vacuum as reported in literature
[38], sitting on the top site of the surface and with its
molecular plane nearly paralleled with the surface. This
configuration benefits from large hybridization between

the 1b; orbital of water and the & orbital of Pt, favoring
formation of the chemical bond. Note that the chem-
isorbed water is generally found on other transition
metal surfaces, for example, Au(111) and Ag(111)
[15,34]. Furthermore, it should be pointed out that the
choice of the density functional can affect the structure
distribution of surface water. Comparing the results in
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Figure 3

(@) ©
)
® @
g — Au(l11)

@2

=

<

0 |

) b

:

-1

=l

=

5

Zz-coordinate (A)

Strong H-bond
p
T T
v(O-H) 3062 — watA
’;- 3346 — watB
i — watC
N—
§ 3373
<
=}
=]
=
el
<
L 1 L
2400 3000 3600
-1
Wavenumber (cm )
Current Opinion in Electrochemistry

Properties of the chemisorbed water on metal surfaces. (a) Representative snapshot of the adsorbed water layer on Pt(111) at PZC. The Pt atoms,

chemisorbed water, and some other interface water are colored in gray, blue, and pink (adapted from a study by Le et al. [28]). (b) Water density (pp,0),
water dipole orientation (p4,ocosW), and electron density difference (Apg) distribution at the Pt(111)/water and Au(111)/water interface along the surface
normal direction (z-coordinate) ([15]). (¢) Proposed model for the structure of the adsorbed water layer on transition metal surfaces at PZC. The p in-
dicates the dipole of the surface water induced by chemisorption (adapted from a study by Le et al. [28]). (d) Calculated vibrational density of states of the
O-—H stretching mode of watA (blue), watB (red), and watC (green) at the Pt(111)/water interface. See the main text for definitions of watA, watB and watC

(adapted from a study by Le et al. [28]). PZC, potential of zero charge.

literature, we note that the peak (2 < 2.8 A) for the
chemisorbed water obtained with Perdew-Burke-
Ernzerhof functional with Grimme D3 correction
(PBE-D3), as shown in Figure 3b, is not shown in the
calculation with revised Perdew-Burke-Ernzerhof
functional with Grimme D3 correction (RPBE-D3)
[21]. In view that the computed PZC and A® with
RPBE-D3 functional are less accurate, we regard that
the PBE-D3 functional has a better performance than
the RPBE-D3 in modeling the Pt(111)—water interface.

As seen in Figure 3b, water chemisorption results in
significant electron redistribution at the interface, which
was also found in other publications [17—19]. It was re-
ported that the electron redistribution can lead to the
interfacial potential change A®.| by —1.3 and —0.5 eV for
the Pt(111)—water interface and Au(111)—water inter-
face, respectively [15]. Combining Egs. (1) and (2), we
can reach an interesting conclusion that the A® of
metal—water interfaces at PZC is dominated by Ad,,
Furthermore, from Figure 3b, Ad, greatly depends on
the binding between chemisorbed water and metal sur-
face. Thus, the strong overlap with d band in transition
metals like Pt can explain the deviation from the trend
line of sp metals as shown in Fig. 1(b).

On the basis of the AIMD trajectories, we propose a
simple model for the structure of the transition metal—
water interfaces [34]. As can be seen from Figure 3c,
apart from the watA, other surface water molecules
(named watB) are composed of two main types of con-
figurations, that is, ‘H-up’ and ‘H-down’. It is interesting
that the calculated orientational dipole (p,ocos¥) of
the watB almost completely cancels the orientational
dipole of watA (Figure 3b). Therefore, the overall
orientational dipole of the interfacial water (®,,;) is very
small, leading to negligible contribution to A® at the
transition metal—water interfaces [15].

Figure 3c also indicates the hydrogen bond network
within the surface water layer and on Pt(111), the
hydrogen bonds formed around watA appear stronger
than those in bulk water because the distance between
the two O atoms (Zdp_@) is shorter than that in bulk
water [28]. In experiment, the information of water
hydrogen bonding is mostly extracted from vibrational
spectra [39—41], and thus the vibrational frequencies of
the water at interface were analyzed by calculating the
vibrational density of states [28,40,42]. As can be seen in
Figure 3d, the calculated stretching frequency of O—H
bonds of watA (~ 3000 cmfl, a similar peak has been
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observed in infrared (IR) experiments [41]) has an
apparent red-shift comparing with bulk water, also
consistent with the observation that the Zp_¢o around
watA is shorter than that in bulk water [43]. The for-
mation of the strong hydrogen bonds can be explained
by the fact that watA is chemisorbed on the Pt(111)
surface, leading to electron deficiency in watA and thus
strong attraction to the O atoms of neighboring water.

Outlook

AIMD has unique advantages for simulating electro-
chemical interfaces and can complement the existing
experimental techniques for understanding the micro-
scopic properties of the interfaces. AIMD simulations of
electrochemical interfaces at PZC have shown that there
exists chemisorbed water at the interfaces, and thus
interfacial charge redistribution, which can lead to sig-
nificant interfacial potential shift and formation of strong
hydrogen bonds with adjacent water. Note that it is well
known in surface science that water can chemically
adsorb on transition metals in vacuum; whereas its
implication in the context of interfacial electrochemistry
is somewhat less explored. Because water chemisorption
has significant impact on interfacial potential, one would
expect that they may also affect the dielectric properties
of EDL and hence the electrocatalytic reactions (e.g.
oxygen reduction reaction and hydrogen evolution reac-
tion) occurring in EDL. These investigations, although
expensive, should now be within the reach of AIMD. To
further explore these with AIMD, the challenge is how to
model realistic EDL at electrochemical interfaces.
Despite some recent progress [40,44—46], the micro-
scopic structure and capacitive behavior of EDL are far
from being understood.

We stress that it is important to determine the electrode
potential of a simulated electrochemical
interface because it demonstrates the relevance of the
model to experiment. The developed ¢SHE method
works well for aqueous electrochemistry but many
electrochemical systems including energy storage and
conversion devices, involve nonaqueous electrolyte so-
lutions such as organic solvents and room temperature
ionic liquids. Appropriate reference electrodes should
be used for the specific electrochemical conditions [47],
for example, Ag/AgCl reference electrode [48] and some
quasi-reference electrodes. Thus, the computational
reference electrode approach should be further devel-
oped for nonaqueous systems.

The high computational cost of AIMD will significantly
limit its application to more complex electrochemical
systems. One would have to resort to multiscale
methods such as quantum mechanics/molecular me-
chanics (QM/MM) [49] and continuum models [50]. It
is important to bear in mind that AIMD can serve very
good benchmarks for developing these methods. It can

help at least in two scenarios: (i) physical under-
standing obtained from AIMD can help make appro-
priate approximations or simplifications wherever
possible and (ii) some physical interactions that are
found to be important in AIMD will need to be pre-
served in the multiscale methods so that key factors
will not get missed. An obvious example for the latter is
the chemisorption effect of water on electrode surfaces.
Finally, the recent surge of machine learning—based
potentials has been gradually changing the landscape of
molecular and materials modeling [51—54]. The sig-
nificant speed-up of 1000—10000 times comparing with
density functional theory is very appealing for simu-
lating electrochemical systems. There is however long
way to go because it is not yet clear how to systemat-
ically incorporate the long-range electrostatic interac-
tion and charge states of electrodes and ions in the
machine learning—based potentials.
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