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ABSTRACT: The classical theory of the electrical double layer (EDL) does not
consider the effects of the electrode surface structure on the EDL properties.
Moreover, the best agreement between the traditional EDL theory and
experiments has been achieved so far only for a very limited number of ideal
systems, such as liquid metal mercury electrodes, for which it is challenging to
operate with specific surface structures. In the case of solid electrodes, the
predictive power of classical theory is often not acceptable for electrochemical
energy applications, e.g., in supercapacitors, due to the effects of surface
structure, electrode composition, and complex electrolyte contributions. In this
work, we combine ab initio molecular dynamics (AIMD) simulations and
electrochemical experiments to elucidate the relationship between the structure of Pt(hkl) surfaces and the double-layer capacitance
as a key property of the EDL. Flat, stepped, and kinked Pt single crystal facets in contact with acidic HClO4 media are selected as our
model systems. We demonstrate that introducing specific defects, such as steps, can substantially reduce the EDL capacitances close
to the potential of zero charge (PZC). Our AIMD simulations reveal that different Pt facets are characterized by different net
orientations of the water dipole moment at the interface. That allows us to rationalize the experimentally measured (inverse)
volcano-shaped capacitance as a function of the surface step density.

■ INTRODUCTION
The properties of electrified interfaces between electron and
ion conductors have been the focus of research since the 19th
century. In the first half of the 20th century, the electrical
double layer (EDL) theory was mainly established in its
conventional form.1−3 Recently, attempts have been under-
taken to improve it, taking into account new experimental data
and the results of theoretical research (see, e.g., refs 4−11),
which critically question the overall predictive and explanatory
power of the classical EDL theory. In contrast to the pillars of
that theory, it is nowadays clear that the electrode structure, its
composition, the nature of the electrolyte constituents, and
some other aspects contribute to the properties of the EDL.
However, an improved understanding of the EDL properties is
essential to predicting the functionalities of electrochemical
systems. For instance, it is necessary to maximize the EDL
capacitances in supercapacitors or to normalize the electro-
catalytic activity for energy conversion and storage devi-
ces.12−16

Among other groups, we have recently reported that model
Pt, Pd, Cu, and Au electrodes demonstrate a somewhat
counterintuitive dependence of EDL capacitances on the
structure of the electrode surface,17 its chemical nature, and
the nature of the alkali metal cations present in the
electrolyte.18,19 For example, we demonstrated that for both
Pt(111) and Au(111) in 0.05 M AMClO4 (AM = Li+, Na+, K+,

Rb+, Cs+), the EDL capacitance depends linearly on the
hydration energy of the alkali metal cation, with the higher
hydration energies corresponding to the lower EDL
capacitances close to the potential of zero charge (PZC).18,19

This finding cannot be straightforwardly explained by specific
adsorption of the cations, as in this case, the trends should be
the opposite of the radii of the cations increase. Such nontrivial
dependencies of the key electrochemical properties, such as the
EDL capacitance on the presumably inert electrolyte species,
require more detailed mechanistic interpretations.

One of the basic parameters characterizing the properties of
electrochemical interfaces is the electrode structure. It is
known that different facets of the same metal electrode could
exhibit drastically different electrocatalytic properties. How-
ever, the classical theory of the EDL completely ignores the
role of the electrode surface structure, providing the best
agreement with experiments only for a very limited number of
ideal systems such as liquid metal mercury electrodes.1,20,21 Pt
is probably the most studied electrode material in electro-
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catalysis owing to its superior properties, for example, to
catalyze the hydrogen evolution reaction (HER). Nevertheless,
even some basic electrochemical properties of Pt, such as the
EDL capacitance, remain not well investigated. Exploring the
EDL capacitance, particularly on different surface structures,
will enable a better comparison across various electrocatalytic
materials and fill gaps in traditional EDL theory.

In this work, we employ accurate impedance spectroscopy
measurements to demonstrate on the example of Pt(hkl)
single-crystal electrodes in acidic media that the EDL
capacitance is highly sensitive to the electrode structure. To
provide atomistic insights into the behavior of the EDL
capacitances for a set of Pt surfaces and allow for explicit
treatment of the Pt/water interfaces, we also undertake
complementary ab initio molecular dynamics (AIMD)
simulations.

■ EXPERIMENTAL SECTION
Electrochemical Experiments. Prior to each experiment, the Pt

crystals were prepared using a conventional flame annealing method.
Bead-type Pt(111) (Icryst, Jülich, Germany), Pt(775), Pt(221)
(provided by Prof. Juan Feliu, Alicante, Spain), Pt(12 10 5),
Pt(331), and Pt(110) (obtained from Icryst, Jülich, Germany)
electrodes were annealed by an isobutene flame and subsequently
cooled in a mixture of 1000 ppm of CO (4.7, Air Liquide, Germany)
in Ar (5.0, Air Liquide, Germany). Their cyclic voltammograms
(CVs) were recorded in Ar-saturated 0.1 M HClO4 (Suprapur, Merck,
Germany) and used to ensure the surface structure quality by
comparing with their respective “fingerprint” CVs.22

The electrochemical setup was cleaned using freshly prepared
peroxymonosulfuric acid (7:3 ratios of H2SO4 and H2O2). After the
cleaning, the setup was rinsed several times with boiling ultrapure
water. The setup consisted of three electrodes, including a mercury/
mercury-sulfate electrode (MMS) (SI Analytics, Germany) and a
platinum wire (99.99%, Goodfellow, Germany), serving as the
reference and counter electrodes, respectively. For details on the
electrochemical setup and cleaning procedures, please refer to ref 22.

The electrochemical impedance spectroscopy (EIS) measurements
were performed in the ac-frequency range of 30 kHz to 1 Hz. Note
that a shunt capacitor (∼4 μF) was added between the reference and
counter electrodes to address the artifacts caused by the potentiostat
at higher frequencies. The obtained impedance spectra were analyzed
by the EIS Spectrum Analyzer 1.3 software23 using an equivalent
electric circuit that included the constant phase element (CPE) to
describe the double-layer response. The root-mean-square deviations
and individual parameter uncertainties ensured the modeling and
fitting quality in the EIS data analysis. The exponent n obtained from
fitting the equation ZDL = CDL′−1 · (jω)−n for the CPE remained
consistently higher than 0.9, suggesting that the parameter CDL′ is
close to the true EDL capacitance. It should be additionally noted that
the exponent is very close to 1 at the double layer capacitance minima.
Note that all of the EIS measurements were conducted close to the
regions where no significant Faradaic reactions occurred, as shown in
the corresponding CVs (Figure 1). Additionally, the fitted EIS curves
matched the experimental curves well.

All electrochemical measurements were performed by using a VSP-
300 potentiostat (Bio-Logic, France). All potentials used in this study
were referred to the reversible hydrogen electrode (RHE). Para-
metrization of the Pt(hkl) surfaces was done using the generalized
coordination number (GCN)24,25 approach (see Supporting
Information (SI), Figure S1), similar to our previous study.17

Computational Details. Ab initio molecular dynamics (AIMD)
simulations were conducted using the CP2K package.26 The
electronic orbitals of Pt, O, and H atoms were described by using
DZVP-MOLOPT-SR-GTH basis functions. The Goedecker−Teter−
Hutter (GTH) pseudopotentials27 with 18 valence electrons for Pt, 6
valence electrons for O, and 1 valence electron for H were employed.
The Perdew−Burke−Ernzerhof (PBE) exchange-correlation func-

tional28 was utilized. The plane wave basis set cutoff energy was set to
400 Ry to ensure accurate results. To account for the van der Waals
dispersion forces, the DFT-D3 method of Grimme29,30 was employed
in all simulations. The Pt atoms were kept fixed in all of the AIMD
simulations.

Water molecules were inserted into the vacuum gap of about 22 Å
to achieve a total water density of ∼1 g/cm3. The thickness of the
vacuum gap was chosen to have roughly 7−8 layers of water
molecules between the opposite Pt surfaces. Figure S2 shows the
water density distribution as a function of the distance from the Pt
electrode surface, demonstrating that the water region is thick enough
to reach the density of bulk water in the middle of the gap. Figure S3
shows the atomic structures of all four constructed periodic slabs,
while the corresponding dimensions are listed in Table S1. For our
computations, we chose to consider only four representative Pt facets
with the following step densities: 0 nm−1 for Pt (111), 1.19 nm−1 for
Pt (221), 1.63 nm−1 for Pt (331), and 2.51 nm−1 for Pt (110). For the
analysis of AIMD trajectories, we chose the first two water layers by
averaging over both sides of the slab. The distance from the electrode
surface (z coordinate) for the nonzero step density facets, i.e., for Pt
(221), Pt (331), and Pt (110), is taken as the midpoint between the
outermost and innermost Pt atoms of the step. It can be seen from
Figure S2 that the thickness of the first two water layers is in the range
1.5−2.2 Å and thus should provide a major contribution to the EDL
capacitance, which is taken for our analysis.

The AIMD equilibration process involved 20 ps of NVT
simulations at 330 K followed by 1 ps of NVE equilibration and 15
ps of NVE production runs. A time step of 0.5 fs was applied, and the
mass of H was set to 3 amu. Our test calculations demonstrated no
significant difference between the results with the H mass of 1 and 3
amu (see SI). We also compared the results of a shorter 9 ps
production run with a total trajectory of 15 ps, revealing no significant
qualitative changes (see SI). In the subsequent analysis of AIMD
trajectories, we considered the coordinates at every 50 MD steps.
While plotting distributions, the positions of water molecules were
determined by the positions of the O atoms (see SI). An alternative to
this is to consider the center of mass. However, the center of mass is
already close to the O atom due to the small mass of H, and therefore
approximating the position of O as the position of the water molecule
serves as a good approximation. The time evolution of average
temperatures during the NVE runs for each Pt/water system are
shown in Figure S4.

■ RESULTS AND DISCUSSION
To investigate the relations between the EDL capacitance and
electrode surface structure, we measured the CDL′ for flat,
stepped, and kinked Pt single crystal facets, i.e., Pt(111),
Pt(775), Pt(221), Pt(12 10 5), Pt(331), and Pt(110) surfaces

Figure 1. Typical cyclic voltammograms of Pt(hkl) electrodes
recorded in Ar-saturated 0.1 M HClO4. Scan rate: 50 mV/s.
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under the same conditions. Before each EIS measurement, the
surface quality was checked by cyclic voltammetry in Ar-
saturated 0.1 M HClO4. As depicted in Figure 1, the CV
obtained on the flat facets can be divided into three regions�
the adsorption/desorption of hydroxide species (OHads/des),
the double layer region, and the adsorption/desorption of
hydrogen (Hads/des)�whereas for CVs on the stepped and
kinked facets, the emerging peaks observed at ∼0.15 V versus
RHE are assigned to the exchange between adsorbed hydrogen
and hydroxyl along the step sites.31 As different surface
structures can lead to varied behaviors of both Hads/des and
OHads/des, the CV shape of a Pt single crystal can indicate its
surface structure quality. The obtained CVs are identical with
those in the literature and confirm the presence of the surfaces
in Figure 1.

CDL′ dependencies for the Pt(hkl) electrodes were measured
in 0.1 M HClO4 (Figure 2). As mentioned earlier, EIS
measurements were conducted close to the regions where no
significant Faradaic reactions occurred, as shown in the
corresponding CVs. The EIS spectra were fitted by an
equivalent electric circuit shown in Figure 2E, in which the
CPE was used to describe the double-layer response. The fitted

EIS curves matched the experimental curves well (Figure 2B−
D). During fitting of the equation ZDL = CDL′−1 · (jω)−n for the
CPE, the exponent n consistently remained above 0.9,
indicating that the parameter CDL′ is very close to the actual
EDL capacitance (Figure 2E). Additionally, minimal capaci-
tances CDL, min′ can be observed for all Pt(hkl) surfaces (Figure
2A), for which the exponent approaches to 1.

Surface coordination, particularly generalized coordination
numbers22,24 (see Supporting Information, Section 1), enables
a useful parametrization of the surfaces simultaneously in
energetic and structural terms. In other words, one can use
GCNs to characterize and quantify the affinity of the surface
for electrolyte components. In Figure 3, the CDL, min′ values
extracted from Figure 2A are plotted versus the special
parameter explained as follows (see the description for this
parameter and its meaning in the SI, Figure S1, and ref 17).
Consider that the GCN can be understood as a measure of
“nonsaturated electron density” at the surface. It is possible to
hypothesize that the higher the GCN, the lower the densities
and the longer the effective distances between the surface
atoms and the first water layer. Therefore, it is reasonable to

Figure 2. (A) The dependencies of the double layer capacitance of Pt(hkl) electrodes on the electrode potentials recorded in Ar-saturated 0.1 M
HClO4 with (B−D) examples of the impedance spectra with fitting (solid lines). (E) The equivalent electric circuit was used for the fitting of the
impedance spectra.
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define a new function, Fe, which should be connected to the
CDL, min′ values in a first approximation:17

F Unit Surface Area/ GCNe =

One can see from Figure 3 that for the Pt(hkl) electrodes, a
(inverse) volcano-type relationship can be observed. Namely,
the CDL, min′ values decrease linearly as the Fe parameter
(expressed as 1000·nm2/ΣGCN in Figure 3) increases, ranging
from Pt(111), Pt(775) to Pt(221), but the values then increase
linearly with the increase in Fe parameter, ranging from Pt(12
10 5), Pt(331) to Pt(110). This relationship shows the strong
dependence of the EDL capacitance of the Pt single-crystal
electrodes on the surface structure. The maximum value of
∼60 μF·cm−2 for Pt(111) and Pt(110) is over twice as large as
the minimum value of ∼28 μF·cm−2 for Pt(221) and Pt(12 10
5) (Figure 3). This significant difference suggests that the EDL
structure can vary based on the different surface structures.

To explain the results of the electrochemical measurements
of the EDL capacitance, we performed AIMD simulations of
Pt/water interfaces (see the corresponding atomic structures in
Figure S3). Here, we chose four representative Pt facets,
Pt(111), Pt(221), Pt(331), and Pt(110), for our simulations,
which should cover the whole interval of the measured EDL
capacitances. Figure 4 shows the evaluated dipole angle (ψ)
distributions and OH angle (θ) distributions for each Pt/water
interface. The distributions and average dipole moments
calculated separately for the first and second water layers are
given in the SI. The angles depicted in the figure are taken with
respect to the surface normal, i.e., along the positive z-
direction. ψ corresponds to the angle between the dipole

moment direction of each water molecule and the surface
normal, and θ represents the angle between each O−H bond
and the surface normal. Thus, ψ = 90° along with θ = 90°
represents a water molecule that lays “flat” on the slab surface.
Angles between 0° and 90° indicate that water is oriented in an
H-up configuration, and angles between 90° and 180° indicate
that water orientation is H-down.

It is seen from the left plot of Figure 4 that the dipole angles
(ψ) for all facets have a larger distribution above 90° in the
overall EDL, indicating a more H-down orientation of water
molecules. This is confirmed by the average dipole angles
shown in Figures S7 and the average of cos(ψ) shown in
Figure 5. The (221) and (331) facets prefer the H-down

orientation more strongly than the (111) and (110) facets, as
seen by the lower magnitude of peaks in the 0°−90° region in
Figure 4, as well as the more negative value of average cos(ψ)
in Figure 5. This is due to the effect of H-up chemisorbed
water on step sites, which orients the water on the terrace
region in the H-down direction. The distance between steps at
(221) is greater than that at (331), which enables more H-
down water molecules, as shown in Figure 6b. This orientation
effect is absent in the (111) and (110) facets. The θ
distributions (right plot in Figure 4) contain a peak close to
70°−90° and another close to 160°. These peaks are more
well-defined in (111) and (110) compared to (221) and (331)
due to different orientations of waters on step and terrace sites
for the latter facets. The low distributions of the O−H angles

Figure 3. Minimal double layer capacitances as a function of the Fe
parameter (expressed as 1000·nm2/ΣGCN)17 for the Pt(hkl)
electrodes.

Figure 4. Dipole angle (ψ) distribution and OH angle (θ) distribution at Pt/water interfaces were derived from AIMD simulations.

Figure 5. Average cos(ψ) at EDL vs the Fe parameter (represented as
1000·nm2/ΣGCN) at Pt/water interfaces derived from AIMD
simulations.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c11403
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11403/suppl_file/ja3c11403_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11403/suppl_file/ja3c11403_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11403/suppl_file/ja3c11403_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11403?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c11403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(θ) at smaller angles and the peak close to 160° support that
H-down orientations are preferred over H-up.

We next analyze the distribution of dipole orientations (ρH2O
cos ψ) with respect to the distance from interfaces (see Figure
6). A positive value of cos(ψ) indicates the H-up orientation,
and negative values indicate the H-down orientation.
Horizontal solid black lines indicate the first water layers of
the EDL for different facets, and the second water layers are
indicated by dotted black lines. It can be observed that moving
from the interface to the bulk region, the (111) and (110)
facets feature a positive peak at ∼2 Å, indicating a distribution
of H-up-oriented water. On the other hand, the (221) and
(331) facets feature a negative peak indicating a distribution of
H-down oriented water. The second water layer at ∼3 Å in
(111) and (110) shows only H-down orientations, while in
(221) and (331), there is a small positive peak followed by a
negative peak. In Figure 6b, the (221) and (331) distributions
are further split into distributions over step and terrace sites, as
illustrated in the insets. The initial negative peak for these
facets is found to occur from H-down water orientations over
the terrace sites. Figure 5 shows the average cosine of dipole
moment angles at the EDL at the Pt/water interfaces vs the Fe
parameter (represented as 1000·nm2/ΣGCN), similar to the
representation of the measured EDL capacitances (see Figure
3). The values of cos(ψ) follow the trend expected from
Figures 4 and 6, i.e., with water molecules at the (221) and
(331) surfaces being more strongly oriented in the H-down
direction. This trend is similar to the experimental data
presented in Figure 3.

Our computational results qualitatively agree with the recent
data obtained for the Pt(111)/water interface employing
constant Fermi-level AIMD simulations.32 In particular, it was
found that the interfacial water molecules exhibit a slight

preference for the H-down configurations at the PZC,
consistent with our dipole orientation analysis (Figure 5).
The double layer capacitance was estimated to be low under
negative bias when most interfacial water molecules are found
in H-down configurations, reaching much higher values upon
increasing the potential to cause water dipole reorientation to
H-up configurations. The observed main peak in the CDL, min′ at
U = 0.33 VSHE was associated with the atomic structure
reorganization of the water double layer. Our results also
indicate much higher measured EDL capacitances for the
(111) and (110) facets than for (221) and (331) that feature
much stronger H-down water orientations (Figure 5).

In another recent AIMD-based investigation, a series of
stepped Pt/water interfaces at the PZC was examined.33 It was
found that the step density significantly influences the atomic
structures of the Pt/water interfaces. In particular, it was
determined that the step sites of metal surfaces are preferred
more for water chemisorption than the terrace sites, in overall
agreement with our findings. In the same study, it was shown
that the PZC changes roughly linearly with increasing step
density. According to these theoretical estimates, the difference
in PZC between Pt facets with comparable step densities (such
as Pt(111) and Pt(221) in our work) turned out to be less than
0.2 V. It was found that the higher the step density, the lower
the PZC. Importantly, it was determined that the computa-
tionally predicted value of the EDL capacitance for Pt(111) of
about 0.22 VSHE agrees well with reported experimental data of
0.28−0.37 VSHE.

32,34 Given these theoretical insights, our
computational estimates of the capacitance between the two
sets of surfaces, Pt(111) and Pt(110), and Pt(221) and
Pt(331), obtained under the PZC conditions should be
consistent with the capacitance data presented in Figure 2

Figure 6. (a) Distribution profiles of the mean dipole orientation of water (ρH2O cos ψ) for different Pt/water interfaces. (b) Splitting of the
distributions for the major interfacial region (shown as a yellow background) between water molecules over the step and terrace sites. Horizontal
solid and dotted black lines in both (a) and (b) indicate the interfacial regions corresponding to the EDL’s first and second water layers,
respectively.
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even though the capacitance strongly depends on the electrode
potential.

To provide further insights into the interfacial water
structure and to rationalize the volcano-like shape of the
EDL capacitance vs the Fe- parameter observed experimentally
(see Figure 3), we propose the following explanation based on
our present AIMD simulations. Specifically, when the step
density increases from 0 nm−1 for Pt(111) to 1.19 nm−1 for
Pt(221) and 1.63 nm−1 for Pt(331), water molecules that
prefer to chemisorb on the step sites in H-up configurations
make the motion of nearby water species also more rigid
through the H-bonding network. This is indicated by the
prominent negative peaks for both Pt(221) and Pt(331) at
about 3 Å in Figure 6b that correspond to H-down water
orientations over the terrace sites. This rigidity is also reflected
in much lower average dipole moments for (221) and (331) in
Figure 5, resulting in a decrease in the double layer
capacitance. However, with a further increase in the step
density, such as in the case of 2.51 nm−1 for Pt (110),
disruption of the water structure due to chemisorbed water at
the interface becomes more pronounced, leading to an overall
softening of the water structure, higher average dipole
moment, and thus an increased EDL capacitance. Overall,
our theoretical insights into the atomic-scale structure of the
EDL allow us to rationalize the volcano shape of the EDL
capacitance as a function of the step density derived from
electrochemical measurements.

■ CONCLUSIONS
In this work, by employing electrochemical impedance
spectroscopy measurements, we have demonstrated a strong
dependence of the EDL capacitance of the Pt single-crystal
electrodes in acidic media on the electrode structure, resulting
in more than twice larger values for the Pt(111) and Pt(110)
surfaces than for Pt(221) and Pt(12 10 5). Additional ab initio
molecular dynamics simulations helped to explain the
experimental observations by structural reorganization of the
water double layer. In particular, computational results reveal
different dipole moment orientations of water molecules at the
interface depending on the electrode structure, showing a
much stronger preference for H-down configurations at (221)
and (331) than at (111) and (110) surfaces of Pt at the
potential of zero charge. We believe that our electrochemical
investigation of the well-characterized Pt surfaces is an
important step toward a deeper understanding of the influence
of the electrode atomic structure on the basic electrochemical
properties of electrocatalytic materials.
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