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ABSTRACT

Imaging atomic structure and electric fields of the electric double layer at electrode-water interfaces is essential for understanding

electrochemical reactions. The wave properties of electrons in an environmental transmission electron microscope were used

to reconstruct the atomic scale electric potentials of a platinum (111) interface in water by phase shifting electron holography.

This progress allowed the observation of ordered water layers at the dynamic state of the platinum (111) surface and the water

reorganization under applied electric potentials. The obtained projected electric potential of the Pt-water interface is quantitatively

compared to ab-initio molecular dynamics simulations, revealing an extended ordered water region. We conclude that the potential

drop at the Pt -H,O interface is mainly carried by the polarization field of the ordered water structure. The impact of different

surface Pt configurations and the presence of adsorbates on the ordered structure are discussed.

1 | Introduction

In 1879, Helmholtz [1] introduced the concept of the elec-
trochemical double layer (EDL) that forms at the interface
between an electrode and an electrolyte as a result of the
chemical equilibrium of electrons and ions. His space charge
region model has been later extended by Gouy and Chapman
[2] as well as by Stern [3] by subdividing the electrolyte into
the inner layer of adsorbed ions or molecules and the outer
layer of solvated ions, which can merge into a diffuse layer.
The EDL is of pre-eminent importance for all electrochemi-
cal processes at the solid-liquid interface since its dynamical
structure determines the energy landscape along which electron

transfer processes and reaction products proceed. At aqueous
interfaces, water molecules have different properties than their
bulk counterparts, due to the impact of the surface on the
hydrogen bonding network [4]. In particular, the balance between
hydrogen bonding parallel to the surface and water adsorption
leads to orientation and ordering of the first layer [5, 6]. In the
absence of ions, the electric field induced by surface charges
predominantly needs to be balanced by the orientation of water
dipoles. This induces an orientational order that persists over
a certain depth into the bulk [7]. The detailed dependence on
charge, surface structure, presence of ions or foreign adsorbates
is far from being well understood, although the resulting change
of the hydrogen bonding network and arrangement of water
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dipoles are expected to have a strong impact on electro-catalytic
reactions [8].

One particular aspect is the possible impact of the dynamic state
of electrode surfaces on ordering. Dynamical states electrode
water interfaces have been observed previously for many systems
and affect coordination chemistry of the active sites [9-15]. To
gain insight into the water dipole network structure close to an
electrified interface is thus of tremendous importance for the
development of atomic scale EDL models and electron-driven
reactions. However, after over 100 years, the development of a
realistic atomistic description of the different parts of the EDL,
beyond the simple mean field models, remains an unparalleled
challenge [16]. This is even true when applying state-of-the-
art ab-initio molecular dynamics calculations, which have seen
significant progress [8, 17-20]. The difficulty arises from the
inherently fluctuating nature of the open system and the complex,
multi-scale interplay among the solid, liquid, ionic, and electronic
components at the interface.

Recent progress has been made by experiments, such as scanning
probes, which give some insights into the rich variety of structures
that water can adopt on a surface. In studies of ice far below
the melting temperature, in-plane ordering of water has been
observed on various surfaces, including noble metals, by scanning
tunneling microscopy [21] and atomic force microscopy [22].
Particularly, the progress in 3D atomic force microscopy (3D-
AFM) led to atomic-level images of the liquid-solid interface.
Although 3D-AFM offered insights into the ordering of water
layers normal to the surface under ambient conditions [23],
deriving an accurate relationship between the force and the
solvent density remains a great challenge [24].

In this study, we establish access to the atomic scale electric
potentials at a Pt-water interface and its change upon biasing
with 1 Angstrom spatial resolution. The atomic scale potentials
are highly relevant for interfacial electron transfer processes and
thus for understanding electrochemical reactions. We use phase-
shifting electron holography (PS-EH) [25] to measure the phase
shift of the electron wave due to the atomic electric potentials.
This phase shift is reconstructed in an aberration-corrected envi-
ronmental transmission electron microscope (ETEM) to observe
the water-Pt(111) interface. Since the phase shift of the electron
wave is proportional to the electric potential across the surface,
it provides a direct measure of the potential oscillations at the
atomic scale, which are mediated by the water structure, in
contrast to density variations as revealed by 3D-AFM. The model
electrochemical cell in the ETEM is a water film on the noble
metal surface immersed in low-pressure water vapor, which
can be biased in a two electrode setup. We selected the Pt(111)
surface due to its fundamental relevance for catalysis. In this
pressure range, a condensed water film forms on the Pt surface
due to the effect of surface adsorption. Due to the absence of
a bulk aqueous electrolyte, the ion concentration is low [26]
and thus a change of surface charge is predominantly shielded
by reorientation of water dipole layers, which are formed by
the balance of surface absorption and hydrogen bonding. The
main findings of our experiments are the presence of ordered
water layers on a dynamic Pt (111) surface that extends over
a range up to 7 A from the surface. This range is larger than
previously expected for flat noble metal surfaces based on ab-

initio molecular dynamics (AIMD) [8, 17]. We directly image
the change of the projected potential under application of an
external bias, which is attributed to the reorientation of water
molecules. This suggests that the major potential drop across
the EDL is mediated by the oscillating dielectric polarization
of the water dipoles. Furthermore, we combine AIMD and
simulations of the phase shifts of the electron wave to compare
the experimental data to ensemble-averaged theoretical structure
predictions of the water network. Finally, the impact of surface
adsorbates and impurities on the atomic scale electric potential is
discussed.

2 | Results and Discussion

2.1 | Imaging the Pt(111)-Water Interface by
Phase-Shifting Electron Holography

The as-prepared polycrystalline platinum flake is first charac-
terized under high-vacuum conditions. The sample orientation
is chosen such that the projected zone axis is Pt [110]. The
front edge of the flake is faceted along Pt(111) planes. Following
the high-vacuum characterization, the sample surface is treated
in 1 mbar of oxygen under electron beam illumination and
subsequently exposed to water vapor (see Figure S4). This results
in a reconstructed surface for the investigation of water layers on
Pt(111). Above an ambient pressure of 1 - 10~7 mbar, a thin film of
liquid water is formed due to the high absorption energy of water
on metal surfaces. This film does not vary strongly in thickness
with the chosen pressure over a wide range [27]. The pressure of
50 pbar of water vapor proved sufficient to form a liquid water
layer, while conserving the electron coherence for PS-EH. More
details can be found in the Experimental section. We first show
the formation of an ordered liquid water layer on Pt(111) surface.
In the as-prepared state in high vacuum, samples reveal some
structural disorder most easily detectable in the two uppermost
surface layers (Figure 1A,B) due to the typical damage resulting
from ion-milling techniques for TEM sample preparation. After
in situ oxygen treatment (see Note S1), highly ordered extended
Pt(111) terraces were formed in the water environment as perfect
objects for cross-sectional imaging. The interface between these
facets and the liquid adsorbate layer possesses very little contrast
in conventional high-resolution imaging of the modulus of the
image wave (see Figure 1D). The phase of the complex object wave
reconstructed by phase-shifting holography, however, provides
clear signal with angstrom resolution as shown in Figure 1E. For
thin samples, the phase of the wave is proportional to the scat-
tering potential of the object projected along the electron beam
[28, 29], i.e. spatial variations of the phase map reflect the spatial
distribution of atoms. More precisely, for the adsorbate layer, we
need to consider the high mobility of its constituents, implying
that we measure its temporal average for typical recording times
of 60-90 s required for a PS-EH series. In order to improve the
signal-to-noise ratio, phase profiles perpendicular to Pt(111) facets
can be obtained by averaging along the (111) planes as indicated by
rectangles in Figure 1B,E. The resulting line profiles for (111) facets
in vacuum and 50 pbar water vapor are shown in Figure 1C,F,
respectively.

The reconstructed phase signals exhibit a pronounced qualitative
difference between vacuum and water ambient, as indicated by
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FIGURE 1 | Comparison of surface morphology and electron phase reconstructions of the Pt flake in vacuum and water at room temperature. (A)
Pristine Pt surface after ion polishing, at 0 V external voltage in 10~7 mbar background pressure. The HR-TEM intensity image shows bright atom contrast
for the Pt columns. Preparation-induced disorder at the surface up to the third plane is observed. (B) Reconstructed phase image by phase-shifting
electron holography. First order aberrations were numerically corrected. (C) Vacuum phase profile perpendicular to the (111) planes, periodically averaged
over 2.0 nm as indicated by the red bar in (B). The signal beyond the Pt edge (dashed line) shows a smooth transition into the vacuum background. The
non-zero phase signal between the planes is attributed to the contribution from the amorphous regions. (D) Ordered Pt surface in 50 ubar water vapor.
The high resolution-TEM intensity image was recorded under dark atom contrast conditions. A crystalline surface was formed in water after oxygen
exposure, which shows faceted (111) planes. (E) Reconstructed phase image in water. (F) Phase profile perpendicular to the (111) planes as in C), with an
averaging width of 4.2 nm. Oscillations of the phase signal are visible in the first 7 A of the water region, suggesting the presence of ordered water layers

along the surface normal direction. The Insets in (C) and (F) show a magnified view of the signal at the surface, smoothed by an SG-filter.

the insets in Figure 1C,F. For Pt(111) facets in vacuum, the phase
signal smoothly decays from the top Pt layer into the background
phase noise (o, = 13 mrad) within about 3 A. In the presence
of water vapor, the phase spatially oscillates above the platinum
surface. We take these phase oscillations as strong experimental
evidence for the presence of ordered water layers since they are
absent in high-vacuum. The outer extent of the water film is not
visible due to its diffuse transition into the water vapor. In this
case, again by comparing the signal to the noise level measured
far away from the Pt(111) surface (o3, = 11 mrad), the thickness
of the ordered adsorbate layer is estimated as 7 A.

2.2 | Pt Ad-Atom Surface Dynamics in Water

In order to gain further insight into the surface structure and
dynamics, a more quantitative analysis is needed. Considering
the low activation energy of Pt surface ad-atom diffusion on
Pt(111) in the range of 0.13 to 0.25 eV [30], Pt ad-atoms are
expected to show very fast thermally activated surface hopping,
with hopping rates of nanoseconds, which are not accessible
by our setup. Surprisingly, time-resolved high-resolution TEM
imaging with 2.5 frames per second indicated a dynamic state of
the Pt(111) surface in water.

Figure 2A shows the time-averaged series with Pt(111) layers
labeled L, - L,. It turns out that for layers L1 - L4, the effect
of time averaging is, as expected, the reduction of noise. In
contrast, layer L, exhibits lateral blurring of the image intensity,
which provides evidence for the underlying atomic structure to
be dynamic on the time scale of the recorded image series, see
also [31]. This statement is also supported by the comparison of
the image intensity in L, on shorter time averages of 14 frames
(5.6 s). Figure 2C shows the surface at two selected times. The
columns with the highest intensity are marked in both images.
For different times, different columns show the highest intensity,
i.e., a change of the number of platinum atoms in the specific
column over time (see Note S2 for more details).

Similarly, the measured phase of the complex object wave
represents a time average since typically 60-90 s is required to
record the PS-EH series used for phase reconstruction. Hence, as
a second step, a spatially averaged phase is shown in Figure 2B,
again exhibiting a blurred signal in layer L, and noise reduction
in the remaining layers. As a final important observation, we
note that despite the blurring of the maxima at the positions
of the surface atoms, their positions can still be extrapolated
from the fcc symmetry of the bulk lattice in Figure 2A,B. This
is evidenced by comparing the unit cells in the bulk region and
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FIGURE 2 | Analysis of surface dynamics and specimen thickness. (A) Time average of in situ HR-TEM series from the Pt (111) surface in H,O.
Dynamic surface regions L show a blurred contrast. (B) Averaged reconstructed phase signal. The image in (B) is color-coded to represent the platinum
columns in yellow. For this lateral averaging the super cell was defined as an area of 2 nm x 0.7 nm, which contains periodically repeated information
of seven super cells. Region I shows the atomic columns of bulk platinum. The thickness decreases toward the surface, layers are counted from the
surface. The phase signal at L corresponds to the dynamic layer in (A), showing a higher signal at FCC positions as highlighted by the circles in (A)
and the black arrow. (C) Subset time average of 14 frames (5.6 s) of the in situ movie at different initial times (frame sets). The most intense columns in
the dynamic surface layer L, are marked to guide the eye. The position-change of these signals indicates mobile platinum ad-atoms. (D) The number of
atoms in a specific column is determined by averaging the phase signal in a unit cell around the column and compared to simulations, resulting in the

surface model. Surface atoms in L; are marked in gray color. (E) The average layer thickness profile starting from L;.

the surface. More quantitatively, distances and angles of these
preferentially occupied surface sites of the (111) facets agree with
the bulk fcc values within statistical error (see Note S3). Hence,
as an intermediate result, we conclude that a dynamic layer
(L,) of Pt atoms forms on the (static) Pt(111) surface. This view
is corroborated by excluding other adsorbates from the water
environment as e.g. oxygen or Pt-O clusters. Previous work on
Pt-O has shown that oxygen coverages exceeding 0.2 monolayers
lead to displacement of the Pt surface atoms [32, 33]. This does not
match the symmetry and positions of the phase maxima observed
for L,. Finally, calculating the phase-shift for a fully-filled oxygen
column yields a signal far below the measured phase, yielding the
most robust argument against the oxygen hypothesis and in favor
of platinum.

For a quantitative analysis, we exploit the extraordinary phase
sensitivity of our drift corrected phase shifting holography of
27/452 [25]. Combined with quantitative simulations of image
waves, the projected potential can be extracted, or in other words,
the number of atoms along an atomic column can be counted
if the chemical species are known. For this purpose, we use the
multislice method as implemented in ref. [34] which calculates
the propagation of an incident electron plane-wave through a
strong scattering object, taking into account diffuse scattering
by lattice vibrations, and image aberrations. The number of

atoms within each column of the experimental image is then
determined from the comparison with the simulated phase. This
is done by averaging the phase within a unit area in order to
reduce noise, and correlating this with the simulated signals
for a model surface with various thicknesses along the beam
(see Experimental Section). The best-matching local structure of
the platinum edge, and the average column thickness of each
layer, are depicted in Figure 2D,E, respectively. The topmost static
platinum layer L, is shaded in (D) for clarity. It consists of 3-
5 atoms in each column, corresponding to an average thickness
of 1 nm. This somewhat preliminary procedure of quantitatively
determining the local specimen thickness of the static part of
the Pt(111) facet is easily extended to the dynamic layer (LO) and
yields a phase signal of 65 mrad, which is below the calculated
contribution of a single static platinum atom of 135 mrad. In
conjunction with the positions of the surface sites, this is thus
consistent with an average occupation of 0.5 Pt per column of
1 nm thickness, equivalent to an average coverage of 1/8. Hence,
we attribute the dynamic surface layer to mobile Pt ad-atoms
based on the identified fcc-sites and phase signal height (see Note
S4). We interpret the visible Pt surface fluctuations in water on
a millisecond time scale and their absence in high vacuum as
a slow-down of the surface dynamics of Pt ad-atoms [35]. We
attribute this to interactions with water adsorbates that reduce the
mobility of the ad-atoms (see Section 2.6).
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FIGURE 3 | Comparison of the phase signal predicted by AIMD-simulations of liquid water above a filled Pt surface, and water phase retrieved
from the experiment. (A) Phase profile derived from AIMD data by multislice simulation. The surface charge was modified by adding OH™ or H;O*"
ions to H,0. (B) Inset of (A) to visualize the expected changes of the phase peak produced by the water bi-layer. Different states of surface charging are
correlated to changes in the average orientation within the individual water dipole layers visible in the shifts of the peak position and height. The zero
phase level in the inset was set to the mean projected potential of the 1 nm thick water film @,.¢. (C) Changes of the phase distribution by variation of
the external voltage [+20 V, +10 mV, —20 V] in the two-electrode experiment after signal filtering. [39] (D) Inset of (C) corresponding to the spatial scale

of (B). The standard deviation of the filtered phase in the bulk water is indicated at 1, 2, and 30,0 by dashed lines.

2.3 | Analysis of Ordered Water on the Dynamic
Pt(111) Surface

The quantitative reconstruction of projected potentials allows
us to measure the thickness of the platinum surface (Region
I) and the average occupation of the dynamic surface layer
by Pt ad-atoms (Region II), both shown in Figure 2. This is
concluded exclusively from PS-EH experiments and the quan-
titative comparison to wavefunction- and image simulations.
Based on the achieved high phase sensitivity in the holography
reconstruction, we now analyze the phase oscillations visible
in profiles across the surface. These peak features arise from
the ordered structure of the water (Region III). The analysis is
carried out by quantitative comparison of measured phase shifts
to calculated phase shifts of ensemble-averaged water structures
obtained by ab-initio molecular dynamic (AIMD) simulations
(see Experimental Methods), as shown in Figure 3.

Compared to the Pt and Pt ad-atom signal, the magnitude of
the oscillating phase signal is much lower. Disordered water
molecules in the liquid or vapor do not generate any spatial phase
contrast. In such regions the magnitude of the reconstructed
phase is proportional to the difference in water density relative to
areference region and not to the absolute value of the mean inner
potential of water. Since the water molecules in the liquid phase
are highly dynamic and the diffusion and rotation of water occur
in the order of pico-second time scale, the phase signal is the time
average of the molecular positions. We consider the oscillations

in Region III as experimental evidence of the ordering of water
molecules above the mobile Pt ad-atom surface. Such formation
of ordered water layers is well established by theoretical models
such as [36-38]. Other candidates, such as ordered arrangements
of impurities can, to a large extent, be ruled out, since they should
also be visible in ambient other than H, O, and can hardly stabilize
in the presence of water vapor.

In a first step, the existing AIMD data of the Pt(111) surface from
[36] is used to model an ordered liquid water layer above a solid
slab, as well as the influence of the change in electrode potential
on said ordering. Second, we then consider the influence of the
experimentally observed additional partially-occupied layer of Pt
ad-atoms on the expected signal in the ordered water layers and
the corresponding reaction of the water network. The interface is
modeled by 144 water molecules in contact with the (6 x 6) Pt(111)
slab (see Experimental Section). In the simulation, the electrode
potential is modified by varying the number of hydrogen atoms
in the water film. Adding or removing a hydrogen atom leads
to proton and hydroxide ion formation in the water film related
to the transfer of one electron to (or from) the electrode and the
electrode potential changes by +0.1 V.

A subset of the time-dependent AIMD configurations is used
as frozen-lattice configurations for the transmission electron
microscopy (TEM) exit-wave simulation [34] (see Note S5).
This coupling of a dynamic model with multi-slice calculations
offers two significant advantages over the typical Debye-Waller
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approach to the atomic displacements in frozen-lattice simula-
tions. First, by using the time-dependent atomic positions from
ab-initio calculations, the dynamic nature of the EDL is encoded
in the result. The second advantage is that these simulations take
the image formation mechanism in the microscope into account.
It is thus possible to compare experiment and the simulated exit
waves quantitatively.

The thickness of the simulated slab is adapted to the experimental
surface-layer average of 1 nm as analyzed in Figure 2E. Since
the effect of thermal motions and microscope aberrations on
the image contrast are taken into account, this method allows
us to quantitatively compare ensemble averages of simulated
AIMD configurations to the reconstructed experimental phase in
Figure 3. The potential profiles from simulations of the AIMD
trajectories are shown in Figure 3A,B, while the experimental
phase profiles are shown in Figure 3C,D. Each profile is extracted
along the surface normal, and laterally averaged over the Pt(111)
plane Figure 2D. The experimental profiles are smoothed by a
peak conserving noise filter [39].

The water distribution from AIMD simulations shows a compact
water layer formation at the extended interface. Despite the
thermally induced orientational and positional fluctuations, the
ensemble average over 40 ps reveals the presence of a water bi-
layer with two distinct preferential 3D-orientations [36]. Close
to the electrode, the O-H bonds point away from the surface,
while they point toward the surface in the outer layer. A change
in electrode potential by +100 mV influences the likelihood of
preferential orientations in this bi-layer, as shown in [40]. This
results in small positional shifts of the ensemble average of the
projected potential dominated by the oxygen density.

Due to the resolution limit of the microscope, these individual
components of the bi-layer cannot be resolved. The simulated
phase oscillations using AIMD trajectories thus exhibit an oscil-
lation with the maximum peak height of 30 mrad at 3.0 A in
the profile, owing predominantly due to the projected atomic
potential of the oxygen in the bi-layer.

2.4 | Change of Water Order Under Biasing

In order to change the electrode potential in the experiment,
we apply external biases of +20 V, -20 V and 10 mV over an
electrode gap of 4 um. The magnitude of the biasing was at the
upper limit of the instrumentation, in order to ensure positive,
negative, and neutral surface polarization. The line profiles of
the reconstructed experimental phase of the Pt water interface
for different electrode biasing are shown in Figure 3C,D. The
standard deviation in this region after noise filtering is o0
= 6 mrad and includes the water vapor fluctuations, residual
reconstruction artifacts (Fresnel modulations), shot noise, and
the detector quantum efficiency of the CCD. The filtering hardly
affects the dynamic platinum signal at 2.2 A. The peak is
exceeding 6 - o,0. A comparison to the raw data is given in
Note S6. In the region between 0 — 7 A, up to two additional
distinct peaks can be observed for all three external voltages.
The peaks have a signal-to-noise ratio of 3-4 - oy,. The position
of the first peak varies from 3.9 A to 4.4 A depending on the
applied external voltage. The position of the second peak shifts

from 6.1 A to 6.2 A and vanishes for —20 V external potential.
In contrast, the peak positions of both the Pt lattice and the
dynamic layer remain constant. Fluctuations beyond 7 A from
the surface are largely uncorrelated and are below the confidence
band of 30. The magnitude of the simulated phase peak for an
ordered water bi-layer is in good agreement with the height of
the measured peaks at 3.9 A and 6.1 A, above the mobile ad-
atom layer. This suggests that the composition of these peaks is
predominantly the result of ordered water molecules. The com-
parison between projected potentials derived from phase shifting
holography and from ensemble-averaged AIMD structures agrees
well in amplitude and degree of ordering, while the number
of ordered peaks and their distances differ. A summary of the
influence of the bias on peak positions and heights is shown in
Table S2.

2.5 | The Influence of Surface Adsorbates

In order to answer whether the presence of the mobile ad-
atom layer can explain these differences, we perform further
AIMD simulations that include the influence of particles on the
surface as shown in Figure 4. The models chosen are idealized
configurations in order to investigate the general influence of
decorating surface atoms. Four different surface configurations
are considered: a clean flat surface, a hydrogen-saturated surface,
and two surfaces with Pt ad-atoms at fcc sites at the coverage of
1/9.

These ad-atoms are either arranged to form tetramer islands or
are maximally dispersed across the surface. An ad-atom coverage
filling 1/9th of each surface site was chosen since building a model
requires translational 6 X 6 symmetry in the supercell. This is
close to the experimentally observed Pt surface coverage of 1/8.
Transforming the rhombohedral AIMD supercell to the [110] zone
axis and orthogonalizing for the multislice simulation includes
adjusting the total thickness to the experimentally measured
1 nm. Since this adjustment includes partially cropping the
repeated rhombohedral cell, it results in an ad-atom coverage of
1/6th of the fcc surface sites. Note that, on the order of the time-
scale of the simulations, surface ad-atoms do not move between
neighboring fcc surface sites.

The results of the phase simulation are shown in Figure 4E.
Clearly, the presence and arrangement of ad-atoms have a strong
influence on the distance and detailed structure of the first
ordered water bi-layer. However, the simulations do not repro-
duce the experimentally found second water peak. The obtained
position of the preferentially oriented water bi-layer depends
on the configuration of the Pt ad-atoms. For the simulated flat
Pt(111) surface, the position of the first water peak is at 2.7 A,
which is around 1 A smaller than the experimental distance
to the L, layer of the Pt(111) surface. The H-termination of the
surface leads to a shift of first water peak position by around
1 A to 3.7 A compared to the pure Pt termination. In the case
of 1/6 Pt surface coverage, the experimental position of the Pt
ad-atom peak at 2.2 A is well reproduced by the simulation.
Consequently, the simulated water structure for the different
Pt ad-atom configurations and surface terminations show that
both have a strong influence on the structure of the ordered
water.
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FIGURE 4 | Influence of hydrogen and Pt ad-atom coverage on the
water structure as derived by AIMD simulations in comparison to the
experiment. The position labels refer to positive peaks in the experimental
signal. (A) No ad-atoms. (B) Hydrogen-covered surface. (C) Platinum
tetramer at fcc positions formed by four platinum ad-atoms at 1/6
coverage. (D) Maximum spacing configuration of Pt ad-atoms on fcc
sites at 1/6 coverage. (E) Simulated phase profiles for the four surface
configurations in water in comparison to the experimental result at 10 mV.

2.6 | Discussion

While the amplitudes of the measured and the simulated phase
oscillations of the ordered water layers match very well, there
are differences between their positions which cannot be resolved
by the presented surface configurations: The position of the first
water ordering peak at 3.9 A differs from that of the two simulated
Pt ad-atom configurations, where the first water-related peaks are
at 2.7 A. Furthermore, the order-related phase oscillations in the
experiment in Figure 3D extend up to 7 A from the Pt L, surface
layer and involve two phase oscillations of similar magnitude well
above the 3 - o limit.

This is in contrast to the simulated phase oscillations based on
AIMD structures, where only one significant oscillation evolves,
which corresponds to one ordered bi-layer that extends up to
5 A. Based on the AIMD simulations, we propose that the
phase peaks in the experiment should result from a double
bi-layer structure. Bilayers represent a more stable low-energy
configuration compared to single layers due to the Hydrogen
bond network [41]. However, the full width at half maximum of
the first two phase oscillations of the experimental peaks is with
1.2 A slightly narrower than the model prediction of 1.5 A. An

ordering of single water layers is, however, in contradiction to the
distance of 2.2 A between positive peaks that disagrees with the
ordering of individual water layers at 3 and 6 A [8].

The projected potential of the water is dominated by the oxygen
atoms. Consequently, the phase oscillations in the ordered water
region reflect the oxygen position in the ordered structure.
Differences between measured and simulated distances of the
phase peaks can have different origins: First, the experiment
measures over long time scales, and includes many more Pt
ad-atom configurations than considered by the simulation, due
to the time scales Furthermore, our simulations show that the
presence of adsorbed surface species, e.g. hydrogen or other
possible contaminants can shift the first ordering peak compared
to a clean surface. The experimentally observed larger extent of
the ordered water layers may also hint at a stronger influence of
long-range interactions on the water network than is currently
considered by the simulation. Nevertheless, the magnitude of the
electron phase shift due to the ordered projected potentials of
water agrees very well with the prediction.

It is well-known that the electron beam impact of 300 keV
electrons can induce artifacts in in situ TEM experiments. For
example, inelastic collisions can drive surface atom kinetics
as well as induce surface charging due to secondary electron
emission [42, 43]. At the chosen beam current of 3000 eA™2 7,
the measurement of beam-induced potential at Pt lamellas by
using a piezo-controlled nanotip revealed a charging of about
10 mV, which we consider as irrelevant. The inelastic energy
transfer to surface ad-atoms usually enhances the mobility of
surface and ad-atoms both in vacuum and water. We observe
HRTEM contrast changes on the millisecond time-scale in water,
while the processes on the vacuum surface seem to be too fast
to be recorded. This suggests that the water-induced change of
the hopping barrier dominates over the electron beam impact
on hopping rate. The AIMD simulations suggest that stabilizing
interactions of ad-atoms or small clusters with the water layer
slows down their mobility, similar to previous reports for step
edges [44-46].

3 | Conclusions

By combining experimental electron phase reconstruction in
two-electrode in situ ETEM holography with quantitative AIMD
simulations, we derive the Pt(111)—H,O interface structure, as
summarized in Figure 5. This atomistic model establishes a
dynamic nature of the electric double layer, where the degree
of ordering of the water dipole network on a spatial extent
of 7 A is more long-range than previously expected. Based on
the AIMD simulations, we suggest that the phase peaks in the
experiment result from a double bi-layer structure, since the
resulting hydrogen bonding network represents a minimum free
energy configuration, and the amplitude as well as the width
of the phase peaks are in reasonably good agreement with such
a structure. There is a pronounced hopping of Pt ad-atom that
is presumably slower in water than in high vacuum, since the
ad-atoms are stabilized by the water ordering.

The strong change of the phase oscillations upon biasing indicates
that the ordering of the orientational and spatial structure of the
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FIGURE 5 | Atomic scale model of the platinum-water interface

derived by combined in situ ETEM experiments and AIMD simulations
at zero voltage conditions. The bulk platinum shows a thickness gradient
toward the specimen edge. On top of the (111)-surface, a dynamic platinum
layer is found with a coverage of 1/8. The mobile platinum occupies the
fec lattice sites. From qualitative agreement of the phase oscillations with
AIMD-analysis two bi-layers (&7 A) of preferential 3D-oriented water
molecules are expected. The number of ordered layers and the specific
orientations of the molecules are expected to differ from the result of
[36] as discussed in the text. The bulk water shows no indications of
preferential water orientation.

water network undergoes dramatic changes. Indeed, the potential
drop at the Pt / H,O interface is mainly carried by the dielectric
polarization field of the water dipoles in the ordered region. That
the potential drop and thus the local electric field is highest in
the ordered water regions was already predicted by continuum
models [47, 48]. In continuum models, it is the result of a strong
field dependence of the dielectric constant due to reorientation
of ordered water molecules. This leads to a strong localization
of the potential drop at the ordered regions of the EDL close
to the interface [49] underpinning the relevance of our in situ
ETEM experiments for the understanding of the bias-dependent
EDL, even in the absence of a diffuse layer of solvated ions.
Furthermore, the atomic scale mapping of the electric potential
at the interface reveals that the dielectric polarization field in the
ordered water region possesses an oscillatory structure.

Our biasing-dependent experiments suggest that the reorgani-
zation of the water ordering will not only change the atomic
scale potential drop but also how proton transfer is mediated
to active sites. Indeed, the dynamically ordered structure of the
hydrogen bonding network, in particular the hydrogen bonding
density in the ordered layers has a huge impact on the proton
mobility [50]. Since this influences the balance between proton
supply and reaction demand, the biasing-induced restructuring
of the network can not only affect the activity of a proton-coupled
electron transfer reaction but also its selectivity as discussed in
[51].

As shown by the AIMD simulations, the detailed structure of
the atomic scale electric potential at the interface is influenced
by surface termination, dynamic Pt ad-atoms, as well as possible
impurities. Taking multiple possible initial surface configurations
into account yields insights into the effect of Pt-ad-atoms on

this ordering of water dipoles. In addition, the simulation of
a hydrogen terminated surface shows that different chemical
adsorbates can have a pronounced effect on the expected position
and width of the phase signal resulting from a water bi-layer.
The experimentally observed extent of the ordered water network,
which is larger than initially suggested by AIMD simulations, is
attributed to the pico-second time regime accessible by ab-initio
methods and possible uncertainties in the treatment of long-
range interactions. Furthermore, the chemical coverage of the
surface (e.g., H-termination or possible other airborne species)
can strongly influence the ordering.

4 | Experimental Section
4.1 | Experimental Setup and Specimen
Preparation

The specimen was prepared by cold-rolling a high-purity poly-
crystalline platinum foil to ~ 50 um. A disc has been stamped
out, which was further milled with low-energy argon ions (down
to 300 V) in a Gatan precision ion polisher (PIPS). This led to
the lowest edge thicknesses of a few nanometers. A four-contact
electrical contacting MEMS chip (DENS Solutions Lightning) has
then been prepared in the focused ion beam (Thermo Fisher
Helios) by creating shorts between inner and outer lines, and
removing the free-standing SiN membrane, to ensure the in situ
biasing capabilities. The setup is shown schematically in Figure
S1.

From the milled platinum foil, a free-standing >10 pmx10 um
platinum flake was selected. This flake has been cut free without
direct ion-beam exposure of the polished edge and further
protecting the edge from re-deposition through the positioning
of the lift-out needle. The region of ion-beam illumination was
carefully selected, and no full area snapshots were acquired. The
flake has then been transferred to form a micro-capacitor with a
4 um gap between the specimen edge and the counter-electrode.
The capacitor and the edge protection principle are depicted in
Figure S2.

4.2 | Transmission Electron Microscopy

The electron microscopy data was acquired on an FEI Titan 80-
300 G2 ETEM with a CEOS CETCOR image corrector operated at
300 kV and a Gatan Ultrascan 1000 XP CCD.

The thickness was measured in energy-filtered transmission
electron microscopy with a Gatan Quantum GIF using the log-
ratio technique for a 500 nm X 500 nm field of view. The
calculated mean-free-path for platinum is Ap, = 67.7 nm for
300 kV and 45 mrad collection angle [52]. From this analysis, the
specimen thickness is estimated to be 2.5 nm at the front edge of
the sample, where the electron holography data was measured.

Drift corrected phase shifting electron holography was used to
reconstruct the projected electric potential at the Pt(111)-water
interface with one Angstrom spatial resolution and 27r/452 phase
sensitivity (corresponding to 2.13 V projected potential) can be
achieved as previously reported [25]. Phase shifting electron
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holography circumvents the low-pass filtering aperture in the
reconstruction process that limits the spatial resolution in con-
ventional off-axis electron holography. Residual imperfections in
the first order aberrations of the aberration-corrected instrument
are numerically adjusted by amplitude-contrast minimization
to < 1 nm defocus uncertainty [53]. A detailed comparison
of simulated and acquired phase images with phase shifting
holography was carried out in [25]. The influence of aberrations
on the observed electron phase peaks arising from water layers is
shown in Figure S3.

The PS-EH data, including the necessary reference series, was
recorded with a biprism situated in the selected area aperture
port. The biprism was operated at a voltage of 250 V. For platinum
in [110] zone axis, this is sufficient to separate the sideband signal
from the first order Bragg spots and apply the drift correction.
About 60 phase-shifted electron holograms with one second
exposure time each were acquired for each series. This is a
compromise between drift correction within one frame and the
performance capabilities of the CCD camera used. The total
field of view was 15 nm X 15 nm recorded on 2048 px X 2048
px. All observations were carried out at a beam current density
of 3000 e A~2 57! for sufficient fringe contrast at the chosen
magnification. Identical imaging conditions were used for the
HRTEM time-series.

4.3 | Numerical Aberration Correction

Further principles and details of phase shifting electron holog-
raphy data collection and high resolution reconstruction have
been reported in the method paper [25], which also includes the
developed source code. The first-order aberrations found by [53]
are given in Table S1.

In Figure S3, the influence of varying the residual defocus Af
on the reconstructed phase signal is demonstrated. The focus
was optimized on a 0.5 nm X 0.5 nm image region close to the
specimen edge. Due to the local thickness variation demonstrated
in the main text, the optimized defocus found by the minimum
contrast criterion is also a local property. Hence, greater variations
of the phase signal with the focus are expected for planes further
away from the specimen edge. The thinnest parts of the surface
region, the dynamic platinum layer, and the water film are less
affected by the defocus variation.

4.4 | Specimen Thickness Determination via
Multislice Simulations

Simulated wave functions for Pt [110] have been calculated
by multi-slice technique [34]. These simulations include the
performance characteristics of the electron gun, as well as the
modulation transfer function the CCD camera. For the temporal
coherence envelope, we used d;,;, = 0.1 nm according to the
value measured by following [54]. Thermal diffuse scattering has
been accounted for by frozen lattice simulations with the room
temperature Debye-Waller factor, expressed by the isotropic B-
factor By, p, = 0.384 A% [55]. The resulting phase signal versus
the simulated thickness for three different cell-metrics is shown
in Figure S7. The influence of dynamic diffraction modulates

the linear trend. This is particularly important for specimen
thicknesses between 1.5 and 2.5 nm, where depending on the
metric, the phase of the exit-wave strongly deviates from the
linear trend. We neglected the asymmetric influence of the
MTF in electron holography as discussed in the supplementary
materials of [25], since the expected distortion is at the limit of
the phase sensitivity of the method.

4.5 | Ab-Initio Molecular Dynamics Simulations

We performed periodic density functional theory (DFT) calcula-
tions using the software package VASP [56]. Exchange-correlation
energies were evaluated within the generalized gradient approx-
imation as suggested by Hammer and Nerskov, namely a revised
version of the Perdew-Burke-Ernzerhof (RPBE) functional [57],
and the dispersion effects were included within the semi-
empirical D3 correction scheme [58-60]. We only considered
the D3 pair interactions between molecules and between the
molecules and the first layer of metal substrate. The wave
functions were expanded up to a cutoff energy of 400 eV using
a plane wave basis set. The electronic cores were described by the
projector augmented wave (PAW) method [61]. The energies of
each ionic step satisfied the convergence criteria of 1076 eV.

The water/Pt(111) interface was modeled by 144 water molecules
within a 6 X 6 unit cell on a five-layer Pt(111) slab. Due to the
large supercell, the integration over the first Brillouin zone was
replaced by a summation just over the Gamma k-point. By adding
or removing H atoms to or from the water film, the electrode
potential was controlled [40, 62, 63]. In order to model the Pt
surface with ad-atoms, they were placed at fcc lattice sites on the
surface.

The thermodynamic properties of liquid water were averaged by
integrating the Langevin equation at 298 K with a time step of 1 fs.
We selected a Langevin friction coefficient of y = 5 ps™. For the
pzc, H;O*, OH™ simulations on flat Pt(111), we sampled during
40 ps after 5 ps thermalization. For the Pt ad-atom simulations,
we sampled during 10 ps after 5 ps thermalization.
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