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Visualizing Eigen/Zundel cations and their
interconversion in monolayer water on

metal surfaces
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The nature of hydrated proton on solid surfaces is of vital importance in electrochemistry,

proton channels, and hydrogen fuel cells but remains unclear because of the lack of atomic-scale
characterization. We directly visualized Eigen- and Zundel-type hydrated protons within the
hydrogen bonding water network on Au(111) and Pt(111) surfaces, using cryogenic qPlus-based
atomic force microscopy under ultrahigh vacuum. We found that the Eigen cations self-assembled
into monolayer structures with local order, and the Zundel cations formed long-range ordered
structures stabilized by nuclear quantum effects. Two Eigen cations could combine into one
Zundel cation accompanied with a simultaneous proton transfer to the surface. Moreover, we
revealed that the Zundel configuration was preferred over the Eigen on Pt(111), and such a

preference was absent on Au(111).

ydrated protons are ubiquitous in solu-

tions and involved in a variety of physical,

chemical, biological, and energy-related

processes (1-9). The solvation of hydrated

proton lies at the heart of acid-base re-
actions (10), enzymatic functions (71), proton
channels (12, 13), and hydrogen-fuel cells
(7, 14). Despite tremendous theoretical and
experimental efforts, the nature of hydrated
proton in water has been under long-standing
and lively debate, mainly because of the lack
of comprehensive atomic-level understand-
ing. In particular, the solvation and dynamics
of hydrated protons at water-solid inter-
faces are highly relevant to the key features of
electrochemical reactions, such as hydrogen
evolution reaction (HER) (15, 16). Whether
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the hydrated protons are stable and in what
forms they exist still remain unclear, hinder-
ing a deeper understanding on the detailed
reaction pathways on different electrodes
16, 17).

Many different forms of hydrated protons in
water have been reported, among which the
Zundel cation (H;0, ") (I18) and the Eigen cation
(HoO.") (19) are the most representative ones.
However, the configuration of Zundel and
Eigen cations in bulk and interfacial water
has been experimentally elusive. Vibrational
spectroscopy, which is sensitive to hydrogen
(H) bonding strength and dynamics, has been
used to identify the molecular structure of hy-
drated proton (20-24). Nevertheless, the
spectral approach is inefficient because
of the transient nature of hydrated protons
and extremely diffuse vibrational signatures.
Although this problem can be largely avoided
for probing protonated gas-phase clusters
(25-27), the obtained knowledge of an iso-
lated cluster is not necessarily applicable to
extended H bonding networks and inter-
facial systems, in which multiple interactions
usually compete.

Recently, gPlus-based atomic force micros-
copy (AFM) (28) with a carbon monoxide (CO)-
terminated tip has been successfully applied
to probe interfacial water and hydrated alkali
ions with submolecular resolution in a nearly
noninvasive manner (29-31), on the basis of
delicate high-order electrostatic forces. The
proton affinity of individual surface hydroxyl
was also directly quantified with an OH-
terminated tip (32). However, imaging and
identifying hydrated protons within the H
bonding network of water remain a great
challenge because of the high similarity be-
tween the hydronium (H;0") and the water

molecule (H,O0). In this work, we further
improved the resolution and sensitivity of
the qPlus-AFM [figs. S1 and S2 and supple-
mentary materials (SM)], so that the Zundel
and Eigen cations could be directly visual-
ized and distinguished within the mono-
layer water on metal surfaces at 5 Kunder
ultrahigh vacuum.

Scanning tunneling microscopy (STM) im-
ages of the coadsorbed deuterium (D) atoms
and D,O molecules on Au(111) surface are
shown in Fig. 1A (SM, materials and methods).
The substitution between H and D had a neg-
ligible effect on the structures of hydronium-
water layers. Most of the results shown in the
current work were done with D because of the
higher stability of D-doped D,O layer under
the scanning. The D atoms were ionized by
transferring electron charge to the Au sub-
strate and water molecules (figs. S3 and S4).
The ionized D* and D,O molecules could self-
assemble into a two-dimensional (2D) island
with a monolayer height (Fig. 1A, bottom right,
and fig. S5), which exhibited a honeycomb
structure commensurate with the Au(111) lat-
tice (Fig. 1A, bottom left). However, it is chal-
lenging to identify hydronium ions (D;0")
solvated in the H bonding network of water
from the STM images. The height-dependent
AFM images and simulations of the 2D
hydronium-water structure are shown in Fig.
1, B to D. At the large tip height, the hydro-
nium ions were visualized as individual pro-
trusions with random distribution mainly
through the high-order electrostatic force
(Fig. 1B, top, and fig. S6) (29, 31). The zoomed-
in AFM image clearly indicates that each
bright protrusion was surrounded by three
symmetric depressions (Fig. 1B, orange dashed
curves). Such a feature is consistent with the
structure of D30, in which the negatively
charged O and positively charged D yield op-
posite force contrast. When the tip approached
the surface, so that the Pauli repulsive force
dominated (33, 34), the bright protrusion
evolved into a three-pointed star (Fig. 1C, top).
At the smallest tip height, the hexagonal H
bonding skeleton of water appeared, and the
hydronium ion was imaged as a depression
feature owing to the relaxation of the CO tip
(Fig. 1D, top).

Although the distribution of hydronium ions
has no long-range order, the distance between
them was typically 505 and 569 pm, corre-
sponding to the meta-site and the para-site
of the hexagonal water ring, respectively (fig.
S7). To gain insights into the structure of the
solvated hydronium, we constructed a peri-
odic structure that consists of para-hydronium
(Fig. 1E). Such a structure was energetically
stable (fig. S8) and could be considered as
the self-assembly of Eigen cations (DgO,"), in
which one flat hydronium ion at the center is
H bonded with three water molecules (19).
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Fig. 1. Atomic structure of self-assembled Eigen-water monolayer on Au(111)
surface. (A) Overview STM image of the Eigen-water layer formed on Au(111)
surface after coadsorption of D atoms and water molecules (D,0) and subsequently
annealing at 120 K. (Bottom) Zoom-in STM images of the hydronium-water
island, showing the hexagonal honeycomb structure (left) with the height of
~1.5 A (right). STM set point, 100 mV and 50 pA. (B to D) Height-dependent
AFM images and simulations of the hydronium-water layer, obtained at the
tip heights of (B) (top) 50 pm and (bottom) 12.04 A, (C) (top) =80 pm and (bottom)
10.89 A, and (D) (top) -150 pm and (bottom) 10.29 A. (Middle) Zoom-in AFM
images and the simulations of a single Eigen cation in the 2D hydronium-water layer.
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The yellow dashed curves indicate three symmetric depressions induced by the
positively charged hydronium. (E) Top and (F) side views of the schematic
structures of the periodic Eigen-water monolayer with Eigen cations residing at the
para-site of the hexagonal water ring. The height difference between hydronium
ion and water molecule is indicated in (F). The tip heights in AFM images are
referenced to the STM set point on the Eigen-water layer (100 mV and 50 pA).
The tip heights in AFM simulations are defined as the vertical distance between the
apex atom of the metal tip and the outmost atom of Au substrate. Au, H, and O
atoms in the H-down water molecules are indicated with yellow, white, and red
spheres, respectively. O atoms in the hydronium are indicated with blue spheres.

Density functional theory (DFT) calculation
revealed that the central hydronium ion was
~64 pm higher than the neighboring water
molecules, which were in an H-down config-
uration because of the negatively charged
surface (Fig. 1F). The simulated AFM images
(Fig. 1, B to D, bottom, and fig. S6) agreed well
with the experimental ones (Fig. 1, B to D, top,
and fig. S6), further validating the assign-
ment of the Eigen cations. The introduction
of meta-hydronium may break the long-range
order and led to local defects (Fig. 1D, top,
red arrow).

A more ordered structure could form when
dosing D at higher coverages (Fig. 2). The
STM image (Fig. 2A) showed a similar honey-
comb structure as the one in Fig. 1A, but with a
larger apparent height (Fig. 2A, bottom right,
and fig. S5) and a smaller lattice constant
(table S1). The AFM images (Fig. 2, B to D,
and fig. S6) at the large and intermediate tip
heights exhibit a dimer-like structure with a
long-range 3 x 3 periodicity (Fig. 2, B and C,
top), with a domain size up to 900 nm? (fig.
S10). At the smallest tip height, a honeycomb
structure was observed (Fig. 2D, top). It is
straightforward to infer that such a structure
may arise from the dimerization of the ortho-
site hydronium ions, so that the two flat water
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molecules share an extra D* in a symmetric
H bonding configuration (Fig. 2E), corre-
sponding to the Zundel cation (D;0,") (I18).
The Zundel cation together with four neigh-
boring H-down water molecules formed a
basic unit (D;30¢"), which then self-assembled
into a perfect 3 x 3 structure (Fig. 2E and
fig. S9).

To further explore the stability of the Zundel-
water monolayer, we performed detailed path
integral molecular dynamics (PIMD) simula-
tions based on DFT calculations, which in-
clude the nuclear quantum effects (NQEs)
explicitly (SM, materials and methods, and
table S2). These results showed that the forma-
tion of the Zundel cation was closely related
to the NQEs (7), which significantly promoted
the proton delocalization between the water
molecules (Fig. 2E and figs. S11 to S13). The
Zundel cation in the configuration based on
the PIMD had a ~72 pm larger height than
that of the H-down water molecules (Fig. 2F),
which is similar to the case of Eigen configu-
ration. The AFM simulation of such a configu-
ration (Fig. 2, B to D, bottom, and fig. S6) nicely
reproduced the AFM features observed in the
experiment (Fig. 2, B to D, top, and fig. S6).
The evidence of the symmetric H bond could
be clearly seen in Fig. 2B, in which the depres-

sion feature arising from the shared D* was
located exactly at the center of each dimer
(Fig. 2B, middle, red arrows). Without consid-
ering the NQEs, the Zundel cation became un-
stable and relaxed to the Eigen configuration,
which showed a distinct asymmetric dimer
feature in the AFM simulation (fig. S14:). Con-
sequently, the perfect agreement between the
experimental results and the simulated AFM
images indicated that the resolution of our
qPlus-AFM was high enough to distinguish
between the Eigen and Zundel cations, in which
the position of protons along the H bond only
differed by ~0.2 A.

Although both the Eigen-type (HyO,") and
Zundel-type (H;;04") clusters are stable spe-
cies in the gas phase (26), their self-assembly
at the interface has not been reported before.
The lattice constant of the Zundel-water layer
is smaller than that of the Eigen-water layer
(table S1), suggesting that the inter-Zundel-
cluster H bonding strength in the Zundel-water
layer should be larger than that in the Eigen-
water layer. Such a difference may arise from
the stronger intracluster H bonds within the
Eigen cluster, which weakened the interclus-
ter H bonds (table S3). We have observed iso-
lated DgO,." clusters on the surface, and isolated
Dy304" were absent (fig. S15). Furthermore, we

2of5

220z ‘62 snfny uo AlsieAiun Bupied Te B1090us10s mmmy/:sdiy Wwo pepeojumoq



RESEARCH | REPORT

A

LOW

Fig. 2. Atomic structure of self-assembled Zundel-water monolayer on Au(111)
surface. (A) Overview STM image of the Zundel-water island. (Bottom) Zoom-in
STM images, showing the hexagonal honeycomb structure (left) with a height of
~1.7 A (right). STM set point, 100 mV and 50 pA. (B to D) Height-dependent
AFM images and simulations of the Zundel-water layer, obtained at the tip
heights of (B) (top) 50 pm and (bottom) 12.14 A, (C) (top) =40 pm and (bottom)
11.69 A, and (D) (top) -180 pm and (bottom) 10.49 A. (Middle) Zoom-in AFM
images and the simulations of a Zundel-type cation in the 2D Zundel-water layer.
(E) Top and (F) side views of the schematic configurations of the Zundel-water
layer with a long-range 3 x 3 periodicity obtained with PIMD simulations. The

found that the interaction between the Zundel-
water layer and substrate was weaker than
that with the Eigen-water layer (table S3),
which was consistent with the observed larger
height of the Zundel-water layer (Figs. 1A
and 2A and fig. S5). The height difference
may result from the weaker inter-Eigen H
bonds and the larger density of hydronium
in the Eigen-water layer, which could cause
a stronger electrostatic attraction between
the Eigen-water layer and the substrate (fig. S4
and table S3).

To explore the dynamics of hydronium ions
at the interface, which is essential for under-
standing the HER process (35), tip manipula-
tion experiments were carefully performed.
The interconversion between the Eigen and
Zundel cations induced by the tip is shown in
Fig. 3. We applied a voltage pulse on one Zundel
cation in the 3 x 3 structure (Fig. 3, A and B,
dashed ellipse), leading to the formation of
two Eigen cations at the meta-sites (Fig. 3, D
and E). The water molecules shared by two
hydronium ions after the conversion are in-
dicated with arrows in Fig. 3, E and F. In par-
ticular, the water molecule (Fig. 3, E and F,
yellow arrow) formed a Bjerrum D-type defect
with the neighboring water molecule, whose
apparent bond length (300 pm) is larger than

Tian et al., Science 377, 315-319 (2022) 15 July 2022
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that of the intact H bonds (280 pm) (36).
Those water molecules showed different fea-
tures from the others, which could be re-
produced well with AFM simulation (fig. S16).
By applying another voltage pulse, the two
Eigen cations could convert back to the Zundel
cation.

The interconversion between two Eigen cat-
ions and one Zundel cation could only be pos-
sible when the D* transfer occurred not only
between the water molecules but also between
the water layer and the surface (Fig. 3, G and
H). As voltage pulses were applied, the D-down
water molecule shared by the two Eigen cat-
ions transferred the downward D* to the
surface and simultaneously accepted the D*
transferred from the adjacent hydronium,
leading to a flat-lying water molecule and an
adsorbed D atom on the surface (D*). Then,
the flat water molecule accepted a D* from
the other adjacent hydronium and formed
a symmetric H bond, finally resulting in a
stable Zundel+D* configuration (figs. S17
and S18). This conversion from two Eigen
cations to the Zundel+D* could be also evi-
denced in the temperature-dependent ex-
periments (fig. S19). We found that an Eigen
cation could neither convert to a Zundel
cation without involving interfacial proton

Sim. (10.49 A)

height difference between hydronium ion and water molecule is indicated in (F).
The rhombuses in (C) and (E) indicate the 3 x 3 unit cells. The asymmetry of
dimers in (B) was caused by the tip asymmetry (fig. S10). The red arrows in
(B) indicate the depression feature at the center of each dimer. The black arrow
in (E) indicates the shared proton in the Zundel cation. The tip heights in AFM
images are referenced to the STM set point on the Zundel-water layer (100 mV
and 50 pA). The tip heights in AFM simulations have the same reference and
definition as shown in Fig. 1. Au, H, and O atoms in the H-down water molecules
are indicated with yellow, white, and red spheres, respectively. O atoms in the
Zundel cation are indicated with blue spheres.

transfer nor donate its extra proton to the sur-
face without the help of an additional Eigen
cation (fig. S18). Therefore, the formation of
Zundel cation and interfacial proton transfer
were always coupled together. Such a process
(from two Eigens to Zundel+D¥*) actually
corresponds to a previously unknown path-
way of Volmer step in HER (37), which may
greatly facilitate the subsequent Heyrovsky
reaction (38).

To explore how general those results ob-
tained on Au(111) could be, we performed sim-
ilar investigations on Pt(111), which is more
reactive and hydrophilic than Au(111). It is well
known that water forms a /37 x /37 mono-
layer on Pt(111) (39, 40), consisting of penta-
gons, hexagons, and heptagons (Fig. 4A). When
the dosed D coverage was low, individual
Zundel cations appeared locally in the /37 x
/37 phase (Fig. 4D, red arrows). As the D cov-
erage increased, the V37 x \/37 phase grad-
ually transformed into a /57 x /57 phase (Fig.
4B), and the density of Zundel cation also in-
creased, accompanied with the occasional ap-
pearance of Eigen cation (Fig. 4E, yellow
arrows). The /57 x 1/57 phase finally changed
to a honeycomb structure at high D coverages
(Fig. 4C), where the Zundel cations formed
multiple 3 x 3 domains and the Eigen cations
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Fig. 3. Tip-induced interconversion between the Eigen and Zundel cations.

(A to F) [(A), (B), (D), and (E)] Height-dependent AFM images and [(C) and (F)]
the schematic H-bonding arrangements of [(A) to (C)] the ordered Zundel cations

and [(D) to (F)] the tip-induced Eigen cations in the hydronium-water layer. Experimental
AFM images were recorded at the tip heights of [(A) and (D)] =50 pm and [(B) and
(E)] -180 pm. The red dashed ellipses in (A), (B), (D), and (E) and the black dashed
rectangles in (C) and (F) indicate the transition from a Zundel cation (dimer) to two
Eigen cations (monomer). The gray and yellow arrows in (E) indicate the AFM features

-6.73 Hz -36.98 Hz

Fig. 4. Hydronium-water overlayer on Pt(111) surface. (A to C) STM
topography and (D to F) the corresponding AFM images of the hydronium-water
overlayer on Pt(111) surface obtained with increasing D coverages. The rhombuses
in (A), (B), and (F) indicate the v/37 x v/37, v/57 x v/57, and 3 x 3 unit cells,
respectively. STM set points on Pt(111) are (A) 100 mV and 20 pA, (B) 100 mV and
50 pA, and (C) 50 mV and 40 pA. Experimental Af images were recorded at the tip
heights of (D) 80 pm, (E) 100 pm, and (F) O pm, respectively. In (D) to (F), the red
and yellow arrows indicate the dimer and monomer features, respectively,
corresponding to the Zundel- and Eigen-type cations. In (A) and (D), the red dashed

Tian et al., Science 377, 315-319 (2022) 15 July 2022

-18.25 Hz

induced by the H-down water molecules shared by the hydroniums at the meta-sites
[(F), gray arrows] and the one at the Bjerrum D-type defect [(F), yellow arrow],
respectively. (G and H) Schematic models of the interconversion between the Zundel-
type and Eigen-type cations. Au, H, and O atoms in the H-down water molecules

are indicated with yellow, white, and red spheres, respectively. O atoms in the Zundel
and Eigen cations are indicated with blue spheres. The red arrows indicate the
proton transfer pathway during the transition. The tip heights in AFM images are
referenced to the STM set point on the Zundel-water layer (100 mV and 50 pA).

G

0.25+

0.2+

o

o

o
I

Eigen/water ratio
°

0.05+

0 0.05 01 0.15 0.2
Zundel/water ratio

circles indicate the D-up water molecule, showing as bright protrusions in both
STM and AFM images. (G) Density correlation between the Eigen and Zundel on
the Au(111) and Pt(111) surfaces at different proton/water ratios (0.01 to 0.45)
and different annealing temperature (110 to 145 K), obtained from 35 different
samples for Au(111) and 30 different samples for Pt(111). The red and blue

shaded areas indicate Eigen- and Zundel-dominant regions, respectively. The
vertical dashed line indicates where the Zundel/water ratio equals to 0.13. The
diagonal dashed line indicates where the ratios of Zundel/water and Eigen/water
are equal.
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mainly located at the domain boundaries
(Fig. 4F and figs. S20 and S21). We could
also achieve the interconversion between two
Eigen cations and one Zundel cation on Pt(111)
through tip manipulation (fig. S22), suggest-
ing that there was a D* under the Zundel cat-
ion (Zundel+D¥).

Although the Eigen and Zundel cations
could form the similar monolayer structure on
Pt(111) and Au(111), there are still some differ-
ences between these two surfaces. In Fig. 4G,
we plot the density correlation between the
Eigen and Zundel cations (figs. S21 and S23),
in which two main features could be iden-
tified. First, there was a clear transition from
the Eigen to Zundel structure on Au(111), and
the Zundel was always preferred on Pt(111). The
density correlation followed the same be-
havior for both surfaces when the ratio of
Zundel/water was larger than 0.13. Second,
the Eigen and Zundel structures could exist
even at very low densities on Pt(111), and for
Au(111), a minimum density of Eigen and
Zundel was needed to stabilize the mono-
layer. Those distinct features could be under-
stood through the theoretical analysis of
thermodynamic stability of the Eigen and
Zundel phases in terms of the H chemical
potential, which shows that the transition
point from the Eigen phase to the Zundel
phase on Pt(111) shifts to considerably lower
H potential than that on Au(111) (fig. S24). The
lattice constant of Pt(111) is smaller than that
of the Au(111), thus favoring the delocaliza-
tion of the extra proton between the water
molecules and stabilizing Zundel over Eigen
(table S1). The preference of Zundel+D* con-
figuration on Pt(111) could be also related to
the stronger Pt-D interaction. In addition, the
stronger interaction between the Pt(111) and
water could help to stabilize the hydrated
protons at small densities.

Our results may provide new insights into
the different reaction kinetics of HER on
Au(111) and Pt(111) surfaces. On Au(111), the
Eigen configuration was dominant, and the
Zundel only appeared when the Eigen den-
sity became sufficiently large, and the Zundel
configuration was always preferred on Pt(111)
regardless of the proton density. This sug-
gested that distant hydrated protons were
more inclined to combine on Pt(111), thus
facilitating the production of H,. At low
Zundel density, the Zundel+H* configuration
on Pt(111) may allow efficient H, evolution
through the Heyrovsky reaction pathway.
However, at high Zundel density, the cover-
age of H* on the Pt(111) was also increased,
which promoted the Tafel reaction pathway
(41, 42). This feature may provide microscopic
insights into the behavior of reaction Kinetics
on Pt(111) as changing the electrochemical
potential (the proton density near the sur-
face) (43).

Tian et al., Science 377, 315-319 (2022) 15 July 2022

The formation of stable Eigen and Zundel
cations is expected to be general on other
noble metal surfaces with different reactivity.
We have observed similar Eigen and Zundel
structures on Ru(0001) and Cu(111) surfaces
(figs. S25 and S26). Our PIMD simulations
showed that the Zundel and Eigen structures
observed in this work remained stable even up
to room temperature despite thermal broad-
ening (fig. S13). Further considering that the
water layers near the liquid-solid interface can
be relatively ordered (ice-like) because of the
prominent metal-water interaction (44), espe-
cially when the electric potential is applied on
the electrode (45), the low-temperature water
monolayers on metal surfaces studied in this
work may provide useful atomic-scale inform-
ation to understand various electrode pro-
cesses in aqueous environments. The coupled
Eigen-Zundel interconversion and interfacial
proton transfer are beyond the known ele-
mentary steps for H, production, which may
help to boost the HER efficiency from a new
perspective.
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Visualizing Eigen/Zundel cations and their interconversion in monolayer water on
metal surfaces

Ye TianJiani HongDuanyun CaoSifan YouYizhi SongBowei ChengZhichang WangDong GuanXinmeng LiuZhengpu
ZhaoXin-Zheng LiLi-Mei XuJing GuoJi ChenEn-Ge WangYing Jiang

Science, 377 (6603), « DOI: 10.1126/science.abo0823

How hydrated protons gather at interfaces

Hydrated protons play a critical role in numerous physical and chemical processes. However, their atomic-level
characterization remains experimentally challenging, especially for interfacial systems. Using gPlus-based atomic
force microscopy and path integral molecular dynamics, Tian et al. demonstrated real-space imaging of the most
representative forms of hydrated protons, the Zundel and the Eigen cations, at water networks grown on Au(111)

and Pt(111) surfaces and characterized the preferable two dimensional assemblies of these cations at the interfaces
(see the Perspective by Sugimoto). The authors also revealed an interesting mechanism of the coupled Eigen-Zundel
interconversion involving interfacial proton transfer, which may well be an important pathway in electrochemical
processes such as hydrogen evolution. —YS
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