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In this work, we have used ab initio molecular dynamics at room temperature to study the adsorption and
dissociation of a thin water film on Coz0O4 (111) surfaces, considering the O-rich and Co-rich terminations
named as the A-type and B-type surface terminations, respectively. We investigate the occupation of
active sites, the hydrogen bond network at the interface and the structural response of the surfaces to
water adsorption. On both terminations, water adsorbs via a partial dissociative mode. The contact layer is
populated by molecular water as well as OH groups and surface OH resulting from proton transfer to the
surface. The B-termination is more reactive, with a higher degree of dissociation in the contact layer with
water (46%). On the B-terminated surface, water barely adsorbs on the Co?* sites and almost exclusively
binds and dissociates on the Co®* sites. The interaction with the surface consists mostly of Co®>*-0,,
bonds and proton transfer exclusively to the 3-fold unsaturated surface Og;. Hydrogen bonds between
water molecules in the aqueous film dominate the hydrogen bond network and no hydrogen bonds
between water and the surface are observed. The A-terminated surface is less reactive. Water binds co-
valently on Co?* sites, with a dissociation degree of 13%. Proton transfer occurs mostly on the 3-fold
unsaturated surface oxygens Og;. Besides, short-lived surface OH arising from proton transfer to 3-fold
unsaturated surface oxygens Og, is observed. H-bonding to surface Og; and Og, constitutes 12.7% and
19.8% of the H-bond network, respectively, and the largest contribution is found among the water mole-
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cules (67.4%). On both surfaces, the coordination number of the active sites drives the relaxations of the
outermost atom positions to the their bulk counterparts. The occupation of active sites on B-termination
could reach up to 3 adsorbates per Co®* leading to a binding motif in which the Co is octahedrally co-
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1. Introduction

Coz0, is a potential candidate for many catalytic oxidation
reactions.' ® Naturally grown nanoparticles show rhombicu-
boctahedral grains exposing the (111), (001) and (101) facets,
with a percentage of exposure of 47%, 39% and 13% at room
temperature, respectively.” Various recipes have been proposed
to selectively promote the exposure of the desired crystal facets
on Coz;0,4 nanoparticles for particular catalytic reactions. The
prominent (111) facet is found to be very active in many pro-
cesses like for example the activation of 2-propanol.® Co;0,
nano-hexagons exposing the (111) facets can be synthesized
using hydrothermal routes.”'® In such processes, water can
play a controversial role as it could destabilize'"'* or stabilize
co-adsorbed species.'*™®> However, compared to the (001) and
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ordinated and which was observed experimentally.

(101) facets that were studied at different coverage
regimes,'®" the interaction of water with the Co;0, (111)
surface has not been studied to an extent that would allow a
fundamental understanding of its role in the catalytic activity.
Recently, the adsorption of water (D,0O) on the A-terminated
Co30, (111) surface was investigated using temperature-pro-
grammed and time-resolved IRAS under UHV in combination
with isotopic exchange experiments.*® It was found that water
interacts strongly with this surface termination. At low adsorp-
tion temperature (200 K), within the submonolayer coverage
regime at 200 K, OD/D,O networks with various topologies are
stabilized following the partial dissociation of D,O. The
surface OD groups anchor molecular D,O species. This favors
the formation of OD/D,O networks instead of isolated OD
species under kinetic control. Temperature destabilizes the
OD/D,0 network, which breaks up into OD/D,O clusters and
weakens the interaction within the clusters and with the
surface. This leads to the desorption of molecular D,O from
210 to 470 K. Above 470 K, only isolated OD species remain
stable on the surface until they finally desorb at 540 + 20 K.

This journal is © The Royal Society of Chemistry 2024
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In another study, DFT calculations and surface IRAS with
isotopically labeled water were combined to study the adsorp-
tion and dissociation of water on an atomically defined Co;0,
(111) surface.”* Also in this study, the A-termination was con-
sidered and it was also found that D,O interacts strongly with
the surface and OD groups were found to be stable up to 500 K
and above. At lower temperature, the study confirmed the coex-
istence of OD groups and molecular D,O adsorbates within
extended partially dissociated OD/D,O networks. Interestingly,
the study revealed the existence of a new structural motif: a
hybrid structure between hexaaquacobalt in solution and a
surface cation, with an octahedral coordination. This binding
motif consists of a “half-hydrated” surface Co>" ion binding to
three D,O molecules and was predicted to be observed on d6
to d8 transition metal cations on similar oxide surfaces.

In a following work, the structure of the Co;0, (111) surface
in thermodynamic equilibrium with realistic pressures of O,/
H,0 and H,/H,O was investigated, using density functional
theory.>* The study supported the hydroxylation of the surface
under oxidative and reductive conditions. It was found that a
reductive environment promotes the exposure of surface Co>*
and large structural distortions favor the reduction and stabi-
lization of the Co-rich termination. At 423 K for example,
hydroxylation is prominent both on the O-rich and Co-rich sur-
faces even at water pressures as low as 10~ "° bar. Meanwhile, a
higher vapor pressure of water (~10"'! bar) is needed to
observe non-dissociated water molecules on the O-rich surface.
The study predicted the key role of hydroxyl groups and the
structure in shaping the surface’s catalytic properties.

Though these contributions provided atomistic insight into
the interface, the dynamic description of the interface is
missing. In addition, studies have focused on the so-called
A-termination (Co®" terminated) and information on the B ter-
mination is missing. Besides, in ref. 23, based on a combined
TPD and DFT study, the (001) facet was predicted to be the
most attractive for liquid phase catalytic processes. The reason
evoked was that on the (111) facet, water molecules may block
active sites and inhibit catalytic processes taking place at low
temperatures as they do not desorb even at elevated tempera-
tures of more than 450 °C because of the highly unsaturated
nature of the surface Co ions. However, in our recent work,’
the hydroxylated Co;O, (111) surface was found to be more
attractive for activation of 2-propanol decomposition compared
to the (001) and (101) facets. More interestingly, the presence
of surface hydroxyls at room temperature led to interesting
surface reconstructions precursing a Mars-van-Krevelen cata-
lytic route for 2-propanol oxidation at the interface.

To elucidate the controversial role of water in catalytic pro-
cesses, more insight is needed into the properties of interfacial
water. In this work, we use ab initio molecular dynamics simu-
lations to investigate the adsorption and dissociation of a thin
water film of 24 molecules on the A- and B-terminations of the
Co;0, (111) surface. Such an amount of water could be
observed on many oxides under ambient conditions.”® We
investigate the structure of interfacial water and the water
induced relaxations of the underlying substrates: the magni-
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tude of these relaxations as well as their driving force.
Additionally, we investigate the proton transfer to the surface
and within the water film as well as the hydrogen bond
network at the interface.

2. Computational procedure and
material systems

The surfaces were created from the Co;0, bulk spinel structure
described in ref. 25 and 26. Cleaving the bulk along the (111)
plane leads to the formation of the so-called A- and
B-termination®” displayed in Fig. 1. The surface models are
stoichiometric, consisting of slabs of 13 layers followed by a
vacuum region of 25 A. One can distinguish two different
layers of cobalt atoms on either side of layers of oxygen atoms.
On the one hand, there are layers containing only octahedrally
coordinated Co** atoms (layers L2, L6, and L10) and on the
other hand, there are buckled atomic planes where one-half of
Co consists of tetrahedrally coordinated Co®>* and the other
half is made up of octahedrally coordinated Co®>" atoms (L0,
L4, L8, and L12).

In each case, the bottom 5 surface layers were frozen at
bulk positions while the remaining part of the slab together
with the water film adsorbed asymmetrically was allowed to
relax. Because of the asymmetry imposed by the one-sided
adsorption and freezing part of the slab, a dipole correction
was applied to cancel the electric field gradient in the vacuum.
An orthorhombic supercell with a (2 x 2) periodicity in the
lateral directions x and y with the dimensions 19.81 A x
11.44 A x 40.0 A was used for both terminations to perform
molecular dynamics simulations.

Spin polarized Born-Oppenheimer molecular dynamics
(MD) simulations were performed at the I' point using the
CP2K/Quickstep package.”® NVT conditions were imposed on
the system using a Nosé-Hoover thermostat with a time con-
stant of 1 ps and a target temperature of 300 K. The molecular
dynamics trajectories were propagated at a time step of 0.5 fs
for a total simulation time of 20 ps. Though most of the
systems appear to be reasonably equilibrated from 5 ps (see
Fig. S1-S6 in the ESIf), the properties reported in this study
were computed considering the last 10 ps of the simulations.
Within this time interval, we observed long-lived binding
motifs in the contact layer as well as interfacial proton
transfer.

Exchange and correlation effects were treated within the
PBE formulation®® of the Generalized Gradient Approximation
(GGA) plus a Grimme D3 correction®® to efficiently describe
dispersion interactions. The Hubbard correction®! term (U = 2
eV) was used for a correct description of Co 3d states. The 3s,
3p, 3d, and 4s electrons of Co atoms and the 2s and 2p elec-
trons of O atoms were treated as valence electrons, and the
core electrons were described with Goedecker-Teter-Hutter
(GTH) pseudopotentials. Double-{ quality local basis functions
with one set of polarization functions (DZVP) together with
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Fig. 1 Side view of the A- and B-terminations of the CozO, (111) surface (A and B). Co®* ions are displayed in purple, Co?* ions in green, and
oxygen in red. The atomic layers are labeled on the left. Layers L6—-L12 are kept frozen in all studies. The corresponding top views with different

types of surface oxygens are shown below (C and D).

plane waves with a cutoff of 500 Ry were used to constitute the
basis sets.

3. Results and discussion
3.1. A-termination

3.1.1. Structure of interfacial water

State of dissociation of water and active sites occupation. Fig. 2
(A) shows the structure of the water film on the A-terminated
Co030, (111) surface after 20 ps. Water molecules adsorb on
this termination via covalent bonding between the top cobalt
ions and water oxygens as well as hydrogen bonds to the
surface oxygens. Only one water molecule out of the 24 which
are present in the water film dissociates, whereby further
short-lived dissociation events could be observed during the
simulation time.

To investigate this in more detail, the density profiles and
the radial and bond angle distributions of the topmost cobalt
atoms in layer LO to the bonded oxygen atoms were calculated.
The density profiles of the oxygen atoms of the water mole-
cules are displayed in Fig. 2(B) and show three distinct peaks.
The first one located at 2.1 A can be assigned to the water
molecules, which adsorb on Co”* ions and form a hydrogen
bond to a nearby surface oxygen as well. The second peak at
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2.6 A represents water molecules, which either adsorb on a
cobalt ion or form a hydrogen bond to the surface. The third
peak at 4.2 A represents the physisorbed water molecules.

Three peaks can also be observed for the density profiles of
hydrogen atoms of water. These are located at 1.6 A, 2.8 A and
5.1 A respectively. The peak at 1.6 A can be assigned to the
protons transferred to the surface and the hydrogen of water
forming hydrogen bonds to the surface. These peaks overlap
because the oxygen atom of the surface to which the proton
binds protrudes by about 0.5 A as the red tail illustrates. The
peak at 2.8 A illustrates the hydrogen atoms involved in hydro-
gen bonding within the water film, and the one at 5.1 A rep-
resents the hydrogen atoms of the physisorbed water
molecules.

Table 1 lists the integrals of the density profile for the
different species. It can be seen that only a small proportion of
the water molecules (2.6 out of 24) adsorb on the cobalt atoms
and at the same time form a hydrogen bond to the oxygen
atoms of the surface. The largest proportion of water mole-
cules (19.4 out of 24) exhibit only one of the above-mentioned
binding modes and the remaining proportion (2.0 out of 24) is
physisorbed. Among the hydrogen atoms, 14.8 out of 48 are
either transferred to the surface or form a hydrogen bond to
the surface. More precisely, on an average only 1.25 of the
hydrogen atoms are transferred to the surface and the rest

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) The A-terminated CosO,4 (111) topmost surface layers in

contact with a water film of 24 molecules. Top, side and front views of
the final equilibrium trajectory. (B) Density profiles of the topmost
surface cobalt and oxygens, as well as the oxygens and hydrogens of
the water molecule. The center of mass of layer L1 is chosen as the
reference.

Table 1 Integrals of the density profiles of the oxygen atoms O,, and
the hydrogen atoms H of the water molecule and bond assignment for
the A-terminated (111) Cos0,4 surface

Integration
Atom type range (A) Integral Assignment
O, 0.0-2.25 2.6 H,O — Co?" + H-O,~H-04
O, 2.25-3.5 19.6 H,O0 — Co*'/H-0,,~H-Oy
Oy 3.5-6.0 2.0 H,O physisorbed
H 0.0-2.15 14.8 H' 04/H-0,,~H-O4
H 2.15-4.4 31.8 H-0,,-H-0,,
H 4.4-6.0 1.5 H,0 physisorbed

form hydrogen bonds to the surface. The majority of hydrogen
atoms (31.8 out 48) form hydrogen bonds within the water
film and a minority (1.5 out of 48) belong to the physisorbed
water molecules and point away from the surface.

To investigate the strength of interfacial bonds, the radial
distribution function of the topmost cobalt atoms to the
oxygen atoms of molecular water and hydroxide molecules is
shown in Fig. 3. It is seen that oxygen atoms of molecular
water and hydroxide molecules have bonding distances of 1.8
to 2.6 A to topmost surface cobalt atoms. The two molecules
are considered separately, the hydroxide molecules are located

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Radial distribution function of topmost Co?* atoms in layer LO to
the oxygen atoms of the water and hydroxide molecules (O,,) for the
A-terminated CozO,4 (111) surface, with projections on the intact water
molecules (O,H) and hydroxide molecules (O, H), respectively.

on an average at a distance of 1.9 A while the water molecules
have a distance of 2.1 A. The integral of the radial density dis-
tribution gives in total 9.9 water or hydroxide molecules che-
misorbed to the Co®>* ions, with an average of 1.2 molecules
per site.

The hydrogen bond network. For the analysis of the network
of hydrogen bonds and the dissociation of the adsorbed water
molecules, the radial density distribution of the different
oxygens to all hydrogens and the orientation of the water OH
vectors were calculated. A distinction is made between, on the
one hand, the oxygen atoms of the water and hydroxide mole-
cules denoted by Oy and, on the other hand, the surface
oxygen atoms denoted by Og; and Og,. The latter differ in the
following: only Co** atoms in layer L2 are bound to the O,
atoms, whereas the Oy, atoms bind to two Co®" atoms in L2 as
well as to one Co>" in layer LO (see Fig. 1, bottom left).

Fig. 4(A) shows the radial density distribution function of
the different oxygens to all hydrogens. All the different types of
oxygen have a peak between 0.8 A and 1.3 A. These denote the
hydrogen atoms of molecular water and those of hydroxide
molecules or the protons transferred to the surface Og; and
Og,. In addition, for some of the oxygens, a maximum is
observed between 1.3 A and 2.2 A which indicates hydrogen
bonds. From Table 2 that lists the corresponding integrals, it
can be observed that out of 48 hydrogen atoms considered in
the simulation, one is transferred to a surface oxygen of type
Os; and another one is temporarily transferred to a surface Og,
and it recombines later with a hydroxide molecule to form a
water molecule chemisorbed on a Co*' ion. The rest of the
hydrogen atoms constitute the intramolecular bonding within
molecular water and hydroxide molecules. The small deviation
of 0.02 above 48 shows that some hydrogens are present for a
short time within the radius of 1.3 A of two oxygen atoms. In
addition, from the number of hydrogen bonds listed in

Dalton Trans., 2024, 53,13184-13194 | 13187
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Fig. 4
vectors H,0,,, O, H and O¢H for the A-terminated CosO,4 (111) surface.

Table 2 Integrals of the radial density distribution of the oxygen atoms
Ow. Og; and Os; to the hydrogen atoms H for the A-terminated CozO4
(111) surface

Integration range Integration
Atom type (0.0-1.3 A) range (1.3-2.2 A)
H to Oy, 46.77 26.09
H to Og; 1.0 4.94
H to Os, 0.25 7.67
HtoO 48.02 38.7
A 0.6 T T T
0.5 .
0.4 - &
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p(cos B)

cos 0

(A) Radial density distribution of the different oxygen atoms O,,, Og; and Oy, to the hydrogen atoms. (B) Orientation of the different OH

Table 2, it can be seen that more protons are transferred to the
surface Og;, while the Oy, atoms form more hydrogen bonds to
the water molecules.

Fig. 4(B) shows the angle distribution of the OH vectors for
intact water and hydroxide molecules, as well as for surface
OH arising from proton transfer to the surface. Three maxima
can be observed for molecular water. They are located at —1.0
(180°), —0.7 (135°) and 0.2 (78°). Most of the OH vectors are
found in the vicinity of 78°. This indicates that intact water
molecules lie almost parallel to the surface with a slight tilt
out of the surface plane. These are the OH vectors forming the
hydrogen bonds between the adsorbed water molecules. The

B ss
3+ i
25 .
s 2+ 0 H,0 ]
8 24 H,0 -
5 151 Bulk .
1 b ]
05 | ]
o 7 b, L
-1 0.5 1

Fig. 5 (A) RDF of the topmost Co?* ions in layer LO to the surface oxygens. (B) Cosine of the corresponding bond angles on the A-terminated
Co304 (111) surface. In the presence of water, the water oxygens are considered as well. The prominent water binding motifs are also displayed (C

and D).
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maxima at —1.0 and —0.7 correspond to the hydrogen bonds to
the surface oxygen atoms. Meanwhile, water molecules
adsorbed on the cobalt atoms do not point directly to the
surface and can therefore be assigned to the maximum at
—0.7. The hydrogen atoms of the hydroxide molecules point
away from the surface.

Only one proton is transferred to the oxygen atom Og; and
another short-lived one to the O, atom for a duration 1.25 ps
on an average after which it recombines to form molecular
water. The former occurs ~2.5 ps after the beginning of the
simulation and the resulting surface OH remains until the end
of the simulation, while in the latter case, the proton is trans-
ferred back and forth and recombines twice, within an ~5 ps
time interval. The corresponding lifetimes read 0.9 ps and
1.5 ps, respectively (see Fig. S2 in the ESI}). Thus, a degree of
dissociation in the contact layer of 13% can be calculated from
a total of 9.9 chemisorbed water molecules, of which 1.25 are
dissociated.

3.1.2. Substrate structural response to water adsorption.
Unlike on the A-terminated CozO4 (001) surface,'® no recon-
struction is observed for the A-terminated Co;0, (111) clean
surface. However, the cobalt atoms in the topmost layer (LO)
move significantly closer to the topmost surface oxygens than
those in the bulk. This can be seen from the corresponding
radial density distribution functions (RDF) displayed in Fig. 5
(left). For the clean A surface, the RDF shows significantly
reduced bond distances between the Co®>* ions and the
oxygens (1.75 A instead of 1.95 A vs. in the bulk). Upon adsorp-
tion of water molecules, higher Co**-O, distances can be
observed (1.8 A). This is due to the higher coordination
number of Co®>". As reported in Table 3, this coordination
number increases from the value of the clean surface of 3 to
4.2 and stems from the adsorption of 1.2 water molecules per
Co”" site.

For deeper insight into the water induced relaxations, we
further investigated the changes in the bond angles between
the topmost Co>* ions and their neighboring oxygen atoms at
the interface, including the surface O as well as the O in the
water film in contact with the surface. Their cosine distri-
bution is shown in Fig. 5 (right). A shift in the cosine value is
observed from —0.33 to —0.45 after relaxation of the bulk
surface. This corresponds to an angle shift from 109.5° to 117°
and refers to a change from a bulk 4-fold to 3-fold coordi-
nation of Co®" ions on the clean surface. Upon adsorption of
water, the cosine distribution shows three peaks. A peak at
—0.33 (109.5°) that can be assigned to tetrahedrally co-
ordinated Co®" ions (4-fold coordination) and two peaks at

Table 3 Integrals of the radial distribution function of Co?* with the
oxygen atoms of the surface O, and the water molecule O,, for the
A-terminated (111) Coz0,4 surface

Coverage Co**-04 Co**-0,, Co**-0
0 3.0 — 3.0
24 3.0 1.2 4.2

This journal is © The Royal Society of Chemistry 2024
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—0.97 (166°) and 0.07 (86°) originate from 5-fold coordinated
Co®". While these two peaks could both be assigned to the
bond angles between surface oxygens, Co>" and water oxygens
(04-Co**-0,,), the one at 0.07 is assigned exclusively to the
bond angles between the Co®>" and water molecules only (O~
Co*™-0y).

3.2. B-termination

3.2.1. Structure of interfacial water

State of dissociation of water and active sites occupation.
Snapshots of the final equilibrium trajectory of the structure of
water on the B-termination after a simulation of 20 ps are shown
in Fig. 6(A). This termination shows the Co®" and Co®* ions on
the outermost surface layer. Water binds mostly to the Co*" ions
and only a small amount of water molecules bind to the Co**
ions. Two different types of oxygen atoms are present on the
surface, the 4-fold coordinated oxygens, Oy, which bridge the
Co® and Co®* ions in layer LO, and the 3-fold coordinated
oxygens, Oy, which are only connected to the Co®* ions in layer
L2. These can be distinguished in Fig. 1 (bottom right) where the
Og; atoms are located on the edges of the hexagons, while the O,
atoms are located in the center of the hexagons. Of the 32 oxygen
atoms in layer L1, 24 can be assigned to type Oy and 8 to type

z[A]

Fig. 6 (A) The B-terminated CozO, (111) topmost surface layers in
contact with a water film of 24 molecules. Top, side and front views of
the final equilibrium trajectory. (B) Density profiles of the topmost
surface cobalt and oxygens, as well as the oxygens and hydrogens of
the water molecule. The center of mass of layer L1 is chosen as the
reference.
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Os,. A proton is transferred to all 3-fold coordinated O, atoms
upon dissociation of a water molecule. No hydrogen bonds to the
surface oxygen atoms are observed.

The density profiles for the oxygens and hydrogens of the
water and hydroxide molecules are shown in Fig. 6(B). The

0.9 .

0.7 -
0.6 -

C03+
C02+ .

dcod*-o,,

03 - 3
0.2 -
0.1 a

0 L L
15 2 25 3

r[A]

35

Fig. 7 Radial density distribution of the Co®* and Co** ions in layers LO
and L1 to the oxygen atoms of the water molecule O, for the
B-terminated Coz0,4(111) surface.

Table 4 Integrals of the density profiles of the oxygen atoms O,, and
the hydrogen atoms H of the water molecule for the B-terminated
Co304 (111) surface area

Atom type  Integration range (A)  Integral  Assignment
O, 0.0-3.2 20.1 H,0/OH — Co*'/Co®*
Oy, 3.2-6.0 3.9 H,0 physisorbed
H 0.0-1.2 8.0 H+ O
H 1.2-3.1 19.4 H-O,-H - O,
H 3.1-4.2 19.2 H-O,,-H - 0,,/0,,—H
H 4.2-6.0 1.4 H,0 physisorbed
A

=

o

[=2]
Fig. 8

vectors H,0,,, O, H and O4H for the B-terminated Coz0O,4 (111) surface.
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oxygens show two peaks centered at 2.7 A and 3.7 A. These can
be assigned to the water and hydroxide molecules chemi-
sorbed to the cobalt atoms (2.7 A) and to the physisorbed
(3.7 A) molecules, respectively. Four different types of hydro-
gen atoms are present at the interface. Hydrogen atoms rep-
resented by the peak at 0.85 A originate from the protons
transferred to the surface Og,. Water and hydroxide molecules
adsorbed on the cobalt atoms form hydrogen bonds among
each other; the hydrogens involved in this bonding constitute
the peak located at 2.7 A. The peak at 3.4 A represents hydro-
gens which either form hydrogen bonds to the physisorbed
water molecules or those of hydroxide molecules. Hydrogens
of the physisorbed water molecules are furthest away from the
surface (4.7 A).

Fig. 7 shows the radial distribution functions for the Co**
and Co®" atoms with respect to the oxygens of the water and
hydroxide molecules. It can be seen that water and hydroxide
molecules adsorb on the Co*" and Co®" ions. This is supported
by the peaks extending from 1.8 A to 2.5 A. Hydroxide mole-
cules are located at 1.95 A and are about 0.2 A closer to the
cobalt atoms than the water molecules. The integrals reported
in Table 4 show that a total of 17.5 molecules are adsorbed on
the Co** ions, of which 7.8 are hydroxide molecules and 9.7
are intact water molecules. Only one water molecule adsorbs
on the Co®" ions.

The hydrogen bond network. The radial density distribution
of the different oxygens to the hydrogen atoms and the orien-
tation of the different OH vectors are shown in Fig. 8. Like on
the A-termination, the segment of the radial distribution func-
tion extending from 0.8 A to 1.3 A can be assigned to the
hydrogens forming intramolecular bonds, while those in the
range between 1.3 A and 2.2 A can be assigned to those
involved in hydrogen bonding. Exactly 8 hydrogen atoms were
transferred to the 8 Og,. No further protons were transferred to
the surface (see Fig. S2 in the ESIt). The water molecules form
only hydrogen bonds with each other and not with the surface.
This can be explained by the fact that after transferring
protons to the surface Og,, all oxygens on the surface are 4-fold

1.8 F
16 - 1

1.2

H,0
OoyH ——
OGH

p(cos 6)
-

0.8 |-

0.4 A
0.2 -
-1 -0.5 0 0.5 1

cos 6

(A) Radial density distribution of the different oxygen atoms O,,, Os; and Os; to the hydrogen atoms. (B) Orientation of the different OH
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Table 5 Integrals of the radial density distribution of the oxygen atoms
Ow. Og1 and Og; to the hydrogen atoms H for the B-terminated (111)
Co3z0, surface

Integration range Integration range

Atom type (0.0-1.3 A) (1.3-2.2 A)
Oy 40.10 30.34
Oy 0.00 0.00
0Oy, 8.00 0.00
o) 48.10 30.34

coordinated (see Table 5). This is also supported by the orien-
tation of the OH vectors. Only a few OH vectors point in the
direction of the surface. Most OH vectors of the water mole-
cules are perpendicular to the surface normal and form hydro-
gen bonds within the water film. The OH vectors of the hydrox-

A os
0.5 | C02+
0.4 |
I 0 H,0
& 03] ‘ 24 H,0 ——
> Bulk
0.2 |

"L\ )

16 18 2 2.2 24 2.6 2.8 3

r[A]
C 35
3 !
C02+
25 |
T 2 0 H,0
8 24 H,0
& 15/ Bulk
1 F
0.5
0
-1 0.5 1
E
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ide molecules and the transferred protons point out of the
surface plane.

3.2.2. Substrate structural response to water adsorption. To
investigate the surface relaxations on this termination, the
Co®" and Co** ions in layer LO are considered. Their radial
density distribution to the surface oxygens is displayed in
Fig. 9(A). Similar to the A-terminated surface, the Co**-O,
bonds are significantly shortened compared to their bulk
counterparts. This feature is reduced by water adsorption
which elongates the Co**-O; bond distances. This can be
explained by the increase in the coordination number as
shown in Table 6. The same observations apply for the Co**-
O; bonds as shown in Fig. 9(B).

From Fig. 9(C) that shows the O-Co-O bond angle distri-
bution, it is seen that the O-Co**~0 bond angles shift to flatter
values on the clean surface, similar to what was observed in

B 12 .
1t Co3+
0.8 |
I 0 H,0
4 0.6 24 H,0 ——
= Bulk
0.4 |
0.2 |
o -
16 1.8 2 22 24 26 28 3
r[A]
D
Co®*
) 0 H,0
8 24 H,0
=4 Bulk ——
0.5 1

Fig. 9 Radial density distribution of the Co?* (A) and Co®" (B) atoms of position LO to the oxygen atoms O, for the B-terminated CozO,4 (111)
surface. (C and D) Cosine of the bond angles between the topmost cations and their nearby oxygen atoms with an illustration of the distorted octa-
hedral coordinative environment. In the presence of water, the water oxygens are also considered. The prominent binding motifs of water are also

displayed (E, F and G).
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Table 6 Integrals of the radial density distribution of Co?* and Co®* with the oxygen atoms of the surface O, and the water molecule O,, for the

B-terminated (111) CozO,4 surface

Coverage Co**-0y Co**-04 Co**-0,, Co**-0,, Co**-0 Co**-0
0 3.0 3.0 — — 3.0 3.0
24 3.0 3.0 0.1 2.2 3.1 5.2

the case of the A-terminated surface. While, the cosine of the
0-Co*"-0 bond angles for the clean surface shows only one
peak located at 0.1 (84°), as illustrated in Fig. 9(D), three peaks
can be observed in the bulk and are assigned to the opposing
oxygen atoms (180°), the oxygen atoms of the neighboring
tetrahedral voids (<90°) and those of the opposite tetrahedral
voids (>90°). In the case of the (111) surface, the opposite tetra-
hedral voids are not occupied, which explains why only one
peak can be observed (see Fig. 9 (D)).

It can be seen that the angle distribution for the 0-Co**-O
bonds barely changes with water adsorption. This can be
explained by the fact that a water molecule is bound to only
one of the Co”>* atoms, which can be seen in the range around
0 (90°). In contrast, the bond angles of the Co®>" atoms change
significantly. Upon adsorption of water, the cosines of the
bond angles converge to their bulk counterparts, with three
peaks slightly above and below 0 (>90° and <90°), and one
peak near —1 (180°). Due to the anion parameter of cobalt
oxide of 0.263 (vs. 0.25 in the ideal case), the octahedral
coordination of the Co®" ion is distorted, which is reflected in
the bond angles of the coordinating oxygen that are found
above and below 90°.

The (111) plane separates the oxygen atoms, which are
closer together due to the widened tetrahedral voids and therefore
have a bond angle below 90°. The distortion of the octahedral
void is illustrated in Fig. 9(D). In the upper picture, the origin of
the angles a (<90°) and $ (>90°) is shown on the left-hand side of
the angle distributions. From its perspective view, only 4 oxygen
and Co®" atoms of the octahedral void are visible, because the
additional 2 oxygens in the bottom left and top right are perfectly
aligned. This can be seen in the second picture below, which
shows the structure from a slightly tilted perspective. On the
clean (111) surface, only the narrower bond angles can be
observed on the topmost layer. The following bonds can therefore
be assigned to the three peaks on the surface with 24 water mole-
cules: the peak at 0.2 (78°) corresponds to the O—Co**-O, bond
angles, while those at —0.1 (84°) and —1 (180°) correspond the
0,-Co*"-0,, bond angles. In addition, a minimum can be
observed at 0 in the bulk. This peak is significantly higher on the
surface occupied by water.

4. Conclusions

AD initio molecular dynamics simulations were used to investi-
gate the monolayer regime of water on the A and B termin-
ations of the Co;0, (111) surface. The structure of interfacial
water and the magnitude as well as the driving force of water

13192 | Dalton Trans., 2024, 53, 13184-13194

induced relaxations of the underlying substrates were investi-
gated. We also looked at the proton transfer to the surface, the
occupation of active sites and the hydrogen bond network at
the interface. The B-termination is found to be more reactive
with a larger dissociation degree and higher occupation of
active sites.

On the clean A-terminated surface, Co>"-O, bonds are shor-
tened compared to bulk values and the Co®" ions are co-
ordinated with oxygens in a trigonal-planar geometry. These
effects are reduced by the adsorption of water. 1.2 water mole-
cules bind per Co>". On the 8 surface adsorption sites, only 9.9
water or hydroxide molecules out of 24 are chemisorbed. A dis-
sociation degree of 13% is observed in the contact layer with
water. During dissociation, the water molecules transfer their
proton to the 3-fold coordinated Og; and 3-fold coordinated
Os,. However the surface OH formed upon proton transfer to
O, is not stable and the H' recombines to an OH- in the
water film shortly after. The binding mode of water on this
surface combines Co®"-0,, covalent bonds and hydrogen
bonds to the surface. 12.7% of the H-bonding is formed with
surface Og; and 19.8% with Og,. The hydrogen bond network
is dominated by the interaction among the water molecules in
the aqueous film (67.4%). Of the 9.9 chemisorbed water mole-
cules, 1.25 are on an average dissociated. This corresponds to
a degree of dissociation of 13% in the contact layer.

On the B-terminated surface, a shortening of the Co**-Oj
with respect to bulk bonds and a nearly tetragonal-planar
coordination of the Co>" atoms are also observed. Similarly,
like on the A-termination, these features are barely lifted upon
adsorption of water. The Co>*-Og bonds are also shortened on
the clean surface, but water adsorption elongates these bonds
beyond the bulk value. This is explained by the fact that water
molecules barely bind to the Co®" ions, whereas on the Co>*
ions, the occupation number reads 2-3. This results in the for-
mation of octahedrally coordinated Co**. Such a complex was
observed experimentally in ref. 21. 17.5 water adsorbates out of
24 are present in the partially dissociated contact layer, with a
degree of dissociation of 46% per surface cell. The corres-
ponding 8 water molecules that dissociate transfer their
proton exclusively to the O, atoms, leaving them saturated. No
hydrogen bonds to the surface are observed and the adsor-
bate-substrate interaction is almost exclusively made of Co**-
O,, bonds. Also, the hydrogen bond network at the interface
involves only molecules in the water film. This is a capital
information that could be of importance for studies on water
electrolysis as the O-H binding and spectroscopic signatures
are known to depend on the surface composition and the
electrochemical environment at the interface.?
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