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Abstract

Identifying the surface species is critical towards a realistic understanding of sup-
ported metal catalysts working in water. To this end, we have characterized the surface
species present at a Ru/water interface by employing a hybrid computational approach
involving an explicit description of the liquid water and a possible pressure of Hy. On
close-packed, most stable Ru(0001) facet, the solvation tends to favor the full dissocia-
tion of water into atomic O and H in contrast with the partially-dissociated water layer
reported for ultra-high vacuum conditions. The solvation stabilization was found to be
as high as -0.279 J.m? which results in stable O and H species on Ru(0001) in presence
of liquid water even at room temperature. Conversely, introducing even a small Ha
pressure (1072 bar) results in a monolayer of chemisorbed H at the interface, a general
trend found on the three most exposed facets of Ru nanoparticles. While hydroxyls
were often hypothesized as possible surface species at the Ru/water interface, this com-
putational study clearly demonstrates that they are not stabilized by liquid water and

are not found in realistic reductive catalytic conditions.
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The Ru/water interface has been extensively studied as a prototypical system to under-
stand the interaction of water with metals.!™" Using first principles calculations, Feibelman
showed that the wetting layer on Ru(0001) was not a water bilayer analogous to those form-
ing ice-Ih, but rather a partially-dissociated layer comprising HoO/OH hexagonal patterns
with H atoms occupying the empty top sites.® This structure was more stable and in bet-
ter agreement with previous LEED structural analysis by Held and Menzel.? Revisiting the
thermal desorption of water on Ru(0001), Denzler et al. confirmed the dissociative adsorp-
tion, at least for a small amount of water.® Michaelides et al. showed that the barrier to
break the O-H bond on Ru(0001) was 50 kJ-mol~!within the water bilayer vs. 80 kJ-mol~!
found for an isolated water molecule.!! Still, water dissociation was shown to be an activated
process, with a barrier sligthly larger than water desorption.'? More recently, Schilling et
al. used STM experiments to highlight that this dissociation is thermally induced around
100-120 K. '3 In summary, the formation of the partially-dissociated water layer on Ru(0001)
is now a well-established phenomenon above 120 K in ultra high vacuum conditions.

These surface science studies put forward the possible formation of Ru(OH), species on
supported-Ru nanoparticles in water. The presence and, in turn, the potential influence of
these hydroxyl species is, however, controversial as they were hypothesized to account for

4 as well

both the catalyst deactivation observed for hydrogenation of butan-2-one in water!
as the remarkable efficiency of supported-Ru catalysts to hydrogenate carbonyl compounds
in aqueous phase.'® This enhanced efficiency of supported-Ru catalysts for hydrogenation
of carbonyl compounds in water was alternatively explained in terms of a solvation effect
involving interaction of adsorbed H,O species with the reaction intermediates. 7 This sol-
vation effect was also observed for the reverse water gas shift reaction catalyzed by Ru where
CO, is reduced into CO by a pressure of H,.'® Moreover, the partially-dissociated surface
water on Ru(0001) was shown to be surprisingly acidic using NH3 as a probe molecule.!?

In short, identifying the species exposed at the Ru/water interface appears critical to better

rationalize the unique ability of Ru to perform catalysis in water.



The stability of hydroxyl group at the Ru/water interface is likely strongly influenced
by the presence of liquid water, the temperature (400-500 K) and the possible presence of
H, (0-50 bar). In stark contrast, surface science studies are performed under ultra-vacuum
conditions at low temperatures. Bridging the gap to more realistic reaction conditions of tem-
perature and pressure is needed, including conditions where water is liquid. A first attempt
in that direction was the study by Messaoudi et al.,?’ who investigated computationally the
effect of a second water layer on the relative stability of intact and partially-dissociated
(mono-)layer on Ru(0001). They found that the wetting by second layer is more favorable
for the partially-dissociated layer than for the intact one. Using ab initio molecular dynam-
ics, water molecules were found to dissociate at 300 K at the interface between Ru(0001) and
a slab of liquid water,” in contrast with Pt and Pd where the water molecules stay intact.
On the other hand, under oxidative (electro-)catalytic conditions, water dissociation is not
only observed over Ru, but over most metals. %2122 Still, the effects of temperature and a
pressure of Hy were not included, and the influence of solvation by liquid water will likely
differ from a frozen water layer. To tackle this issue, we propose here to extend DFT-based
ab initio atomistic thermodynamics (AITD) to the identification of surface species at the
metal /water interface. AITD is a well-established technique to study the relative stability
of a solid phase in contact with a gas phase environment at specified temperature and pres-
sure.?3 To achieve a more accurate description of solvation phenomena, we complement the
AITD model with solvation energies obtained by a QM /MM model developed by some of
us. 24

We have focused on the three most-exposed Ru facets based on a Wulft construction in
the gas-phase, namely Ru(0001) (16%), Ru(1010) (21%) and Ru(1011) (43%).?> To identify
the surfaces species when these facets are in contact with water and/or Hy, we have applied

the following methodology:

1. Generate configurations exposing a mixture of H, O, OH and HO on each facet using

symmetric slab model;



2. Optimize and extract their relative stability at the GGA-PBE level including a density-

dependent dispersion correction (dDsC);26:7

3. Compute the relative Gibbs free energy using AITD to include the effect of the envi-
ronment (Hy, HyO). When water is considered as liquid, a solvation term AGye, is

added to the relative Gibbs free energy (see below).

To generate the collection of configurations, we first identified the distinct adsorption
sites available on the surface of each facet (see Fig. S3). We then calculated the adsorption
strength of different isolated species on each surface (see Table S3). Subsequently, based on
the preferred type of adsorption site (fcc, hep ete.) we generated a database of the surface
configurations for the three facets by random placement of the adsorbates on suitable surface
sites (more details in Supporting Information (SI)). In addition to the random configurations,
the adsorption of O and H atoms was systematically studied at each level of coverage for
all three facets. The intact and partially-dissociated water layers on Ru(0001)® were also
included in the data set. In total, this database included 316 structures on Ru(0001), 261
on Ru(1010) and 311 on Ru(1011) . The correction term for solvation (AG,y,) was added
to at least 100 most stable configurations on each facet.

As a first case, we consider the Ru(0001) /water interface in absence of Hy (or any other
source of O and H) and with or without solvation. The subcase without solvation amounts
to water being in vapor phase and has been extensively studied using surface science?10:13.28
and DFT.%!120 Notably, this condition limits the surface configurations to only those with

an O:H ratio of 1:2; and the stability of a given configuration relative to a reference is given

by,
1

AG s (T) = 54

(G — Grep — Anmopim,0 (1) + AG o] (1)

where A is the area of the slab supercell; G is the Gibbs energy of this configuration; G
is the Gibbs energy of a potentially arbitrary reference configuration on the same facet, on

Ru(0001) e.g. it was taken to be the partially-dissociated water monolayer proposed by



Fiebelmann;® Ang,o is the number of water molecules to fulfill the stoichiometry between
reference and given configuration and py,o is the chemical potential of water that is fixed by
the experimental saturation vapor pressure of water which, in turn, is fixed by the tempera-
ture, the only thermodynamic parameter required for this case. The solvation term AG gy,
is computed using our MMSolv scheme?* as the difference in solvation energies between the
reference and the targeted configuration. Computationally, this was achieved at MM level by
implementing an alchemical transformation between the two configurations based on ther-
modynamic integration. In the remaining text, this quantity is reported for a symmetric
slab in kJ-mol~'and/or in J.m™2. More details on MMSolv scheme are provided in the SI.
In Figure 1 we report AG,qs as a function of temperature with (right) and without
(left) solvation along with the top view of the most stable phases for Ru(0001) based on 111
configurations in our dataset that have the required O:H ratio. For the familiar subcase with
no solvation, below ~ 340 K, the most stable phase is the partially-dissociated monolayer of
water, consistent with previous studies.®!® Above this temperature the most stable phase
was found to be a configuration with two water molecules fully dissociated and O and H both
binding to hcp hollow sites. Surprisingly, configurations with OH species do not appear in
the stability plot above 340 K and a full dissociation of water is thermodynamically preferred.
This can be rationalized based on the tendency of water to easily split on Ru(0001) and the
entropic gain achieved by more water being in the vapor phase as the temperature increases.
When solvation is invoked to better mimic the solid/liquid interfaces found in heterogeneous
catalysis, the fully-dissociated configuration is the most stable at all temperatures, which
can be attributed to its strongly stabilizing solvation free energy (AG o= -191 kJ-mol™'=
-0.279 J.m~?). Similar behavior was observed on other two facets considered in this study.
In summary, this result indicates that water is prone to full dissociation at the Ru(0001)
surface and that this dissociation is enhanced by solvation i.e. the presence of liquid water.
Now, we move to the situation where the Ru surfaces are in contact not only with

water but also Hy. This allows relaxing the constraint of O:H ratio required for previous
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Figure 1: Adsorption free energy as a function of temperature in (left) water as a vapor at
saturation pressure and (right) water as liquid in equilibrium with its vapor on Ru(0001).
The value at each temperature corresponds to the most stable phase which are shown on the
plot. AG.4s value of 0 corresponds to the reference state which is the partially-dissociated
water layer shown on left plot.

case and all possible combinations of H/O/OH/H20 could potentially occur on the surface.
Consequently, Eq. 1 can be generalized as:

1

AC;aals (Tvp) = 214

[G - Gref - AnH/JJH (T7 p) - AnO,uO (T7 p) + AGSOlU] (2)

where puy (T,p) is the chemical potential of H controlled by the pressure of Hy and tem-
perature; uo (T, p) is the chemical potential of O controlled by the chemical potential of
w0 (T') via pm,o (T) = um, (T,p) + po (T, p), which is valid at thermodynamic equilib-
rium. Notably, introduction of Hy introduces another thermodynamic parameter and the
2-dimensional phase space is now defined by temperature and pressure of H.

Figures 2, 3 and S4 show the most stable adsorption configurations and the corresponding
stability domains for Ru(1010), Ru(0001) and Ru(1011), respectively. We report the stability
map without and with the solvation contribution AG,,, to contrast two cases: (i) water as
a vapor at saturation pressure, (ii) water as liquid in equilibrium with its vapor. The first
case can also be seen as a solid /liquid interface model including only the first layer in contact
with the solid.

On all three surfaces, the presence of a pressure of Hy above 1072 bar is enough to cause
a monolayer of H in the whole range of temperature (290-640 K), independently of the
treatment of water (as vapor at the saturation pressure or as liquid). The second most

stable surface topology at lower py, depends on the type of facet. On the most exposed
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Figure 2: The most stable adsorption geometries of HoO/OH/O/H on Ru(1010) exposed
to a pressure of Hy and the corresponding T-p maps displaying the stability of different

adsorption phases in (left) water as vapor at saturation pressure and (right) water as a
liquid in equilibrium with its vapor.
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Figure 3: The most stable adsorption geometries of HoO/OH/O/H on Ru(0001) exposed
to a pressure of Hy and the corresponding T-p maps displaying the stability of different

adsorption phases in (left) water as vapor at saturation pressure and (right) water as a
liquid in equilibrium with its vapor.



facet Ru(1011), the monolayer of H switches suddenly to a monolayer of O (Figure S4).
Including solvation by liquid water does not change this behavior and only increases the
stability domain of the O monolayer due to a greater stabilisation (the O monolayer is more
stabilized than the H monolayer by 0.323 J.m~2, see Table S4). On the second most exposed
facet Ru(1010), OH groups can be found in a variety of O/H/H,O environments (as in 3-6
and 12-13). Interestingly, the stability domain of 3, which is constituted of OH, O and
H, increases upon solvation at the expense of H-covered configurations (1 and 2) but also a
O-covered structure (7). This can be directly related to the greater stabilisation by solvation
of 3 relative to the others (by at least 0.143 J.m ™2, see Table S5). Lastly, on the most stable
Ru(0001) facet, the second best configuration (5) includes not only O and H but also OH
and H,O. It is replaced by 2 and 3 upon inclusion of solvation, a configuration that includes
only O and H, confirming again that liquid water is more susceptible to full dissociation than
saturated water vapor on Ru(0001). In short, supported-Ru nanoparticles exposed to water
would be mainly covered by H and exhibit hydroxyl groups on Ru(1010) and O species on
the other two facets . However, the OH and O concentration will be considerably reduced
by the presence of a pressure of hydrogen (above 0.1 bar at 500 K).

To better understand how the presence of liquid water modifies the Ru/water inter-
face, we further investigated the variation in solvation between typical configurations on the
three facets considered.?* To start, we studied thermodynamic cycles (Figure 4) for typical
adsorption structures on all three facets to validate the MMSolv scheme. We found that
the MMSolv approach is self-consistent (the sum of the values along horizontal arrows is
equal to the value along the curved arrow) within a small 2 kJ-mol™'error, demonstrating
satisfactory convergence of the results. Noticeably, the monolayer of H,O is systematically
less solvated than a monolayer of H or a monolayer of O on all three surfaces. The biggest
change in solvation (AG,y, = -177 kJ.mol!) is observed when going from H,O-Ru(1011) to
H-Ru(1011) . In other words, two chemisorbed H are better solvated than one chemisorbed

water molecule by ~ 15 kJ-mol™!. At first sight, this is rather counter-intuitive since more



interactions (hydrogen bonding) are expected between liquid water and chemisorbed water
than between liquid water and a monolayer of H. However, changes in water structuring at

the interface can also be responsible for the observed variation in solvation.
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Figure 4: Error assessement of the MMSolv approach. The values are AG,, in kJ.mol™.

To understand these unexpected effects of solvation, we analyzed the structure of MM
water above the Ru(0001)-adsorbate surface. First, we looked at the distribution of O-WAT
and H-WAT atoms present in liquid MM water as a function of distance from the metallic
surface. The corresponding graphs are given in Figure S5 for H,O-Ru(0001), H-Ru(0001),
O-Ru(0001) and the configuration 2 that was found to be stabilized by solvation (see Figure
3). This configuration contains two fully dissociated water molecules and is tagged O-
H-Ru(0001) in the remaining text. Looking at the shape of the distribution curves, one
immediately sees that they all converge to 1 for O-WAT, 2 for H-WAT far from the surface,
which is the expected bulk-like behavior. Secondly, all the curves involve a first peak which
shows an accumulation of the water at the interface and can be characterized by the distance
at which O-WAT shows highest value (Xpeak). An estimate of the number of water molecules
in the first layer, Np,0, is obtained by calculating the area under this first peak. These
numbers, along with AG,,, values, have been tabulated in Table 1. As shown in Table S7,
these quantities are not sensitive to the charge rescaling in the MMSolv calculations.

In the reference interface (HoO-Ru(0001)), the first layer is dense, containing 8.8 molecules

in a p(3x3) supercell and the density of O-WAT peaks at 5.17 A. For the three other in-

10



terfaces, which are better solvated, the first layer contains less water molecules than the
reference interface. However, a lower Xpeax found on those interfaces could account for a
more favorable AG,,,, indicating that the localisation of the hydration layer is key to the
strength of solvation of adsorbate-modified Ru surfaces. The variation in solvation from O-
Ru(0001) to H-Ru(0001), two starkly different interfaces, could be rationalized based on two
effects: (i) the smaller size of H allows water to approach closer to the surface, as indicated
by the smaller xpea value, which establishes a stronger H,O/Ru interaction resulting in
higher solvation (ii) high polarity of O-Ru(0001) surface induces undesirable structuring of
water over this interface which results in loss of solvation compared to H-Ru(0001). The
mixed O-H-Ru(0001) configuration has the highest free energy change of solvation, more
than that of H-Ru(0001) and O-Ru(0001) combined. Noticeably, this behavior was also
observed for other similar configurations with mixed O and H species on the surface. We
suspect that the O and H species on the surface act in a synergistic fashion to draw MM wa-
ter molecules closer to the surface in localized pockets (evidenced by the lowest X,eax value)
leading to a higher solvation. In particular, some water molecules can approach the surface
very closely above the H-covered zone to engage in hydrogen bonding with the surface O
atoms. A typical configuration is represented in Figure 5 where the hydrogen bonds are
highlighted using red dashed line (O...0 <3A, LOOH<20°).

Table 1: Position of the first density peak Xpeax, number of H,O molecules in
the first layer above the surface calculated as the integral of first peak in the
graphs given in Figure S5 and the corresponding solvation enthalpy change for
four adsorption configurations of Ru(0001).

Configuration Xpeak Nm,0 Dipole JAYEINS

(A) (e.A)  (kJmol™") (J.m™?)
H,O-Ru(0001) - Ref. 5.03 838 -0.07 0 0
O-Ru(0001) - 7 3.67 7.4 0.50 -39 -0.056
H-Ru(0001) - 1 334 6.6 -0.03 -93 -0.135
O-H-Ru(0001) - 2 274 6.8  0.14 -191 -0.279

In conclusion, we have studied the nature of surface species exposed at the Ru/water

interface as a function of the experimental conditions (liquid water, temperature, pressure of
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Figure 5: Representative snapshot of the O-H-Ru(0001)/water interface. Ru is shown in
green, O and H are shown in red and white, water molecules are shown using a ball-
and-stick representation, hydrogen bonds are highlighted using red dashed line (O...O<3A,
£OOH <20°, which corresponds to the default definition in VMD.)

H,) using computations. On three separate, most abundant facets of a typical Ru nanopar-
ticle, we find a H monolayer being the most stable adsorption topology in presence of a
pressure of Hy above 1072 bar in the whole temperature range of 290-640 K, independently
of the treatment of water (as vapor at the saturation pressure or as liquid). All surface
terminations, however, are prone to a partial or full oxidation at high temperatures if little
or no Hy pressure is supplied, exposing O and OH. Interestingly, liquid water favors the
presence of some surface OH on Ru(1010) , the second most exposed facet. Even if those
species are not the most exposed species, they may be exposed in large enough quantity to
affect a catalytic process. Importantly, liquid water is more prone to full dissociation than
expected based on surface science studies due to stabilisation of configurations mixing O and

H vs. mixing OH and H,O species on the surface.

Supporting Information Available

Computationnal details ; Thermodynamic formalism ; Ab initio data on single atom /molecule
adsorption used in the random phase generator ; complementary data on solvation.
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