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ABSTRACT: We offer a comprehensive approach to determine how
physical confinement can affect the water formation reaction. By using free-
standing crystalline SiO, bilayer supported on Ru(0001) as a model system,
we studied the water formation reaction under confinement in situ and in
real time. Low-energy electron microscopy reveals that the reaction proceeds
via the formation of reaction fronts propagating across the Ru(0001) surface.
The Arrhenius analyses of the front velocity yield apparent activation
energies (EXPP) of 0.32 eV for the confined and 0.59 eV for the nonconfined
reaction. DFT simulations indicate that the rate-determining step remains
unchanged upon confinement, therefore ruling out the widely accepted
transition state effect. Additionally, H,O accumulation cannot explain the
change in E}PP for the confined cases studied because its concentration
remains low. Instead, numerical simulations of the proposed kinetic model
suggest that the H, adsorption process plays a decisive role in reproducing the Arrhenius plots.
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Bl INTRODUCTION literature that did not find experimental evidence for true TS
selectivity at the time, thus concluding that (hindered)
diffusion of the product out of the pores in zeolite materials
is responsible for the observed kinetic effects.” Still, this
confirms that the task of finding experimental proof of all these
concepts in real systems, focusing on the understanding of the
fundamental properties of the catalysts, is not trivial, and that
requires a combined experimental and theoretical approach.
A tactic that has proven to be quite successful in addressing
fundamental questions is the use of model systems that can
mimic realistic materials but under controlled conditions.'*~"
In this sense, thin film silica and aluminosilicate systems
supported on transition metal substrates have proven to be

.\ . . . suitable candidates as model systems for the study of
transition structures due to electrostatic and dispersive . . 17-25 .
. . . . . . . fundamental properties of zeolites. In the particular case
interactions with the active sites and its surroundings, for i - o i )
. . D1 4—6 of the SiO, bilayer (BL), two existing polymorphs interacting
example, in zeolites and other nanoporous materials. s .
. . . with its Ru(0001) substrate via van der Waals forces have been
Furthermore, the size of confinement can introduce steric

requirements for molecules participating in the reaction, thus reported, namely, crystalline and vitreous. Both polymorphs

e . . , . hel h Waals fi 1
potentially inducing changes in the selectivity of multiple path are held on the metal substrate by van der Waals orces on'y,
R - o ) thus defining a space where molecules can intercalate.

reactions.” Finally, the dissociative adsorption energy for

. . . Moreover, they present a well-defined structure that has
different molecules can be modified (and potentially tuned)
upon confinement, thus altering the catalytic activity on the
basis of the Bronsted—Evans—Polanyi (BEP) relation.” In an Received: March 25, 2021
early review, Csicsery discussed extensively the topic of shape- Published: June 7, 2021
selective catalysis in zeolite-based materials, identifying three
main types of shape selectivity: reactant, product, and
transition state selectivity.8 In a more recent publication,
Clark and co-workers reported a critical analysis of the

The physical confinement of a chemical reaction has been a
topic of great interest in the past decades.”” The reason for this
is the possibility of influencing and even controlling the
reaction mechanism by confining not only reactants but also
products (see e.g. ref 3). Multiple arguments have been used to
explain the effect of confinement on chemical reactions, and
they are based mainly on the fact that when molecules are
restricted to small volumes with molecular dimensions,
different stabilization mechanisms may come into play. In
general, three main effects have been used to describe the
effect of confinement. On one side, there is the transition state
(TS) effect which describes the stabilization of certain
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been unveiled through the combination of techniques such as
scanning probe microscopy (STM and AFM),”*™*° infrared
spectroscopy (IRRAS),"” low-energy electron diffraction
(LEED),"” photoemission spectroscopy (XPS),"**° and
density functional theory (DFT) simulations.’””” On the
atomic scale, both polymorphs consist of corner-sharing SiO,
tetrahedra building units with Si—O-Si bridging bonds
between the layers, resulting in a ringlike structure that defines
channels in the silica framework through which molecules of
the right dimensions can diffuse. In the case of the crystalline
film, six-member rings (of either O or Si) almost exclusively
form the bilayer structure, with the exception of the 48, 75,
558, and 5775 ring arrangements found at domain
boundaries.>* On the other hand, the vitreous BL exhibits a
broad distribution of ring sizes resembling the structure of
three-dimensional glass.””**** 1t is the presence of these
channels acting like pores in both silica polymorphs that makes
the system interesting for intercalation and reactivity studies.
For instance, it has been reported that O,, D,, and H, can be
intercalated in the space defined between the SiO, and the
Ru(0001) substrate,”®*” with the activation energy to diffuse
through the film depending on the ring/molecule size.”**" In
this sense, the space confined between the SiO, BL and the
ruthenium support can be used as a nanoreactor for chemical
reactions by using the intercalated gases as reactants.
Moreover, because of its porous nature, the silica BL film
can act as a molecular sieve in complex reactions leading to
products having different molecular sizes.

In the present publication we report a broad study of the
effects of physical confinement on the kinetics of the water
formation reaction (WFR) using a silica bilayer supported on
ruthenium as a model system. The combination of an
experimental approach with a theoretical description based
on DFT and microkinetic simulations allows us to address how
physical confinement of the reactants and the product affects
the observed kinetics, bridging the different scales from an
atomistic to a mesoscopic description of the reaction. For
instance, we find that the rate of hydroxyls formation on the
ruthenium surface remains unchanged. Modeling of the kinetic
equations shows that under our experimental conditions water
entrapment cannot solely explain the observed sluggishness of
the reaction rate under confinement. Even though the water
concentration increases in comparison with the uncovered Ru
case, it remains too low for it to strongly affect the kinetics.
Instead, we find that it is rather the effective rate of H
adsorption in the first step of the mechanism that is strongly
affected by the presence of the silica film, thus making the
SiO,/Ru(0001) system an interesting model system for study.
This unique approach allows us to establish general
correlations and, more importantly, to identify the affected
steps in the reaction mechanism.

In a previous communication we have reported the
preliminary study of the WFR confined under a vitreous
SiO, bilayer and its Ru(0001) support, with a big influence on
the apparent activation energy of the reaction upon confine-
ment.*” By means of low-energy electron microscopy (LEEM),
we determined that the water formation reaction proceeds with
the formation of reaction fronts that propagate across the
surface with variable speeds depending on the sample
temperature. The existence of a reaction front is explained
by the coexistence of areas having different oxygen coverage
(0o = 0.75 and 0.25 ML for unreacted and reacted areas,
respectively) on the Ru surface, namely, O-rich and O-poor. It
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is only on the O-poor side that the dissociative adsorption of
H, can occur because of its two-free-sites requirement.
Subsequently, the adsorbed H has to diffuse to the O-rich
area where it reacts with O. Because the relatively high oxygen
coverage at the initial stages of the reaction prevents the
dissociative adsorption of H, due to the two neighboring site
requirement, we concluded that the starting point of the front
propagation must be located at a defect or vacancy in the 30
layer resulting from the film preparation step.*’

Since our study of the vitreous SiO, bilayer, new studies
have been reported on this topic by using integral techniques
and attempting an atomistic description of the process under
two-dimensional silica or aluminosilicates.*'"** However, to the
best of our knowledge, a detailed study of the kinetic aspects of
confinement aiming at understanding the distribution of
species across the reaction fronts and the differences in the
apparent activation energies is still missing. For this reason, we
propose the use of a purely crystalline SiO, BL film in the
study of the WFR in confinement, since a more structurally
defined bilayer film can provide a better assessment and
correlations with properties derived from DFT simulations
and, ultimately, from the modeling of the reaction mechanism.

Figure 1 summarizes our findings with the crystalline SiO,
BL/nO/Ru(0001) system. It is evident from the LEEM
snapshot of Figure la that the WFR proceeds in a similar
fashion as for its vitreous counterpart,*’ with the formation of
propagating fronts when the sample is annealed in 1 X 1076
mbar of H,. A time series of LEEM images collected during
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Figure 1. (a) LEEM snapshot showing the reaction front under
reaction conditions; the O-rich and O-poor areas are labeled as
unreacted (black) and reacted (red), respectively; the electron energy
is 10 eV. (b) LEED pattern at an electron kinetic energy of 42 eV
showing the characteristic (2 X 2) spots of the SiO, BL on Ru(0001)
measured on the reacted sample. However, except for the intensity,
the patterns of the reacted and unreacted surface do not differ
regarding number, position, and broadening of the spots. A
comparison of the patterns at different stages can be seen in Figure
S10. (¢, d) Local O 1s and Si 2p photoemission spectra collected on
both sides of the reaction front, as indicated.
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reaction and movies showing the progression of the reaction Es s v n l . "W bare experiment
are provided in the Supporting Information. As in the case of - LRI ! y ‘ i :s:;:g“e'igg:mem
the vitreous silica film, no preferential orientation for the front O confined constrained tuned
movement is observed. A thorough characterization of the 1 R i
different areas (bright and dark) was performed in static 1 [ confined optimized untuned
conditions, once the front propagation was stopped and 1E-6 T
stabilized by rapidly cooling the sample. Our results show that - 3 3
the structure of the silica film is not affected by the reaction = ] =} \/ 1
front, as indicated by the characteristic (2 X 2) spots in the E ] L7 - -
LEED pattern in Figure 1b and by XPS data. The local XPS S4e7 N aa
(u-XPS) data in Figure 1c,d show that the chemical state of the o : = \
silica bilayer is not compromised during the reaction, as g ] “i "Q\\ ]
suggested by the comparison of the Si 2p line shape as well as i ™H ) .
that of the main component under the O 1s line. O---B-.g.. g

However, the consumption of interfacial oxygen (Og,) can 1E-8 4- T
be determined by examining the intensity of the small ] B“»g‘_g
component at lower binding energies in the O 1s spectra ] s ]
(red arrow). Moreover, the binding energy shift of both the Si 1 .
2p and the O 1s main components is observed as a o+ : :
consequence of the removal of the interface dipole when 750700 650 600 550 500 450 400 350
removing Og.-'¥?° On the other hand, the possibility of Og, T (K)

removal due to thermal desorption is discarded based on the
fact that the onset temEerature reported for O, desorption is
well above (~1000 K)*’ the reaction temperatures used in our
experiments (400—675 K). All these findings confirm that the
WER proceeds in a similar fashion under a crystalline and a
vitreous phase, with the origin of intensity change across the
front being the variation of the Og, concentration. Moreover,
because the changes and fingerprints observed with both
polymorphs under reaction conditions are similar, we conclude
that the reaction proceeds following the same mechanism in
both cases.

Bl RESULTS AND DISCUSSION

The analysis of the temperature dependence of the
propagation velocity of the front shown in Figure la was
performed to determine the apparent activation energy (EP)
for the reaction with and without confinement. It is important
to mention at this point that when the 30/Ru(0001) surface
(without the SiO, cover) is submitted to the same reaction
condition, a reaction front having similar characteristics as
those described above is observed, thus providing a point of
comparison to address the effect of confinement on the water
formation reaction. Because the front velocity (vgo,) can be
directly related to the velocity at which Og, is consumed by
reacting with H,, it is an easily accessible parameter in LEEM
and a suitable choice for the indirect assessment of the reaction
rate. A detailed description on how v, can be obtained from
the variation of the LEEM image intensity during the
propagation of the front can be found in ref 40.

Figure 2 shows the Arrhenius plots constructed from the
temperature dependent front velocities for both uncovered and
covered Ru(0001) surfaces as well as for different theoretical
scenarios considered in our studies (vide infra for more
details). Our determinations show that confining the reaction
under a crystalline silica bilayer yields a decrease in the E? for
the propagation of the reaction front from 0.59 to 0.32 eV,
with the value for the uncovered case being in excellent
agreement with data reported by integral methods.**** The
reduction by half of the apparent activation energy suggests
that the reaction becomes diffusion controlled under confine-
ment.***” It is important to note that when comparing the
behavior with that of the vitreous SiO, BL system, the EPP
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Figure 2. Experimental and theoretically derived Arrhenius plots of
the reaction front velocity as a function of temperature obtained for
the nonconfined and confined reactions and uncovered Ru(0001), as
indicated. Simulated curves exhibited correspond to the data set
showing the best fits. Untuned and tuned correspond to scenarios
used in the numerical simulations of the kinetic modeling where the
H, adsorption step is purely defined by DFT or tuned from those
values, respectively. See the text for more details.

obtained are within the level of accuracy of our measurements
(0.32 vs 0.27 eV). However, a clear difference in the front
propagation velocities is observed, with that of the vitreous film
moving on average 18% faster than under the crystalline film. A
plausible explanation for this observation will be given in the
following paragraphs once the kinetic model is properly
introduced and discussed.

Even though it is clear from the Arrhenius plots of Figure 2
that confinement under the SiO, crystalline bilayer has a strong
influence on the energetics of the water formation reaction
catalyzed by the Ru(0001) surface, it is not a trivial task to
identify which step in the whole reaction mechanism is indeed
affected. We propose the following reaction steps as a
generalized mechanism for the reaction, regardless of the
existence of confinement.

ky

HZ(g) + 2*:)2Hads
ko (1)
ky

Oads + Hads(:>OHads + *
k_, 2)

k3
OHads + Hads‘-__-)HZOads +*

k_s (3)

https://doi.org/10.1021/jacs.1c03197
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ky
HZOadS ﬁHZO(g) + *

kS
ZOHads‘:HZO + O(ads)

k_g (5)

where * represents a free active site on the surface and k; and
k_; represent the kinetic constant for each reaction step in the
forward and backward directions, respectively. Steps 1—4 have
been identified previously in the case of H,O formation on
Ru(0001) (see refs 44 and 45 and references therein). The
authors demonstrated that step 2 must be the rate-limiting step
for the water formation on bare Ru, with all the subsequent
steps being considerably faster. The water desorption in step 4
is particularly fast, provided that the reaction is performed at
temperatures at which the thermal desorption from Ru(0001)
is completed (above ~220 K).** Equation $ has been included
in our analyses based on evidence presented by Ertl and co-
workers on Pt(111), where the comproportionation/dispro-
portionation paths become relevant at low reaction temper-
atures (T < 200 K).* Although the likelihood of reaction S
was discarded in previous studies on bare Ru(0001), it seems
reasonable to include it due to the anticipated higher
temporary water coverage under the silica films.

On the basis of the mechanism presented above, we
performed DFT simulations with the aim of obtaining the
activation energies for the different elementary steps presented
in eqs 1—S on both covered and uncovered Ru(0001). Two
different aspects are crucial to determine the boundary
conditions for our calculations. First, as discussed before, the
reason for the existence of a front can be tracked down to the
fact that molecular hydrogen needs two adjacent sites to
adsorb on Ru(0001), and the oxygen coverage is not
homogeneous across the active surface.

Second, only two oxygen adatoms within the 30 layer can
be removed by H, at the reaction temperatures used in our
experiments, thus leaving one unreacted adatom still adsorbed
in the (2 X 2) unit cell According to previous studies,
temperatures above 970 K are needed to completely remove all
adsorbed oxygen atoms in the H, pressure range used in our
studies.™

Considering these two points, the situation represented in
the snapshot of Figure la can be rationalized in the following
way. The bright area of the snapshot corresponds to an area
having an oxygen coverage corresponding to the 30 phase
(0.75 ML). On the other hand, the dark area far away from the
front region must correspond to the fully reacted surface,
where a coverage equivalent to the 10 phase is expected (0.25
ML). It is in the region at the vicinity of the front where the
WER occurs, and also, the transition from the 10 to the 30
phase is expected. Thus, in some areas of the front an
intermediate (and continuously changing) oxygen coverage is
expected (0.25 < O < 0.75). Interestingly, previous work
identified 0.37 ML of Og, as the most reactive phase for the
reaction conducted at much lower temperatures compared to
our experiments."**> On the basis of all this, we assume that
H, can only dissociate through eq 1 on the dark side of the
front where a lower oxygen content is available; it must then
diffuse across the surface and reach the front to react further
through the steps 2 and 3 to form water. For this reason, our
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DFT calculations use the 10 layer for the adsorption process
represented by eq 1 and the 20 layer for all processes
represented by eqs 2—5 for the confined and nonconfined
cases. Moreover, we find that the energy barriers for the main
reaction steps are noticeably higher than the secondary ones
(diffusion through the silica film), so for the hydrogen
adsorption and desorption process, the highest energy point
was considered as the transition state, which was then used to
calculate the respective Gibbs free energies. More details can
be found in section S4 of the Supporting Information.

Figure 3 shows the pure electronic energy diagram and the
Gibbs free energies calculated at 500 K for the water formation

25
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T
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-1.51

10 15 20 25
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Figure 3. Energy diagrams obtained from DFT simulations for the
water formation reaction without (black) and with (red: optimized
SiO, BL; blue: constrained SiO, BL) confinement according to the
mechanism described in eqs 1—4. Solid lines correspond to pure
electronic energy values, and dashed lines correspond to Gibbs free
energy values calculated at 500 K, taking hydrogen in the gas phase as
reference. The first two states in the reaction coordinate (Hz(g) and
TS_H,) correspond to processes occurring on a 10-Ru(0001)
surface, while the following ones correspond to those starting from a
20-Ru(0001) phase. Letters in the inset correspond to the H,
adsorption (a, b), OH formation (c), H,O formation (d), and H,0
desorption (e, f).

on bare and SiO, covered Ru(0001), as indicated, starting with
H, in the gas phase on the left, followed by dissociative H,
adsorption, OH and subsequent H,O formation, and finally
H,O desorption. Because of the lack of experimental evidence,
the atomic position of the silica bilayer relative to the
Ru(0001) support must be arbitrarily chosen during
simulations. However, its relative position can have a strong
effect in some of the elementary steps of the reaction,
especially those that involve the interaction of reactant/
product with the film, that is, H, adsorption and H,O
desorption. For this reason, two extreme scenarios (optimized
and constrained BL) were considered.

It is clear from the energy diagram that among the two
scenarios considered under confinement the rate-determining
step (rds) remains virtually unchanged and also unchanged
from that of the nonconfined situation. Therefore, the rds
corresponds in all cases to the formation of OH, 4, represented
by eq 2 and involving transition state (c) (TS-c). Details on
the evolution of the structures along the path described by eq 2
can be found in the Supporting Information (see Figure S11).
On the basis of these results, we conclude that the changes

https://doi.org/10.1021/jacs.1c03197
J. Am. Chem. Soc. 2021, 143, 8780—8790
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introduced by confinement are not related to the traditional
transition state effects observed in zeolites, where stabilization
of the transition complex is responsible for the changes in
reactivity.4’6’

A close inspection of the energy diagrams reveals that the
presence of the SiO, introduces additional transition states that
were not present on the open Ru(0001) surface and that their
relative height strongly depends on the relative position of the
silica bilayer. For instance, the first two transition states (a, b)
are related to the permeation of H, molecules in the gas phase
through both layers of the SiO, film before dissociating on the
Ru(0001) surface. The fact that the presence of the SiO,
introduces additional steps due to its permeability is well-
documented in the literature for the SiO, system.*®™’
However, the implications that these additional steps may
have on the reaction kinetics is a new aspect that, to the best of
our knowledge, has never been addressed experimentally
before.

On the other hand, the last step of the reaction is also
affected by the presence of the silica film. For instance, in a
pathway analogous to the H, intercalation before adsorption,
the process represented by eq 4 requires the migration of H,O
molecules through the silica film after desorption from the Ru
surface. All new TS structures introduced by the mere presence
of the silica lid are presented in Figure 4. The proximity of

TS a TShb TSe TSf

Side view

A

Optimized SiO, BL

Constrained SiO, BL

Figure 4. Structures of the transition state involved in the hydrogen
adsorption (TS a, TS b) and water desorption (TS e, TS f) steps
under confinement. Green arrows indicate the position of H, and
H,0 molecules.

both molecules to the silica film confirms that the origin of the
additional barriers lies in the interaction of the molecules with
the thin oxide film rather than with the Ru(0001) substrate.
This finding is in good agreement with the fact that
comparable pore diameter in the film (0.47 nm for six-member
rings’') and molecular dimensions (H,O: 0.282 nm;”" H,:
0.210 nm>) are expected. It is important to point out that TS
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af and TS b,e correspond to stages involving the interaction of
the corresponding molecules with the top and bottom layers of
the BL, respectively. Interestingly, contrary to what was
reported for other molecules confined under 2D materials,”
we have not identified changes in the adsorption site
preference/energies of all intermediates along the reaction
for the confined and nonconfined cases. For comparison, we
provide the structure files of all transition and intermediate
states in the Supporting Information.

The last prominent difference in the energy diagram is
observed in the transition state associated with eq 3 (TS d).
Here, it is clear that even though the transition state for the
formation of water through the final H addition step to OH is
only slightly changed in the case of the fully optimized silica
BL, the situation for the constrained BL is rather different. For
instance, fixing the position of the silica lid has a strong
influence in the energetics of the transition state, where much
higher activation energy is anticipated for this elementary step
(by 0.72 €V at 500 K).

Close inspection of the activated complex structures reveals
that in the reaction on uncovered and optimized BL covered
ruthenium the bond distances in the H-O—H species are
virtually identical (dy_o: 1.54 A; dy_o: 0.98 A); however, the
bond angle differs slightly (bare: 101.6°; optimized BL:
103.7°). On the other hand, even though bond distances
change slightly when the lateral position of the BL is
constrained (dy_o: 1.49 A; dy_o: 0.98 A), the bond angle is
significantly affected rendering a value of 109.6°, much higher
than the expected value for a fully formed H,O molecule
(104.5°). The differences in the bond angles of the activated
complex can be rationalized by the fact that in the first two
scenarios the reaction path leads to the formation of the
activated complex in a top position at the center of a six-
member ring, thus optimizing the interaction with the bilayer.
Oppositely, the off-centered configuration in the case of the
constrained silica film may offer a less favorable interaction
between the intermediate species and the film.

To evaluate the kinetic aspects of the global reaction, the
kinetic constants k; for each elementary step, as well as the
diffusion constant Dy for H on Ru(0001), were calculated for
the confined and nonconfined WER (see sections S7—S9 in the
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Figure 5. Structures of the transition state (TS d) involved in the final
step for the water formation process prior to its desorption.
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Supporting Information). The values obtained are listed in
Table 1. The complete set of kinetic constants at all studied
temperatures can be found in the Supporting Information.

Table 1. Kinetic Constants (k;) Obtained Directly from the
DFT Calculations (Untuned) for the Different Reaction
Steps Presented in Eqs 1—4 as Well as That for H Diffusion
on Ru(0001) and Two SiO,/Ru(0001) Scenarios”

confined optimized confined constrained

k nonconfined BL BL
k; [m?/s] 3x 1078 4x1073 4x 1072
k_y [m?%/s] 7 x 1077 3x 1078 3x 1078
k, [m?/s] 2 x 10716 2 x 10716 1x 107
ky [m?/s] 5% 107 1x107® 1% 1071
k, [1/s] 1x 10" 4 2 % 108
Dy [m?/s] 5.6 x 1077 1.9 x 107 1.9 x 107°

“All constants shown correspond to a reaction temperature of 500 K.

As can be clearly seen from the table, the values of k;, k_j,
and k, reflect the points addressed before; that is, the most
affected steps upon confinement are the adsorption of H, and
the desorption of H,O. It is worth mentioning at this point
that in the case of the confined reaction, since the desorption
of water molecules involves overcoming two transition states,
the kinetic constants reported correspond to effective
constants. The methodology used for their calculation can be
found in the Supporting Information. On the other hand, the
lack of TS in water desorption for the nonconfined reaction
translates into high values for this system. The high k, values in
this case can be rationalized in terms of extremely short
residence times of H,O molecules on Ru(0001) after their
formation by eq 4, in agreement with previous reports by other
authors.”>>*

The following set of differential equations was built to
account for the spatiotemporal dependence of the surface
concentration n; = ny(x,t) of all species involved in the reaction
mechanism, based on the kinetic model presented in eqs 1—4.

0 0*
- —2k_my” + 2k’ — kongng — ksnynoy + DH—n;{
ot ox
(6)
dn_o = —k-non
o Mo @)
Onoy
= konyng — kangn
ot 2""H""O 3""H""OH (8)
ony o
2
= kangnoy — kuan
ot 3""H""OH 4""H,0 (9)
0
Ny =n — hyg — g = Moy — My,0 (10)

With n° being the density of possible free sites. In a (2 X 2)
unit cell there are three possible free sites for adsorption since
one is permanently occupied with an O atom that is not
removed under our experimental conditions. Therefore,

0= = 1186 x 10 m™ with A,y = 2.53 X 107" m?

n =
cell

being the area of a (2 X 2) unit cell.

Because the disproportionation/comproportionation paths
represented by eq S constitute a branching of the main
reaction mechanism (eqs 1—4) that could affect the front
speed, it seems relevant to discuss its likelihood under the

8785

present conditions. For instance, on bare Pt(111) Ertl and co-
workers have proven that the paths exist at low reaction
temperatures, where water desorption is strongly hindered.>
In the case of bare Ru(0001) these paths have been discarded
based on the fact that the presence of OH,4 could not be
detected with XPS nor HREELS, thus suggesting its
concentration must be very low."" However, Wang et al.*’
recently reported in their study at higher H, pressures the
possibility of water entrapment under the silica film, driven
mainly by the relatively low activation energy for the path
represented in eq S and the supposedly high water
concentration at the interface.

Our DFT simulations show that even though the energy
barrier for the disproportionation is quite low, the activation
energies for the comproportionation paths are considerably
higher. The electronic minimum-energy paths for both
reactions can be found in section SS of the Supporting
Information (Figure SS). More importantly, our results
indicate that upon confinement the energy barriers are strongly
influenced by the relative position of the silica film, especially
in the case of comproportionation. Nonetheless, all E, of the
steps involved are comparable to (or even lower than) that of
the step represented by eq 3 (see energy diagram in Figure 3
for comparison). Our results then suggest that for these paths
to contribute to the overall reaction rate, and therefore to the
front speed, the concentration of the involved species must be
high enough.

From the differential equation system provided in eqs 6—10
the amount of water molecules formed can be estimated from

max _ 1k, [k max

H0 = T\ %, ho
values calculated are 3.9 X 1075, 1.7 X 1073, and 5.4 x 107!
ML for the nonconfined, confined optimized, and constrained
BL, respectively. On the basis of this argument, we conclude
that the contribution of the disproportionation path to the
global reaction is negligible. Also, on the basis of calculations
derived from our kinetic model, we estimate much lower k,
values (at least 2 orders of magnitude) are necessary to reach
water coverages under the silica film for the comproportiona-
tion path to become relevant.

From the calculated kinetic constants for H,O desorption
(k, in Table 1) one can infer that the residence time of H,O
molecules on Ru is ~0.25 s in the confined optimized scenario,
with much shorter times in the cases of the constrained BL and
nonconfined reaction (5 X 107 and 107" s, respectively). By
considering the H,O diffusion coeflicients obtained in our
DFT simulations (Dy0 = 3.6 X 10716-1.0 X 107 m? s7! at

500—615 K), we estimate average traveling distances of 3 X
10~% nm (optimized BL) and 20 nm (constrained BL) for a
H,O molecule in confinement, before desorbing. These values
indicate that water molecules formed will desorb from areas
within the reactive front. Moreover, the dimensions cited
above are within the range reported for the existence of
domain boundaries in the crystalline silica bilayer polymorph
(5—15 nm), where eight-member rings offering less resistance
for H,0O permeation can be present.33’56 An important point to
be mentioned is that in the comproportionation path the water
molecule formed from the 20 reactive phase must react with
the remaining O adsorbed on Ru(0001) (formally named 10).
However, the removal of this remaining—rather unreactive—
O adatom from the Ru surface was not observed in our
experiments since it requires temperatures higher than those

for all cases. The maximum coverage
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Figure 6. Concentration profiles of H,g, 0,4y OH,4, and H,0,, for the water formation reaction obtained from the numerical simulations on (a)
bare Ru(0001), (b) in confinement under a constrained SiO, crystalline bilayer, and (c) in confinement under an optimized SiO, crystalline bilayer.
All concentration profiles correspond to the simulations exhibiting the best fits in the Arrhenius plots with the experimental profiles. Profiles
calculated at 500 K by using k values for untuned and tuned cases for the nonconfined and confined optimized and constrained BL scenarios,
respectively. Note that the scaling of the y-axis is identical, while in the case of the x-axis there is a difference between confined and nonconfined
situations. The corresponding set of kinetic constants for each case can be seen in Tables S1 and S2.

used in our experiments in the 10~® mbar H, pressure range, in
agreement with previous reports.44

On the other hand, on the basis of the same concentration
arguments, we discard the possibility of a strong contribution
to the global reaction by the disproportionation path. The
maximum attainable OH coverage nearby the reaction front
and under reaction conditions can be estimated from eq 7 as

k _ .
96“1‘;‘" = k—zeg‘a" ~ 3 X 1078 ML on the bare surface, in

agreement with the extremely short times we determined for
H,0,4, on bare Ru. Estimations of 83} in both confined cases
yield values of 1.5 X 107® and 7.5 X 10™* ML for the optimized
and constrained BL. Of course, local diffusion of two OH
groups into the same unit cell could increase the contribution
of the path to the reaction rate, but activation energies for OH
diffusion have been found to be considerably high (see section
S7 of the Supporting Information for a detailed description of
this step).

Our differential equation system considers only the diffusion
of H,4, in the last term of eq 6, thus disregarding the H,O
diffusion on Ru(0001) as a relevant process for the front
propagation. The reason for this assumption is twofold: First,
in the case of the nonconfined situation, H,O molecules
instantly desorb at the temperatures at which the reaction runs
in our experiments, making the average lifetime of adsorbed
water extremely short. Second, even though the water
desorption rate is considerably lowered by the presence of
the silica bilayer in the confined reaction, our DFT simulations
suggest that the electronic energy barriers for different
migration paths on Ru are rather high (~0.8 eV) for a site
hopping mechanism, mainly because the oxygen atom in the
water molecule repels the oxygen atom in the bottom layer of
the silica film. It is also worth mentioning that in the case of H
an alternative diffusion path by hydrogen hopping over
neighboring surface O atoms was discarded due to the higher
activation energy associated with it (~0.7 eV) and because the
major contribution to H adsorption and diffusion comes from
regions of the sample where a 10 coverage is expected. Thus,
the formation of an OH group after the dissociative adsorption
of H, (within the 10 region) is the first step of the hopping
mechanism, with a rather high activation energy (~1.3 eV). On
the other hand, neighboring O adatoms providing consecutive
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hopping sites are missing in this region, given that only one
oxygen atom per unit cell is available in this phase.

The numerical simulations of the kinetic model presented
above were performed by using two approaches. First, the
kinetic parameters directly obtained from DFT at variable
temperature were used as starting point (see Table SI).
Second, the values of the kinetic constants representing the
adsorption/desorption of H, (k;/k_,) were carefully adjusted
(“tuned”; see the summary in Table S2 for a comparison). By
computing the front velocities at different temperatures in both
approaches, we were able to reconstruct the Arrhenius plots
entirely derived from theoretical values and compare them
with those experimentally determined. All Arrhenius plots
resulting from these simulations are shown in Figure 2. From
the plots we conclude that the first step in the reaction
mechanism, that is, H, dissociative adsorption/desorption, has
a strong influence in both the temperature dependence and the
magnitude of the front velocity. The effect becomes evident
when cases 1 and 2 are compared for the confined reaction.

For instance, the Arrhenius trend can be reproduced with a
reasonable degree of agreement by tuning the hydrogen
adsorption step. The “tuned” case considers the possibility that
the values for the constants k; and k_; are much higher (by a
factor of 1000) than those directly obtained from DFT
calculations. The fact that the ratio k,/k_; is preserved (both
constants are equally scaled) indicates that the average
attainable coverage of H, 4, remains unchanged, although the
equilibrium condition is achieved much faster in comparison
with the untuned situation. In the case of the nonconfined
reaction, the effect observed is not as strong as for the confined
reaction, thus suggesting that H_ g4, necessary for the ignition of
the cascade of elementary steps, is readily available in all
conditions. Interestingly, even though the crystalline silica
bilayer is porous enough to allow the H, molecules to
permeate it and reach the Ru surface, it is the H-adsorption
step that becomes affected by the presence of the silica lid.
Moreover, this molecular step is the one that considerably
affects the observed apparent activation energies rather than
the water desorption/readsorption as reported in ref 42, at
least in the pressure range of our study. It is worth mentioning
that the same approach used for k; and k_, was applied for k;
and k,. Interestingly, varying the kinetic constants for water
formation and desorption does not affect the front speed in our
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simulations, thus indicating that once OH is formed through
eq 2 none of the following steps determine the reaction rate,
provided that all following steps are faster than the formation
of OH.

Figure 6 presents the spatiotemporal surface concentration
profiles obtained for all species involved in the WFR (H,4,
0,49 OH,4, and H,0,4) for the three different scenarios.
These results show that the proposed kinetic model can
successfully explain the formation of reaction fronts on the
ruthenium surface as the reaction proceeds both on the open
surface and under confinement. More importantly, the reaction
velocities obtained from our mathematical model reproduces
the trend observed in the experimental values; that is, the
reaction front moves slower under confinement.

From the concentration profiles, we conclude that the active
area during the reaction is the region in the vicinity of the
moving front, where the concentrations of OH and H,O are
maximized. This means that even though there is a wide area
where the two-site requirement can be fulfilled for H,
adsorption (dark side of the front containing the 10/
Ru(0001) phase), only those H adatoms that are close to
the border of the front will be able to propagate the reaction
front, on the condition that their diffusion is not hindered and
any free site is fast filled up with hydrogen. Particularly
interesting is the profile observed for the OH species. For
instance, it is clear from the concentration profiles that the
presence of OH can extend over a broad area, in confined and
nonconfined cases, with a somewhat higher concentration for
the constrained BL. These findings suggest that H adatoms
may be able to penetrate the region where the unreacted 30
layer exists, a somewhat unexpected outcome considering that
on the unreacted side of the front (30-Ru(0001)) only one
free site is available for H,4,. It is important to point out that
this behavior could result from a limitation of our model,
where the diffusion coefficient has been considered equivalent
on areas having different oxygen coverage. In this sense, it
becomes relevant to address additional diffusion mechanisms
for atomic H through different oxygen containing areas on
Ru(0001) (i.e., concentration-dependent diffusion coefficient),
an issue that has not been considered so far and constitutes the
core of future studies.

On the basis of all the arguments exposed so far, we offer the
following model to describe the effect of the silica bilayer on
the kinetics of the WFR. Our study shows that two steps are
important to describe the experimental front speed values.
These are (i) the dissociative adsorption of H, (involving k,
and k_;) and (ii) the reaction of H,4, and O,y to form OH, 4,
in the second elementary step (involving k,). All following
processes in the reaction mechanism (k; and k,) are faster and
do not limit the reaction speed, even under confinement.
When the hydrogen adsorption process is fast enough (as in
the nonconfined reaction), plenty of hydrogen is available on
the ruthenium surface to propagate the reaction front. Under
these circumstances, the reaction frequency is determined
solely by the formation of OH on ruthenium, a process
represented by k,. However, even though the presence of the
silica bilayer does not affect considerably the average hydrogen
coverage on Ru under equivalent experimental conditions, it
can affect the speed at which the equilibrium coverage is
attained. Thus, when the adsorption process is slow in
comparison with the formation of OH,4, the hydrogen density
must be the limiting factor. Therefore, H must be transported
from a larger area toward the O-front to propagate the reaction
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further. A quantitative analysis can be made in terms of the
effective rate for adsorption (ERA). The effective rate for
adsorption, that is, how fast an active site can be refilled with H
after desorption has taken place, is given, in our case, directly
by k;. The ERA is in the range of 107"* m*/s in the case of bare
Ru(0001) and 1072* m?/s for the confined reaction. When
these values are compared with those of k, for the different
scenarios (1076 m?/s), the limitation of the reaction rate
under confinement by hydrogen adsorption becomes clear.

The phase diagram shown in Figure S12 of the Supporting
Information (section S14), constructed from the temperature-
and pressure-dependent kinetic constants describing hydrogen
adsorption (k,), hydroxyl formation (k,), and water desorption
(k,), allows us not only to predict the effect of confinement at
variable (p, T) conditions but also to explain the differences—
and apparent discrepancy—between our work and that of
Wang et al.** conducted at much higher hydrogen pressures.
Our models indicate that, at least for the SiO,/Ru(001)
system, confinement can act in two of the three ways described
by Csicsery;8 that is, confinement effects can prevent reactants
of getting access to the reaction site and also prevent products
from leaving the reaction site. It is the relative importance of
these two effects that will determine the overall kinetics of the
WER under confinement in different experimental conditions.
Therefore, the scarce availability of H,4, at low H, pressures
(our work) is important for propagating the reaction cascade,
whereas at high H, pressures H,O entrapment is responsible
for blocking the active sites for H adsorption and diffusion
(Wang’s work™).

Finally, an important point derived from our study is the role
of the bilayer position relative to the catalytically active
ruthenium surface. Our simulations predict that the relative
position can affect the reaction step responsible for the last H-
addition in the cascade of steps, that is, H,O formation.
Because none of the techniques used in our experiments are
sensitive to the position of the silica film, it is virtually
impossible to decide which of the scenarios investigated is
experimentally more likely. For instance, from the experimental
point of view, it is reasonable to assume that far in the 30 area
the silica BL has its atomic position in good registry with the
30/Ru(0001) support. On the other hand, far behind the
reaction front the silica has its position in registry with the 10/
Ru(0001) surface. Thus, it is rather likely to find an
intermediate region where the BL relative position changes/
relaxes. Because of the rather low concentration of H 4, (107*
ML; one H adatom in an area of 100 X 100 unit cells), we rule
out hydrogen adsorption as the main driving force for the silica
displacement, but its real physical origin remains unclear. This
opens new opportunities for real-time studies of the dynamic
processes occurring on the silica film as the reaction front
propagates under the silica film. This system presents now a
great opportunity for the application of the state-of-the-art
high-speed scanning tunneling microscope developed in our
institute.>”

B CONCLUSION

We showed that the water formation reaction proceeds as a
reaction front both on bare Ru(0001) and in confinement
under a crystalline silica bilayer, with slower front velocities
under confinement. The Arrhenius analysis of the front
velocity in both confined and nonconfined environment
reveals that the apparent activation energy is halved when
the reaction is confined under a silica film. DFT and
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microkinetic simulations reproduce our experimental findings,
indicating that the changes observed in the experimental values
of the EPP cannot be tracked down to the known transition
state effects of confinement, since the transition state of the
rate-determining step remains unaffected by the presence of
the silica film. Interestingly, the rate-determining step of the
reaction remains unchanged, being the formation of OH,4
after the dissociation of H,. On the other hand, fitting of the
proposed kinetic model through a set of differential equations
yields an excellent agreement with the experimental values for
front velocities. Simulation of the reaction front at different
temperatures allowed us to identify the H adsorption step
rather than water desorption as a key parameter to reproduce
the experimental apparent activation energies. The surface
concentration profiles resulting from the microkinetic model
indicate that while H, molecules can dissociate almost
anywhere on the O-poor area, water molecules (and OH as
an intermediary specie) are produced only in the vicinity of the
front. In this sense, it becomes clear from these results that the
front width is mainly given by the concentration gradient of
O,gs rather than H,O,4, and OH,g,, provided that the surface
concentration of the last two species is comparatively low.

B EXPERIMENTAL SECTION

The experiments were performed in the SMART microscope
operating at the UE49-PGM beamline of the synchrotron light
source BESSY II of the Helmholtz Centre Berlin (HZB). The
aberration corrected and energy filtered instrument combines
microscopy (LEEM/XPEEM), diffraction (u-LEED), and spectros-
copy (u-XPS) techniques for a comprehensive characterization.”®~*
The Ru(0001) single crystal was prepared by cycles of Ar* sputtering
and annealing in oxygen at 1170 K, until no contamination could be
detected by XPS and the surface presented few 100 nm wide terraces
with a sharp (1 X 1) LEED pattern. The crystalline SiO, BL was used
in the WFR experiments; a detailed description of the preparation
procedure can be found elsewhere.®' For the reaction experiments, H,
was dosed after stabilizing the sample temperature at 540 K in UHV.
Temperature-dependent measurements could be conducted once the
reaction front was observed. More details can be found in the
Supporting Information.

B COMPUTATIONAL METHODS

For the DFT simulations we employed the PBE-D2 func-
tional.”>*® The calculations were performed by using plane
wave codes Quantum Espresso®* and VASP®® with the energy
cutoff of 400 eV and a 6 X 6 X 1 k-mesh. Transition states
were located by using the nudged elastic band (NEB)
method.”® In the optimizations, the position of the silica
bilayer was either allowed to relax—the “optimized” case—or
the x- and y-coordinates of its atoms were kept fixed in the
optimal Si0,/30/Ru(0001) positions—the “constrained”
case. Further details can be found in the Supporting
Information.

B NUMERICAL SIMULATIONS

We propose a kinetic model in terms of a system of reaction—
diffusion equations governing macroscopically the spatiotem-
poral evolution of the reaction fronts on the Ru(0001) surface.
To compute the frontal velocity and width, the system was
studied by means of dynamical system analysis and numerical
simulations. The interested reader finds details on the kinetic
model in the Supporting Information.
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