Lowering barriers in surface reactions through concerted reaction mechanisms
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Any technologically important chemical reaction typically involves a number of different elemen-
tary reaction steps consisting of bond-breaking and bond-making processes. Usually one assumes
that such complex chemical reactions involving several bond-breaking and bond-making steps occur
in a step-wise fashion where one single bond is made or broken at a time. Here we show, using
first-principles calculations based on density functional theory, that the barriers of rate-limiting
steps for technologically relevant surface reactions can be significantly reduced if concerted reaction

mechanisms are taken into account.
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I. INTRODUCTION

Chemical reactions at surfaces are of outstanding tech-
nological importance since they correspond to the basic
processes occuring in heterogeneous catalysis, corrosion,
sensing, etc. They also play a crucial role in the energy
storage and conversion in renewable energy systems [1].
Hence an understanding of the basic mechanisms occur-
ing in surface reactions is not only interesting from a
fundamental point of view, it is also very beneficial from
a technological point of view. In the modeling of such
surface reactions it is usually assumed that the bond-
breaking and bond-making processes involving the reac-
tants occur in a consecutive fashion (see, e.g., [2]).

Still, it is well-known that chemical reactions can also
proceed in a concerted fashion which means that bond
breaking and bond making occurs simultaneously, for
example in the so-called Sy2 reactions [3]. Yet, there
are usually severe symmetry constraints involved in con-
certed reaction mechanisms, as for example expressed in
the Woodward-Hoffman rules [4] which state that the
symmetry of the wave function shall remain unchanged
upon this reaction.

However, in surface reactions the configurations often
exhibit little symmetry which is also true for the involved
electronic states. Here we show, using first-principles cal-
culations based on density functional theory (DFT), that
the barriers of rate-limiting steps for technologically rele-
vant surface reactions can be significantly reduced if con-
certed reaction mechanisms are taken into account. We
will illustrate this using the reaction paths of two tech-
nologically relevant reactions as examples, namely the
methanol synthesis on copper and the subsurface pen-
etration of hydrogen on palladium, which are in fact
both of high relevance for our understanding of elemen-
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tary processes in chemical energy storage and conversion.
All total energy calculations presented in this paper are
based on periodic DFT calculations as implemented in
the VASP code [5]. For further computational details,
we refer to the supporting information.

II. COMPUTATIONAL METHODS

Density functional theory (DFT) calculations have
been performed using the Vienna ab initio simulation
package (VASP) [5]. The exchange-correlation effects are
described within the framework of generalized gradient
approximation (GGA) using Perdew-Berke-Ernzelhoff
(PBE) functional [6]. The ionic cores were represented by
projector augmented wave (PAW) potentials [7] as con-
structed by Kresse and Joubert [8]. The metal substrates
were represented by four- and five-layer slabs. The inte-
gration over the first Brillouin zone in reciprocal space
was replaced by a sum over a sufficiently large set of k-
points.

The reaction barriers are evaluated by using reversible
work transition state theory (rwTST) which is imple-
mented into VASP by Jénsson et al. [9]. In practice, we
have used the nudged elastic band (NEB) method [10] to
find the minimum energy paths and the activation bar-
rier.

III. METHANOL SYNTHESIS

Methanol synthesis is of significant importance be-
cause it is the basis for many chemicals. Furthermore,
methanol is considered as a potential fuel in the hydro-
gen technology. Industrially, methanol is produced by the
hydrogenation of carbon dioxide and together with the
water gas shift reaction from natural gas on oxide sup-
ported Cu/ZnO catalysts [11-13]. Interestingly enough,
the exact reaction mechanism leading to methanol for-
mation is still debated in spite of the importance of this
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FIG. 1: Reaction path for the conversion of HQCOO<“) +H@®
into CH30(® + O(® on a hydrogen-covered Cu(110) surface.

reaction. Since it is assumed that metallic Cu particles
rather than ZnO are the active material in methanol syn-
thesis [14-16], several surface science studies have been
performed on Cu single crystal surfaces in order to eluci-
date the reaction mechanism in methanol synthesis [17]
and in the reverse process, the methanol oxidation [18].
Here we concentrate on the Cu(110) surface which rep-
resents a model system for the interaction of methanol
with Cu [18].

Experiments indicate that COs is the primary source
in the methanol production [16]. Therefore we have fo-
cused in our computational study on the reaction path
starting with the interaction of COs with hydrogen dis-
sociatively adsorbed on Cu(110). Note that mechanis-
tic details of the water gas shift reaction CO + HoO —
CO3 + Hy have been adressed previously in theoretical
studies [19, 20]. According to our analysis, the ini-
tial reaction steps lead to the formation of adsorbed
dioxymethylene (HoCOO®) on Cu(110) (see Figs.1 and
2 for an illustration), where the superscript (a) indi-
cates that the molecule is adsorbed on the surface. In
a previous DFT study [20], on Cu(1111) much lower
barriers were found for formic acid (HCOOH) forma-
tion from formate (E, = 0.91¢V) than for desoxymethy-
lene formation (E, = 1.59¢V). However, on Cu(110)
the barrier for desoxymethylene formation is much lower
(E, = 0.95eV). Furthermore, we note that isotopic la-
beling studies showed that methanol could not be syn-
thesized by HCOOH hydrogenation [21]. Hence we fo-
cus in our study on the reaction pathway involving des-
oxymethylene as a reaction intermediate.

As for the further reaction mechanism, assuming a
stepwise mechanism first involving a CO bond breaking
and then a hydrogenation step would lead to the follow-
ing reaction scenario:

— CH,0 + OH@W, (1)
— CH30@ (2)

H,COO® + H(®
CH,0® + H@

However, the first reaction step (1) is hindered by a sig-
nificant barrier of 1.8 eV on Cu(110) according to our cal-
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FIG. 2: Local density of states at the carbon and the oxygen
atom of the resulting methoxy atom along the reaction path
shown in Fig. 1. In addition, in both panels the averaged local
density of states of the first layer copper atoms is plotted in
black.

culations. Now quite some time ago it was proposed [17]
that the methanol synthesis on Cu might involve a reac-
tion step

H,COO™ + H® — CH30@ + 0@, (3)
which corresponds to a combination of C-O bond scis-
sion and a hydrogenation step. This reaction step was
proposed purely because of kinetic reasons in order to
reproduce the experimentally observed reaction order,
but no mechanistic model in terms of the microscopic
reaction mechanism was given. In a recent DFT study
of the methanol synthesis on Cu(111), however, such a
concerted mechanism could not be identified [20]. Yet,
based on a comparison of the DFT results with binding
energies derived from microkinetic modeling the authors
concluded that Cu(111) might not provide a suitable rep-
resentation of the active site for methanol synthesis. It
might also well be that the proper initial configuration of
the co-adsorbates on the surface has been missed, as we
will argue below.

Using an unbiased automatic transition state search
routine, the nudged elastic band method (NEB) [10], we
have looked for the most favorable reaction path connect-
ing the initial state of dioxymethylene in the presence of
adsorbed hydrogen atoms (see Fig. 1). As the first step,
we carefully determined the energetically most favorable
configuration of the hydrogen atoms in the vicinity of
the adsorbed dioxymethylene molecule. Along the re-
action path, first the dioxymethylene molecule is reori-
ented and one oxygen atom of the molecule moves from
a two-fold bridge-like site towards a quasi-threefold hol-
low site at the trough of the (110) surface. The cor-
responding distortion of the molecule is associated with
a large energy cost of more than 1eV. Before the tran-
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FIG. 3: Reaction scheme for the methanol synthesis on hydrogen-covered Cu(110).

sition state, there is a plateau in the potential energy
which, however, does not correspond to an intermediate
state. At the transition state, one C-O bond is already
significantly elongated and the CHy group starts to turn.
While the one C-O bond is further elongated, a hydro-
gen atom from the Cu surface is forming a C-H bond,
thus turning the evolving formaldehyde (CH20) into the
methoxy radical (CH30). The energy of the transition
state is about 1.4€V, i.e., 0.4eV lower than the barrier
for mechanism involving two consecutive reaction steps.
Note that such a reduction in the barrier height leads to
an increase in the rate constant of the reaction of 2—3 or-
ders of magnitude at 600-900 K, the temperature range
in which methanol is typically synthesized [22].

In order to determine the electronic factors underlying
this reduction in the barrier height, we have analyzed
the local density of states (LDOS) of the reacting com-
plex along the reaction path for the concerted reaction (3)
(see Fig. 2). At the transition state where the C-O bond
is already significantly extended, there is a strong rear-
rangement of the electronic states with an anti-bonding
CO 7* appearing just above the Fermi energy whereas
the electronic distribution just before and after the tran-
sition state look rather alike. In the framework of the
frontier orbital concept of Fukui [23], the lowest unoccu-
pied molecular orbital (LUMO) close to the Fermi energy
at the transition state leads to a rather reactive complex.
One can also put it differently: Directly after the C-O
bond breaking the missing bonding partner O is replaced
by the nearest hydrogen atom resulting in an equivalent
coordination of the carbon atom.

It is important to note that another consequence of
this concerted reaction mechanism is that the forma-
tion of formaldehyde (CH20) is avoided which is only
weakly bound to Cu at the temperature methanol syn-
thesized [24, 25]. It corresponds to a volatile product
which under reaction conditions would immediately des-
orb. This also means that the methanol synthesis would
remain incomplete if formaldehyde was formed. Further-
more, this also rationalizes why formaldehyde can not
be produced industrially through the oxidation of CO or
COg [17], rather, it is formed through the partial oxida-
tion of methanol [18].

The final step after the methoxy formation, the recom-
binative desorption of methanol and water, is hindered

by a relatively small barrier of 0.5eV. The calculated
overall reaction for the methanol synthesis on H-covered
Cu(110) is summarized in Fig. 3. It becomes apparent
that the conversion of adsorbed dioxymethylene has the
highest barrier of all involved reaction steps. This means
that it corresponds to the rate-limiting step which is sig-
nificantly lowered by taking into account the concerted
reaction mechanism.

Interestingly enough, methanol has not been observed
as a reaction product of the electrochemical reduction of
COs; at Cu electrodes, but rather methane [26]. It has re-
cently be suggested that this might be due to the fact that
in heterogeneous catalysis the hydrogen addition comes
from coadsorbed hydrogen atoms whereas in electrocatal-
ysis the protons come from solution [27]. Therefore an
entirely different reaction mechanism is operative.

IV. HYDROGEN SUBSURFACE
PENETRATION

As a second example, we consider the subsurface pen-
etration of hydrogen on Pd(100). Currently, there has
been a renewed interest in the hydrogen absorption in
metals [28-30] in the context of the hydrogen technology.
Due to its high specific mass, Pd is no longer considered
as a candidate material for hydrogen storage. Still, it is
considered to be the model system for the study of hy-
drogen absorption. Furthermore, thin capping palladium
films are typically used as hydrogen-insertion promot-
ers for complex hydrides formed by light elements [31].
In addition, subsurface penetration of hydrogen in Pd
nanoparticles might be the crucial promoter for the olefin
hydrogenation [32].

According to experiments, hydrogen first adsorbs on
the Pd surface before bulk absorption starts [33]. Only
after the surface is covered by hydrogen, subsurface pene-
tration occurs, but then rather easily. This is at variance
with the accepted notion that the hydrogen penetration
into the Pd bulk is hindered by barriers of considerable
height [28]. Therefore, it is of interest whether the high
barrier for H subsurface penetration is influenced by the
presence of hydrogen adsorbates through, e.g., a defect-
mediated [34] or a concerted reaction mechanism.

Static DFT calculations have confirmed the prefer-
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FIG. 4: Top and side view of snapshots of the subsurface
penetration of hydrogen on Pd(100) taken from an ab initio
molecular dynamics simulation at ¢t = 851fs (a), t = 913fs
(a) and ¢ = 950fs (a). The Hz molecule was impinging on
hydrogen-covered Pd(100) surface with a coverage of Ou =
0.5 within a (3 x 2) symmetry. The two hydrogen atoms
participating in the subsurface penetration have been labeled
by numbers.

ential occupation of adsorption sites on the surface by
demonstrating that hydrogen subsurface absorption is
energetically less favorable than adsorption on the sur-
face [35]. Since possible concerted reaction mechanisms
are sensitive to the initial configuration, ab initio molecu-
lar dynamics (AIMD) simulations of the Hy dissociative
adsorption on hydrogen-precovered Pd(100) have been
employed [36-38] for an unbiased search of concerted re-
actions for varying hydrogen coverages.

Besides of hydrogen adsorption and diffusion on the
surface, frequently another event was observed in the
AIMD simulations, namely a subsurface penetration of
a hydrogen atom involving another hydrogen atom at an
adjacent bridge-site in a concerted fashion. Snapshots of
this process on a hydrogen-covered Pd(100) surface with
an initial coverage of Oy = 0.5 monolayer within a (3x2)
unit cell are shown in Fig. 4 in a top and in a side view,
an animation of this process is provided in the Support-
ing Information as Supplementary Movie S1. Note that
the coverage is defined with respect to the number of Pd
atoms in the surface.

In addition to adsorbed hydrogen atoms at four-fold
hollow sites, there is another hydrogen atom adsorbed at
a bridge site (labeled number 2 in Fig. 4) surrounded by
filled four-fold hollow sites (Fig. 4a). Then the central
H atom at the four-fold hollow site (labeled number 1)
starts to propagate towards a subsurface site. At the
same time, hydrogen atom 2 from the adjacent bridge
site moves towards the four-fold hollow site that is about
to be emptied (Fig. 4b). Thus, in a combined bond-
making/bond breaking process, the one hydrogen atom
enters the subsurface site while the four-fold hollow site is
immediately filled by the hydrogen atom from the bridge
site (Fig. 4c).

In order to analyze these observations, reaction paths
for the hydrogen subsurface penetration, again using the
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FIG. 5: Reaction scheme for the hydrogen subsurface pene-
tration upon Hs adsorption at ¢(2 x 2)H/Pd(100). The con-
figuration Hj .q corresponds to a molecular precursor at the
top site within the (2 x 2) surface unit cell which is indicated
by the white boxes. In Hy,Haq one of the two hydrogen atoms
is at the hollow adsorption site, the other one at the bridge
site, in HygHaq all hydrogen atoms are at their hollow adsorp-
tion site, and in HaqHaq one of the hydrogen atoms is in the
subsurface site.

NEB method [10], were determined. The results are sum-
marized in Fig. 5. As an initial configuration, we started
with a ¢(2 x 2)H/Pd(100) surface, i.e. with a surface
with an hydrogen coverage of Oy = 0.5 but with no ad-
jacent hydrogen vacancies, so that Hy cannot dissociate
directly [37]. On such a surface, above the Pd ontop site
there is a molecular adsorption state, denoted by Hy ,q in
Fig. 5, which is stabilized by a rearrangement of the ad-
jacent substrate atoms. The dissociation of Hs into two
next-nearest neighbor sites from this state is hindered by
a barrier of about 0.3eV (dashed red line in Fig. 5). At
the fully hydrogen-covered Pd(100) surface, the subsur-
face penetration of a single hydrogen atom is hindered by
a barrier of about 0.6 eV. This high barrier is due to the
fact that the hydrogen atom has to propagate through
a low-coordinated transition state also involving strain
effects. Note also that the situation with all hydrogen
atoms adsorbed on the surface is by 0.4eV more stable
compared to the situation with one hydrogen atom per
(2 x 2) surface unit cell in the subsurface position.

However, from the molecular precursor state one of
the two hydrogen atoms can adsorb in the four-fold hol-
low site (H,q) whereas the other H atom can stay at the
bridge site (Hy,). This process is hindered by a bar-
rier of only 0.1eV (full blue line in Fig. 5). Even more
importantly, the concerted subsurface penetration from
this Hp,H,q state with the H,q atom entering the sub-
surface site and the Hy, atom directly refilling the four-
fold hollow site requires a barrier of only about 60 meV.
In contrast, the propagation of the Hy, atom into the
empty four-fold hollow adsorption site is much less prob-
able since it is hindered by a barrier of more than 0.2eV.

In the concerted motion, the energy cost of the H atom
going through the low-coordinated transition state to-



wards the subsurface site is compensated to a large ex-
tent by the energy gain when the bridge-site hydrogen
atom enters the four-fold hollow site that is about to
be emptied. The combined effect results in a concerted
process that is hindered by a barrier of less than 0.1eV.
Rather similar results have also been found for an initial
hydrogen coverage of Oy = 0.75 (see Supplementary Fig.
S2 and Movie S2). Such a concerted motion provides an
explanation for the facile hydrogen subsurface penetra-
tion once the surface is almost covered by hydrogen [33].
This also indicates that there is no need to invoke any
defect-mediated mechanism in order to explain the facile
subsurface penetration [34].

V. CONCLUSIONS

In conclusion, we have demonstrated, based on peri-
odic DFT calculations, that concerted reaction mecha-
nisms can be a crucial part of technologically relevant
reactions on surfaces. The driving force for these con-
certed reaction mechanisms is given by the fact that it
is energetically favorable to create a new bond before
the preceding bond-breaking process is fully completed
which at surfaces is not hindered by symmetry selection
rules. It is true that concerted reaction mechanisms in

surface reactions have been identified before, for example
in the methanol oxidation [39, 40]. On the other hand,
sometimes concerted mechanisms could not be found in
spite of significant efforts in exploring the relevant po-
tential energy landscape [20]. However, it is important
to note that a prerequisite for the occurrence of a con-
certed reaction mechanism is the availability of the sec-
ond reaction partner. Hence, either a careful search for
appropriate initial configuration is required, or an unbi-
ased search using, e.g., AIMD simulations [36, 41] has to
be performed. Without the proper initial configuration,
there is no chance to identify concerted reaction mecha-
nism which could lower a reaction barrier. It might well
be that often the most favorable reaction mechanism has
been missed in computational studies. This is also the
reason why we believe that concerted reaction mecha-
nisms are much more common than previously assumed.
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Movies S1 and S2
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Hydrogen subsurface penetration on Pd(100) with ©x = 0.5 coverage

The snapshots presented in Fig.4 have been taken from a ab initio molecular dynamics run of a hydrogen molecule
impinging on a Pd(100) surface with an initial hydrogen coverage of ©x = 0.5 monolayer within a (3 x 2) unit cell. In
the animation S1 H2Pd100_3x2_ThetaH05.mpg provided at the URL XX a sequence of the whole trajectory from
t = 850fs to t = 1200 fs is shown capturing the process of the concerted subsurface penetration.

Caption for movie S1:
Sequence of an ab initio molecular dynamics trajectory capturing the concerted subsurface penetration illustrated by
the snapshots shown in Fig. 4.

Hydrogen subsurface penetration on Pd(100) with ©y = 0.75 coverage

In this section we present the results of NEB calculations for one hydrogen atom entering to the Pd(100) subsurface
for a Ho molecule on a 2x2 cell of the surface with an initial hydrogen coverage of ©y = 0.75. The reaction pathway
shown in Fig.S1 starts with the Hy molecule 3.52 A above the surface (Hz,, state) from which the molecule can
reach states very similar to the Hy ,q and HpHaq ones shown in Fig. 5, without encountering any activation energy
barrier. Note that in the present case (initial coverage Oy = 0.75 and 2x2 cell), it is not possible to form the HoqH,q
intermediate state corresponding to a full hydrogen overlayer on Pd(100) as in Fig. 5 because there are five H atoms
and only four surface adsorption sites available per cell.

Still, similarly to the case analysed in Fig. 5, the activation energy barrier between the Hy,.H,q and Hgu, Haq states is
~ 0.16 eV, being the energy of the transition state ~ 0.35 eV below the zero energy reference level, corresponding to
the molecule far form the initially precovered surface.

This relatively small activation energy barrier for hydrogen penetration to the subsurface is a consequence of a
concerted motion through which the H,q atom enters the subsurface site at the same time that the Hy, atom refills
the emptied fourfold hollow adsorption site. A movie showing the sequence of configurations along the minimum
energy reaction pathway shown in Fig. S1 can be visualized in the animation S2 H2Pd100_2x2_ThetaH075.mp4 .
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FIG. S1: Reaction pathway for hydrogen subsurface penetration upon Hs adsorption over Pd(100) with ©x = 0.75 initial
coverage. The configuration Ha ¢ corresponds to the molecule in the gas phase, H> .q is an analogue structure to the molecular
precursor state in the ¢(2 x 2)H/Pd(100) surface (see Fig. 5 in main article), Hz qiss is the dissociated and adsorbed state with
lower energy, and in HgupbHaq there is a monolayer of H adatoms at the hollow sites with an additional H atom in a subsurface
site per (2 X 2) unit cell.

Caption for movie S2:
Configurations and energies along the minimum energy reaction pathway for the concerted subsurface penetration of
a Hy molecule on a 2x2 cell of Pd(100) with an initial hydrogen coverage of Oy = 0.75.



