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1. INTRODUCTION

Oil, natural gas, and coal combustion processes, involved in
power generation, are accountable for increasing CO, atmo-
spheric concentration, which is considered to be one of the
main causes of climate changes and global warming." Beside the
environmental concern, CO, represents a highly functional and
abundant chemical reagent for chemicals and fuels and could
potentially be a renewable and environmentally friendly source
of carbon. Therefore, upgrading CO, into more valuable prod-
ucts is considered as one of the most promising solutions
for a CO,-neutral energy supply. In this regard, cost-effective
technologies are required to reduce CO, emissions,” as well as
approaches where CO, is converted into higher-value chem-
icals® or used for the “chemical storage” of energy produced by
renewable sources on a large scale.* In this respect, the chemical
conversion of CO, is mainly achieved via hydrogenation to, e.g.,
CH,, CH30H, or CH,O on metal-based catalysts.579 In these
processes, a crucial issue is related to the high chemical stability
of CO,, which is hard to activate at high conversion rates
and selectivity.' It is therefore of great importance to derive
a detailed mechanistic understanding at the atomic scale to
clarify the basic chemical processes of CO, activation, which

encompasses the reverse water—gas shift (r-WGS) reaction
as the first step on metal surfaces. At present, despite an
increasingly large number of investigations,"'>* debates still
exist on the reaction mechanism and elementary steps involved
in the water—gas shift (WGS) and r-WGS reaction pathways.
In particular, three different mechanisms have been proposed
for the conversion of CO, to CO via a r-WGS route on metal
catalysts, characterized by the following key steps: '

CO, - CO+ O (1)
CO, + H — COOH @)
CO, + H — HCOO 3)

The occurrence of different mechanisms is found to depend
on the specific catalysts and operating conditions. For instance,
Mavrikakis and co-workers'"'* suggested that a COOH-mediated
mechanism is favored for the CO, hydrogenation on Pt catalysts,
whereas Maestri and co-workers found—in agreement with
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Figure 1. Dissociation (red line) and hydrogenation (black line) reaction paths on: panel (a) Pt (111); panel (b) Rh (111). The symbol “c0” means
non interacting adsorbates (infinite distance) in the supercell, and the symbol “c0” is used to distinguish the “§” adsorption site from the “*”

adsorption site. See Supporting Information for details.

experimental kinetic investigations”>—that r-WGS proceeds
through the CO, dissociation mechanism on Rh.***® The
formate (HCOO) mechanism—despite the fact that HCOO
has been detected on the catalyst surface by the means of operando
DRIFT and SSITKA analysis'’—is usually discarded because of
the high stability of HCOO on the surface, which makes HCOO
a spectator rather than a reactive intermediate.””>°

Understanding the reasons of such mechanistic differences
among the metals is crucial in the effort to gain a mechanistic
interpretation of CO, activation, and detailed analysis by theory
are required to link the different prevalent mechanisms on the
metals to specific properties at the atomic scale.”’ In view of this,
we present a detailed density functional theory (DFT) analysis of
the dissociation mechanism (CO, — CO + O) and the COOH-
mediated mechanism for the r-WGS on (111) surfaces of Pt, Rh,
Ni, Cu, Ag, and Pd. We show that the tendency of the different
catalysts to promote different catalytic cycles is ultimately related
to their affinity to oxygen. In particular, as O interaction with
the metals weakens, the COOH-mediated mechanism becomes
dominant at the expenses of the dissociation mechanism; hence,
the dominant reaction path changes among the metals.

2. METHODS

All DFT calculations presented in this work are performed with
the Quantum ESPRESSO code,*” based on plane waves and
ultrasoft pseudopotentials. The exchange and correlation
potential is approximated using the generalized-gradient
approximation as formulated by Perdew, Burke, and Ernzerhof
(GGA-PBE) functional.>*** Kohn—Sham states are expanded

in a basis set of plane waves with a cutoff of 40 Ry and a
6 X 6 X 1 Monkhorst—Pack grid is used to sample the Brillouin

zone. This set of parameters was verified to ensure the
numerical convergence within 30 meV of the computed

binding energies. The (111) metal surfaces are modeled with
a periodically repeated slab geometry, using a 2 X 2 surface unit
cell, four atomic layers, and a vacuum spacing of 12 A. Metal
surfaces are characterized by very small relaxation.*® Therefore,

we keep the first three layers fixed at the atomic bulk position,
whereas the fourth layer is allowed to relax. Adsorption is
allowed only on one side of the slab. Binding energies are com-
puted as the difference between the energy of the adsorption
system (i.e., slab with adsorbate) and the sum of the energies
of the clean metal slab and of the gas-phase molecule.



Spin-polarized calculations are employed for gas-phase molecules
as well as for the Ni surfaces, which display ferromagnetic
behavior.*® Activation energies are computed by means of the
Climbing Image-Nudged Elastic Band (CI-NEB) method,”
using 12 images and a convergence criterion on forces of
0.1 eV/A. Since the GGA-PBE functional does not describe
van der Waals (vdW) interactions, we use the Grimme approach38
to account for their influence on the activation energies. As
reported in the Supporting Information, inclusion of dispersion
interactions leads to a slight and almost rigid shift of all activation
energies, without significantly altering their relative magnitude. In
our work the transition state (TS) is Tocated without the inclusion
of vdW interactions. The initial and final states are later optimized
accounting for vdW effects, and the energy of the TS is refined
with a single-point (ie., fixed ions) calculation including vdW
effects. As shown in the Supporting Information, this procedure

differs negligibly from a NEB calculation in which vdW effects are
accounte§ f%lr also in the search of the TS.

3. RESULTS AND DISCUSSION

We start with the analysis of the dissociation and COOH-
mediated mechanisms on Pt(111) and Rh(111) surfaces
(Figure 1). Details on the elementary steps included in the
two mechanisms are reported in Table 1. For additional infor-
mation on the reaction pathways, we refer the reader to the
Supporting Information.

Table 1. Dissociation and COOH-Mediated Mechanisms

COOH-mediated
1. CO,* + H* — trans-COOH* + *
2. trans-COOH* — cis-COOH*
3. cis-COOH* + * — CO* + OH*
4. OH* + H* - H,0* + *

dissociation
1. CO,* + ¥ - CO* + O*
2. O* + H¥* —» OH* + *
3. OH* + H* - H,0%* + *

In the case of Pt (Figure la), upon adsorption of CO, and
H, at the surface, the hydrogenation of CO, to trans-COOH
turns out to be more favorable than the dissociation of CO,
(0.81 vs 1.54 eV), in agreement with that reported also by
Mavrikakis and co-workers.'" In the case of Rh (Figure 1b),
instead, the dissociation route prevails because it exhibits an
activation energy considerably lower than the one needed for
the formation of the trans-COOH (0.63 vs 0.80 eV). In
particular, on one hand, the barrier for the formation of trans-
COOH is not markedly affected by the metal (0.81 and 0.80 eV
for Pt and Rh, respectively). On the other hand, a remarkable
decrease of the barrier for the CO, dissociation is predicted
(1.54 and 0.63 eV for Pt and Rh, respectively). Such a change is
crucial in enabling two different mechanisms for CO, activation
on the two metals as reported in Figure la,b.

Figure 2 reports the comparison between the dissociation
and hydrogenation activation barriers for all the six investigated
metals. Ni and Cu show behavior similar to Rh, with the
dissociation route favored on the hydrogenation one. Ag and
Pd, in contrast, are similar to Pt and the hydrogenation route
turns out to be less activated than the dissociation one. We now
aim to rationalize such a trend among the metals and to relate
it to specific properties at the atomistic level, which can then
be eventually used to identify a proper catalyst descriptor. To
this end, we first focus our attention on the CO, dissociation
reaction.

3.1. CO, Dissociation Pathway. As previously reported in
the literature,*”** CO, displays a weak interaction with all the

3.0
" CO,—>CO+0

25 | ® CO,+H— COOH

2.0

1.5 4

1.0

Activation Energy [eV]

0.5 1

0.0 -
Pt Rh Ni Cu Ag Pd

Figure 2. Dissociation (red bars) and hydrogenation (black bars)
activation energies on Pt(111), Rh(111), Ni(111), Cu(111), Ag(111),
and Pd(111) metals.

metal surfaces. Starting from CO, as initial state, we computed
the minimum energy path for the dissociation into CO and O
adsorbed in neighboring top and fcc sites of the (111) surface,
respectively. For Pt, Rh, and Ni metal surfaces we found the
reaction to proceed through a less energetically favored metastable
intermediate, where CO, is bent and the C—O bonds stretched.*’

As Figure 3 clearly shows, the geometry of the transition
state is nearly identical for all the metals. The TS of the reaction
is characterized by a fully cleaved C—O bond, and a second
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Figure 3. Lateral and upper view of the transition-state structure for
the dissociation reaction on the different metals.
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Figure 4. Bronsted—Evans—Polanyi (BEP) relation for the CO, dis-
sociation reaction (CO, — CO + O). Fitting model: y = 0.6868x +
1.0502; R? = 0.9935.

C—O bond that in all cases is almost identical to the value for
the CO molecule in the final state (~1.15 A). At the TS, the
O atom is in a bridge position, while the CO molecule is
slightly tilted and displaced away from the hollow site toward
the top site. In spite of very similar geometries, the activation
energy for this reaction is remarkably different on the six
metals, from 0.63 eV for Rh to 2.71 eV for Ag.
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The reaction closely obeys the Brensted—Evans—Polanyi
(BEP) relation*' ™ since there is a linear relationship between
the activation energy and the energy of reaction as shown in
Figure 4. From the magnitude of the linear coeflicient in
Figure 4 (0.69), we can infer that the TS for this step is of late
character, consistent with the geometries shown in Figure 3 and
with the fact that the binding energy of CO, (the initial state
of this reaction) is very similar and weak on all the metals.
Therefore, the energy of the TS is strongly influenced by the
energy of the final state, and in particular by O. In fact, as
shown in Figure 5, the trend of the activation energy for the
CO, dissociation among the metals turns out to be mostly
correlated with the O binding energy.

Consequently, any sort of destabilization suffered by O on
the surface has a direct effect upon the capability of the system
to dissociate CO, into CO and O. To further assess the latter
point, we computed the activation energy of the dissociation
reaction at different coverages, which can significantly affect the
binding energy of the adsorbates and, in turn, the dissocia-
tion energy.” As an example, we report in Figure 6 the effect
of oxygen and hydrogen coverage on the dissociation on Cu.
On one hand, the interaction of CO, with the surface turns
out to be not affected by the higher coverage, given the weak
interaction between CO, and the surface. On the other hand,
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Figure S. Correlation between the forward activation energy of the dissociation reaction (CO, — CO + O) and: panel (a) oxygen binding energy
(fitting model: y = 1.0648x + 6.5919; R* = 0.8956); panel (b) carbon monoxide binding energy (fitting model: y = 0.7666x + 2.8024; R* = 0.6534).

Table 2. Species Binding Energies

Pt(111) Rh(111) Ni(111)
metal species BE [eV] site BE [eV] site BE [eV] site
CO, —-0.51 equivalent —0.32 equivalent -0.27 equivalent
CO» petastable —0.19 top —0.11 top —0.07 top
CoO -224 hep -2.33 hep =217 hep
(¢} —4.52 fec —5.31 fec -5.69 fec
H -2.85 fec -2.93 fec —2.87 fec
trans-COOH -3.13 top —3.08 top —2.80 top
cis-COOH -3.01 top -2.71 top —2.55 top
Cu(111) Ag(111) Pd(111)
metal species BE [eV] site BE [eV] site BE [eV] site
CcO, —0.21 equivalent —0.26 equivalent -0.33 equivalent
CO; metastable
CcO -1.19 fec —0.46 top —2.36 hep
(¢} —5.04 fec -3.79 fec —4.75 fec
H —2.58 fec —2.18 fee -2.95 fec
trans-COOH -2.12 top —1.59 top -2.74 top
cis-COOH —2.02 top —L.18 top —2.58 top
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Figure 6. Activation energy of the dissociation step on Cu(111):
(a) 0 ML, (b) 1/4 ML of adsorbed hydrogen, and (b) 1/4 ML of
adsorbed oxygen.

both higher hydrogen (Figure 6b) and oxygen (Figure 6¢)
coverage causes an intense repulsion for O and thus a
destabilization of the final state of the reaction with respect to
the case of a clean metal slab (Figure 6a). As a result, the
dissociation reaction becomes more endothermic. Given the late
character of the TS, the destabilization of the final state on the
surface results in a destabilization of the transition state too and,
correspondingly, the activation energy increases, as evident by
comparing the results obtained when CO, dissociates on a clean

metal slab with those obtained when both 1/4 ML H and 1/4
ML O coverages are present.

It is important to note that when the differences between
the two competing pathways are small (as in the case of Cu)
coverage effects may play a crucial role in determining the
dominant reaction mechanism. For instance, by considering
1/4 ML H coverage on Cu, CO, dissociation becomes more
activated (1.93 eV) than hydrogenation (1.69 eV).

3.2. CO, Hydrogenation to trans-COOH. We now
consider the hydrogenation route to trans-COOH, which is
the competitive pathway with respect to the dissociation
reaction. In sharp contrast with the dissociation pathway, CO,
hydrogenation to trans-COOH displays much less marked
differences among the metals in terms of activation energy.

Atomic hydrogen binds preferentially in a hollow site on all
six metals, with a slight preference for the fcc site over the
hcp site in all cases (see Table 2). As initial state for the CO,
hydrogenation reaction, we hence selected a configuration with
a H atom occupying a fcc site and CO, weakly interacting with
the metal surfaces. As final state of this reaction we consider
the trans-COOH species, adsorbed through the C atom at
a top site. In contrast to what is observed for the dissociation
route, we find that—despite the same initial and final
configurations—the geometry of the minimum energy path
(MEP) for CO, hydrogenation changes among the different
metals. For instance, in the case of Pt, H diffuses to the top site
before reacting with CO,. On the Rh surface, instead, the H
atom migrates toward the bridge site without going through the
top site. Consequently, the geometry of TS varies among the
different metals, as shown in Figure 7.

The different MEP and the different TS among the metals
are the results of the different contributions of reactants and
products to the TS. In particular, in contrast to the CO,
dissociation reaction, initial state for the hydrogenation path
shows a non-negligible interaction with the surface due to the
presence of H, as evident from the values of H binding energies
reported in Table 2. In this situation, the formation of the TS is
affected both by H (reactant) and trans-COOH (product). As a
first approximation, the relative difference between the binding
energies of reactants and products can provide an estimation of
the importance of reactants and products in determining the
nature of the TS. Let us consider for instance the cases of Rh
and Cu. On one hand, by going from Rh to Cu (see Table 2),
trans-COOH becomes 0.96 eV less stable, while H gets
destabilized of 0.35 eV. On the other hand, CO, interacts
weakly with the surface in both cases. Consequently, the energy
cost to form the TS becomes less dominated by trans-COOH
by going from Rh to Cu, and thus the character of the TS is
more “early” (i.e., strongly influenced by the reactants) for Rh
than for Cu, as a result of the different interactions of reactants
and products with the metal surface. This is consistent with the
TS geometries reported in Figure 7. The TS on Cu resembles
more the initial state (H and CO,), whereas on Rh the TS has a
geometry that is more similar to the product (trans-COOH).
For instance, for Rh, the C—metal distance is almost identical
to the value in trans-COOH in the final state (2.01 vs 1.98 A),
whereas, for Cu, the C—metal distance is quite different from its
value in trans-COOH in the final state (2.34 vs 1.95 A). As a
consequence of this change in the nature of the TS among the
metals, the reaction does not closely obey the BEP principle, as
shown in Figure 8.

Consequently, a simple descriptor of the catalytic activity via
the hydrogenation mechanism cannot be identified.



TS on Pt(111)

TS on Rh(111)

TS on Ni(111

Upper view

Lateral view

TS on Cu(111)

Upper view

Lateral view

Figure 7. Lateral and upper view of the transition-state structure for
the hydrogenation reaction on the different metals.
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Figure 8. Bronsted—Evans—Polanyi (BEP) relation for the CO,
hydrogenation reaction (CO, + H — COOH). Fitting model: y =
1.3294x + 1.1004; R* = 0.8587.

3.3. Comparison between CO, Dissociation and
COOH-Mediated Mechanisms. On the whole, our analysis
pointed out that the dissociation reaction is strongly affected by
the O—metal interactions, whereas the hydrogenation pathway
is neither directly related to any specific adsorbate—metal
interaction nor strongly affected by the metal. As a consequence
of these conclusions, the difference in the activation energies
for the dissociation and the hydrogenation paths is found to be
correlated with the binding energy of oxygen, by following the
trend of the CO, dissociation with respect to O binding energy.
This is shown in Figure 9.
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Figure 9. Correlation between the binding energy of oxygen and
difference of the activation energies for the dissociation and hydro-
genation reactions. Fitting model: y = 0.8436x + 4.3307; R* = 0.9114.

As a result, on one hand, more oxophilic surfaces will favor
the dissociation mechanism; on the other hand, less oxophilic
surfaces will favor the hydrogenation route. All in all, the

difference in the two activation energies is well captured by this
simple descriptor, which can then be used to discriminate which

of the two mechanisms is dominant on the different metals.

4. CONCLUSIONS

By means of a systematic DFT analysis of the r-WGS reac-
tion on Pt(111), Rh(111), Ni(111), Cu(111), Ag(111), and
Pd(111) surfaces, we have provided compelling evidence that

the change in affinity to oxygen among the different metals is

the main cause to enable different dominant pathways for the
CO, activation. In particular, COOH-mediated mechanism is

favored on Pt, Ag, and Pd, whereas Rh, Ni, and Cu dissociate
CO, to CO and O, thus making the dissociation mechanism

prevalent. We found that such a difference is related to a drastic
change in the CO, dissociation barrier, which is not com-
pensated by an equivalent variation in the hydrogenation
activation energy. On one hand, due to the late character of the
transition state for the dissociation reaction and the very weak
interaction of the CO, molecule with all the surfaces, the nature
of the interaction between the adsorbed O and the surface is
crucial in dictating the height of the CO, dissociation barrier.
Specifically, the stronger the metal—O interaction, the lower
the CO, dissociation barrier, thus making the dissociation route
more favorable over the competing hydrogenation route, which
was found to be markedly less affected by the metal surface. As
a result, the dominant reaction pathway for r-WGS changes
among the metals. We found that the binding energy of oxygen
scales almost linearly with the difference between the activation
energy of the two competing paths, and therefore this quantity
can be used as a simple descriptor to discriminate which of the

two mechanisms is dominant on different metals.
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