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Abstract

The tunability offered by alloying different elements is useful to design catalysts with greater activity,
selectivity, and stability than single metals. By comparing the Pd(111) and PdZn(111) model catalysts for
CO2 hydrogenation to methanol, we show that intermetallic alloying is a possible strategy to control the
reaction pathway from the tuning of adsorbate binding energies. In comparison to Pd, the strong electron-
donor character of PdZn weakens the adsorption of carbon-bound species and strengthens the binding of
oxygen-bound species. As a consequence, the first step of CO2 hydrogenation more likely leads to the formate
intermediate on PdZn, while the carboxyl intermediate is preferentially formed on Pd. This results in the
opening of a pathway from carbon dioxide to methanol on PdZn similar to that previously proposed on Cu.
These findings rationalize the superiority of PdZn over Pd for CO2 conversion into methanol, and suggest
guidance for designing more efficient catalysts by promoting the proper reaction intermediates.
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The reduction of CO2 greenhouse gas emissions and
the availability of a reliable, and secure carbon-neutral
energy supply are vital in order to slow down the rate
of climate change while replacing fossil sources.1 An-
thropogenic CO2 conversion to methanol can help to
face this double challenge.2,3 Methanol is a safe, easily
transportable and fastly biodegradable liquid fuel which
can be used with today’s vehicle technology at mini-
mal incremental costs.4 Catalytic CO2 hydrogenation
to methanol (CO2+H2→H2O+H3COH), with hydrogen
produced from water electrolysis, has proven to be a vi-
able process at the pilot plant scale in several countries.5

Because CO2 is a very stable molecule, highly efficient
catalysts are required to reduce it to methanol. For now,
the Cu-ZnO-Al2O3 catalyst, initially developed for CO
hydrogenation to methanol, is used in combination with
harsh pressure conditions (> 50 bar).6 In this context,
the design of more efficient catalysts for decreasing the
pressure as well as the temperature is an active field of
research. Two main strategies are currently used to de-
sign new catalysts for CO2 hydrogenation to methanol.
First, the conception of copper-metal oxide interfaces
such as Cu/ZnO, Cu/CeO2, and Cu/ZrO2

7–10 has been
reported to promote the formation of formate, thus in-
creasing catalytic activity and selectivity11 Another de-
cisive approach is based on engineering the coordination
environment of active metal atoms by alloying,12,13 to
control the reaction pathways that drive the chemical
transformations. For instance, alloying Ni with Ga pe-
nalizes the rWGS (reverse Water Gas Shift) reaction on
NiGa catalysts, thereby facilitating the production of
methanol.14

Several Pd-based compounds are recognized as attrac-
tive catalysts for CO2 reduction to methanol. Com-
pared to Cu-based catalysts, they can be chemically
stable, resistant to sintering,15–17 and present supe-
rior activity toward methanol production at lower tem-
peratures.18–20 Current interest in this direction has
been focused on several systems, such as Pd/ZnO,21,22

Pd/Ga2O3,
23,24 Pd/In2O3

23,25 or Pd/ZrO2.
26 The per-

formances of Pd/ZnO are generally ascribed to the for-
mation of the PdZn intermetallic compound at the ox-
ide surface by reduction of the powder catalyst under
H2 at high temperature (T > 200oC).27–30 The forma-
tion of heteroatomic bonds in PdZn, driven by electron
transfer from Zn to Pd (Zn0.4+Pd0.4−),31 changes the
electronic environment of the active metal. Focusing
on methanol steam reforming (MSR), which is the re-
verse reaction of methanol synthesis from CO2 and H2,
a clear correlation between electronic structure and CO2

selectivity was recently obtained by comparing Cu with
PdZn, PtZn, NiZn, and PdCd intermetallics on the ba-
sis of experiments and calculations.32 The specific elec-
tronic structure of PdZn, characterized by a shift to-
wards higher binding energies of the Pd d-band upon al-
loying, makes the density of states of the alloy resemble
that of Cu.33 This accounts for the similar catalytic per-
formances of the two catalysts.32 At the atomic scale,
a correlation between adsorption energies and CO2 se-

lectivity pointed the key role of formaldehyde, a weak
adsorption of H2CO leading to a high theoretical selec-
tivity.34 Experimentally, the addition of Pd to ZnO was
shown to slightly lower the thermodynamic stability of
adsorbed formaldehyde, which correlates with increased
selectivities to CO2 and H2.

35 Meanwhile, the high ac-
tivity was attributed to identical adsorption energies
of methanol and water on PdZn/ZnO – as determined
from micro-calorimetry and infrared spectroscopy, since
methanol could competitively adsorb and react with wa-
ter. However, no extensive mechanistic studies have
been performed so far to relate the reaction paths of
CO2 hydrogenation to methanol on the PdZn catalysts,
and thereby clearly reveal the role of alloying Pd with
Zn.35 Herein, using plane-wave density functional the-
ory (DFT) calculations, we investigate how the addi-
tion of an ancillary metal (Zn) to a metallic catalyst
(Pd) influences the mechanism of methanol synthesis
through CO2 hydrogenation. The theoretical study
has been performed at P=0 and T=0. It is a manda-
tory first step towards the investigation and in-depth
understanding of the alloying effect on the catalytic per-
formances. We chose the Pd(111) and PdZn(111) sur-
faces, because this orientation is the most stable for
both systems36–38 and has been observed experimen-
tally.39 Adsorption (Eads) and reaction (∆E) energies
were systematically determined based on total energy
calculations (section S1, Tabs S1-S5, Figs. S1-S5), while
activation energies (Eact) were ruled on by the climbing
image nudged elastic band (CI-NEB) method (Fig. S6,
Tab. S5).40–43

On both catalysts, carbon dioxide does not form sta-
ble chemical adsorption state (Fig. S2), similarly to
what happens on other dense metallic surfaces,44 where
CO2 is weakly physisorbed or unstable.45 After the
structural optimization, the molecule stands parallel
and rather far from the surface (distance larger than
3 Å). No activation of CO2 is identified at this stage:
adsorption strengths are weak – but almost twice larger
on PdZn than on Pd (Fig. S2) – and the C-O bond
lengths computed for CO2 physisorbed on Pd and PdZn
are equal to the ones calculated for the gas phase (1.18
Å).

Considering all other species involved in CO2 hydro-
genation to methanol, alloying Pd with Zn leads to dras-
tic modifications of the catalyst adsorption properties
(Fig. 1). The adsorption energies of carbon-bound
species – CO, HCO, H2CO, COOH, COH, HCOH,
C(OH)2, H2COH – are strengthened on Pd, the largest
changes being calculated for H2CO, COH, C(OH)2. In
contrast, oxygen-bound species – H3COH, O, HO, H2O,
H3CO, HCOOH, HCOO, H2COOH, H2COO – inter-
act more strongly with PdZn(111), especially H2O. In
regard to charge transfer, which is a key parameter
for adsorption properties, this behavior can been at-
tributed to the substantial electron-donating and weak
electron-accepting ability of PdZn, resulting from its
fully filled d-states.46 In comparison, Pd presents an
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Figure 1: Modification of the catalyst adsorption properties
due to alloying Pd with Zn. The relative changes are evalu-
ated by (EPdZn

ads − EPd

ads)/E
Pd

ads, using data from Tabs S1-S4.
A positive (resp. negative) value means that the adsorbate
is more (resp. less) strongly adsorbed on PdZn than on Pd.
The adsorption energies of the HCOOH intermediate are
identical on PdZn and Pd.

electron-accepting and a weak electron-donating char-
acter, due to its partially filled d-states. Such an elec-
tronic effect also explains the larger modification of the
water adsorption energy, induced by alloying, than of
the methanol one, both adsorbed at top sites – top-Zn
or top-Pd site on PdZn and Pd, respectively – since the
oxygen electronegativity in methanol is weaker than in
water (14.87 eV.e−1 and 19.79 eV.e−1, respectively).47

Alloying can change the binding mode of the adsorbates
as well. For example, H3CO bounds to the surface
through the oxygen atom, at a hollow site on Pd but
at a bridge site on PdZn, thus maximizing O-Zn inter-
actions on PdZn. A similar behavior can be observed
for carbon-bound adsorbates, such as H, CO and COH,
located in a hollow site on Pd and in a bridge Pd-Pd
site on PdZn, which is likely to maximize the C-Pd in-
teractions. The larger Pd-Pd distance at the PdZn(111)
surface (4.41 Å) than at the Pd(111) surface (2.75 Å)
may also contribute to the change of the binding mode,
as observed for HCOH and c-COOH (cis-COOH), lying
at top-Pd and bridge sites on PdZn and Pd, respectively.
So far, theoretical studies have identified three main

reaction routes for methanol synthesis from CO2
48 (Fig.

2, black arrows). The conventionally proposed path-
ways are the formate pathways, during which CO2 is
first hydrogenated to formate (HCOO), the latter being
hydrogenated to H2CO through H2COO or HCOOH
followed by H2COOH, and then methanol. This mech-
anism has been frequently invoked for Cu surfaces,49–52

as well as for several Cu/oxide,53–57 Cu/carbide,58 Cu
alloys,59–61 and Pd/oxide62,63 catalysts. Alternatively,
the CO pathway is generally assumed to explain the
formation of the CO byproduct, as observed for some
Cu/oxide,7,10 doped-Cu catalysts64 or Cu-based al-
loys.65 The formation of CO results from CO2 hydro-
genation via the COOH intermediate, and methanol is

produced from CO hydrogenation through HCO and
H2CO. For Pd, our results point towards this mecha-
nism as well (Fig. 2, blue arrows). The first hydrogena-
tion step to c-COOH occurs with a rather large barrier
(Figs 3, S6 and Tab. S5), while carbon monoxide forms
from c-COOH rather easily (EPd

act(c-COOH → CO) =
0.59 eV), compared to the one leading to HCOOH
(EPd

act(c-COOH → HCOOH) = 1.01 eV). This is in
agreement with the substantial CO selectivity from CO2

hydrogenation over Pd black, as experimentally mea-
sured.25 Methanol is then obtained from CO, through
HCO, H2CO, H2COH species (Figs. 3, S6 and Tab.
S5), which have all been experimentally observed upon
methanol decomposition on Pd.66 However, several el-
ementary steps present rather large activation energies:
CO → HCO (EPd

act = 1.09 eV), HCO → H2CO (EPd
act

= 0.97 eV), and H2CO → H2COH (EPd
act = 0.70 eV).

This may explain why methanol is not produced from
CO2 or CO hydrogenation on Pd.25 The COOH path-

way is less frequently adopted in the literature.44,48,67

A few examples include the catalysis by intermetallic
compounds (Ga3Ni5,

68 PdCu3
69) and oxidized copper,

surface oxygen or water-derived species facilitating the
formation of methanol.70

On PdZn, like on Pd, the spontaneous dissociate ad-
sorption of H2 can provide enough H coverage and pro-
mote subsequent reactions (Tab. S5). In addition, like
on Pd, direct formation of CO from CO2 is not likely on
PdZn, since it proceeds through large barriers on both
catalysts (Eact > 1.5 eV, Tab. S5). The crucial step to
determine the reaction pathway is the first elementary
step of CO2 hydrogenation, which consists in formate
(HCOO) or carboxyl (COOH) formation. As shown in
Fig. 1, alloying Pd with Zn results in a slight stabiliza-
tion (relative change of the adsorption energy by -14%)
of the formate species at the alloy surface and in a faint
destabilization of the carboxyl species (+10%). Thus,
the formate pathways are expected to be more favorable
on PdZn. The previous picture is validated by NEB
calculations, as explained in the following (Fig. 2, red
arrows).
The formation of HCOO from CO2 is found slightly

exothermic (Tab. S5), with a smaller barrier on PdZn

than on Cu(111) (EPdZn
act =0.58 eV; E

Cu(111)
act = 0.87

eV52). These findings are consistent with the pres-
ence of formate species on the PdZn surface, as experi-
mentally observed21,71 Alloying is thus demonstrated to
change the picture, the formation of HCOO from CO2

being endothermic on Pd, and occurring with a huge
barrier (EPd

act = 2.23 eV). No activation of the CO2

molecule is compulsory on PdZn, in contrast to what
has been proposed by Zhang et al. on Pd, starting from
activated CO2, adsorbed in a bidendate configuration
(EPd

ads
> 0) to make the formate pathway achievable.

Comparable trends have been calculated by alloying Pd
with other metals, whether the considered active surface

presents a similar surface structure (E
PdIn(110)
act = 0.05

eV)72 or not (E
PdCu(111)
act = 0.62 eV).73 Once HCOO is
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formed, several steps can be considered (Fig. S6, Tab.
S5). Breaking the C-O bond to form HCO+OH is not
likely (EPdZn

act = 2.33 eV). Similarly, H2COO proceeds
through a large barrier (EPdZn

act = 1.56 eV). In contrast,
the hydrogenation of HCOO to formic acid (HCOOH)
is probable (Fig. 3), with an activation energy smaller
than on Pd (EPd

act = 0.73 eV; EPdZn
act = 0.52 eV) and

Cu(111) (E
Cu(111)
act = 0.91 eV52). The modification of

the activation energy is found to strongly depend on the

ancillary metal with which Pd is combined : E
PdIn(110)
act

= 0.65 eV72 and E
PdCu(111)
act = 1.28 eV.73 The scenario

on PdZn(111) differs from studies on Cu(111) in which
H2COO has been frequently invoked as the product of
HCOO hydrogenation.52 Formaldehyde, that is more
stabilized on Pd than PdZn, likewise results from the
C-O bond breaking in H2COOH, which is more stabi-
lized on PdZn than on Pd (Fig. 1). Thus, the reaction
is not thermodynamically favored on PdZn (∆EPdZn =
0.59 eV, Tab. S5) and the barrier is the rate determin-
ing step (EPdZn

act = 0.90 eV, Fig. 3).
As shown before, alloying stabilizes the formate

species at the PdZn surface, thus facilitating the for-

mate pathways, and destabilizes the carboxyl species.
However, the latter effect is small (10% increase in ad-
sorption energy, in average). Is it enough to avoid the
formation of the carboxyl species at the PdZn alloy
surface? On PdZn, CO2 hydrogenation to COOH is
found competitive with the formation of HCOO (Fig.
3). The reaction is endothermic for both the cis and
trans COOH isomers (Tab. S5). The activation ener-
gies to form t-COOH and HCOO are almost the same
and moderate (EPdZn

act (CO2 → t-COOH) = 0.61 eV and
EPdZn

act (CO2 → HCOO) = 0.58 eV). On PdZn, the c-
COOH configuration – less adsorbed on PdZn than Pd
(Fig. 1) and resulting from isomerization (EPdZn

act (t-
COOH → c-COOH) = 0.66 eV) – provides an opti-
mized geometry to spontaneously convert into formic
acid, an intermediate more strongly adsorbed on PdZn
than on Pd (EPdZn

act (c-COOH→ HCOOH) = 0.03 eV).

The latter can then react according to the formate

mechanism detailed before. Such a step has not been
invoked so frequently in literature for CO2 reduction
to methanol, the corresponding barriers being usually

much larger (E
Ga3Ni5(221)
act = 0.93 eV,68 E

Cu(111)
act = 0.64

eV,74 E
Pd(111)
act = 0.75 eV75). The previous scenario,

as an hybrid pathway between the formate and COOH
ones (Fig. 3), is more likely than the one following the
complete COOH mechanism. Indeed, the hydrogena-
tion of COOH to C(OH)2 is endothermic and occurs
with rather large barriers (∆EPdZn = 1.01 eV, EPdZn

act

= 1.02 eV).

As demonstrated in the previous sections, formalde-
hyde is a key intermediate in the CO2 hydrogenation
to methanol. This carbon-bound species is more
strongly adsorbed on Pd than on PdZn (Fig. 1, Tab.
S2), in agreement with other theoretical calculations.76

This tendency is however reverse to the experimental
findings, suggesting that formaldehyde is more strongly
bound on PdZn.77,78 This may arise from the struc-
tural complexity of actual catalyst surfaces, as well
as the influence of reaction conditions. The addition
of Zn changes the most favorable adsorption site from
η1Pd(C)η

1
Pd(O) on Pd (Fig. S5) to η1Pd(C)η

3
PdZn2

(O) on
PdZn (Fig. S4), in agreement with the results of Smith
et al.79 The experimental observations by Jeroro and
Vohs, who reported that H2CO binds to Pd-Zn dimers,
with the carbon end of the molecule bound to Pd and
the oxygen end bound to Zn,77 slightly differ from our
findings. Starting from formaldehyde, the methanol for-
mation can proceed through H3CO or H2COH (Fig. 3).
The barriers are smaller through H2COH than through
H3CO (Tab. S5), which is attributed to the specific
configuration of adsorbed H2COH, with the C-O bond
almost parallel to the surface (Figs. S4-S5). Alloying Pd
with Zn again facilitates the transformation from H2CO
to methanol, the barriers being smaller on PdZn than
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Figure 3: Top : Energy landscape for CO2 hydrogenation to methanol on Pd and PdZn. The values indicated on the
graph represent the activation energy barriers in eV. Formate, COOH and CO pathways are depicted in red, green and blue,
respectively. Alternative paths are shown in gray. Bottom : Adsorbates and transition states (TS) structures. c-COOH and
t-COOH stands for cis-COOH and trans-COOH, respectively.

on Pd (Fig. S6, Tab. S5). This last sequence is quite
different to what is generally proposed in the literature,
i.e. the hydrogenation of H2CO to H3CO and methanol,
as found by Zhang et al. on Pd(111),80 Wu and Yang
on PdIn(110),72 and Nie et al. on PdCu(111).73

In summary, alloying Pd with Zn strongly alters the
preferred binding configuration of several intermediates,
such as CO, H2CO and H3CO. This deeply modifies
the kinetically preferred pathway to methanol. The lat-
ter more likely proceeds through the formate mecha-
nism, thus avoiding the formation of CO, in agreement
with the experimental observations.21,25 Such a reaction
path is very similar to the one calculated on Cu(111)52

– CO2 → HCOO → HCOOH → H2COOH → H2CO →

H2COH → H3COH. On both PdZn and Cu, the steps
with the highest barriers are the C-O bond breaking to
formaldehyde and H addition to H2COH (Fig. 3, Tab.
S5). Overall, barriers are lower on PdZn than on Pd,
in agreement with the superior methanol yields mea-
sured for catalysts containing the PdZn intermetallic
phase.25,81 The insights gained by studying the reaction
networks on PdZn versus Pd shed light on its intrinsic
catalytic properties at T=0 and P=0. Further work will
include other effects such as the influence of the support
and the reaction conditions on the catalytic properties.
The extension of our study to other ancillary metals

combined with Pd may stimulate the discovery of novel
alloy catalysts for CO2 hydrogenation to alcohols.

Computational methods

All calculations were performed based on the Density
Functional Theory (DFT) using the Vienna ab initio

simulation package (VASP).82–84 The interaction be-
tween the valence electrons and the ionic core was de-
scribed using the spin polarized projector-augmented
wave (PAW) method85,86 within the generalized gra-
dient approximation of Perdew, Burke and Ernzerhof
(GGA-PBE),87 considering the valences for the atoms
to be 4d95s1 (Pd), 4d10p2 (Zn), 2s22p4 (O) 2s22p2 (C)
and 1s1 (H). To compensate for a poor description of
van der Waals interactions by GGA functionals, the D3
correction method by Grimme was employed.88 Struc-
tures were relaxed until the forces dropped below 0.01
eV/Å. Reaction energies (∆E) were determined, as well
as energy barriers (Eact), based on the climbing image
nudged elastic band (CI-NEB) method.40–43 Seven in-
termediate images were produced by linear interpola-
tions between relaxed images. The optimization was
stopped when the change in the total (free) energy was
smaller than 10−4 eV. Vibrational analysis (for saddle
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point verification), limited to the surface species and
keeping the rest of the system fixed, was carried out
by calculating Hessian matrix with finite difference ap-
proach with a step size of 0.015 Å.
One-electron Kohn-Sham orbitals were expanded

with a kinetic energy cutoff of 450 eV. The reciprocal
space integration was approximated with a Monkhorst-
Pack k-point grid of 9×9×9, 2×4×1 and 3×3×1 for
the bulk crystals, PdZn(111) and Pd(111) catalytic sur-
faces, respectively. This setup leads to lattice parame-
ters for the PdZn (P4/mmm space group, a = 4.12 Å,
c = 3.42 Å), in good agreement with other theoretical
values (a = 4.14 Å, c = 3.38 Å;89 a = 4.15 Å, c = 3.39
Å39), as well as with experimental ones (interpolated
values for 50 at. % Zn, a= 4.11 Å and c = 3.35 Å39,90).
All calculations have been performed using a bulk trun-
cated model, since the strength of Pd-Zn bonds was
demonstrated to prevent any surface segregation in the
self-supported 1:1 alloy film.39

Associated content

Summary of adsorption properties of Pd(111) and
PdZn(111) towards all intermediates involved in the
CO2 reduction to methanol (adsorption energies and
configurations); Scheme of all considered reaction paths;
Table containing the corresponding reaction and activa-
tion energies.
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Schlögl, R.; Behrens, M. Hydrogenation of CO2

to methanol and CO on Cu/ZnO/Al2O3: Is there
a common intermediate or not? J. Catal. 2015,
328, 43 – 48.

(57) Wang, Y.; Kattel, S.; Gao, W.; Li, K.; Liu, P.;
Chen, J. G.; Wang, H. Exploring the ternary in-
teractions in Cu–ZnO–ZrO2 catalysts for efficient
CO2 hydrogenation to methanol. Nat. Comm.

2019, 10, 1166.

(58) Posada-Perez, S.; Ramirez, P.; Gutierrez, R.; Stac-
chiola, D.; Vines, F.; Liu, P.; Illas, F.; Ro-
driguez, J. A. The conversion of CO2 to methanol
on orthorhombic β-Mo2C and Cu/β-Mo2C cata-
lysts: mechanism for admetal induced change in
the selectivity and activity. Catal. Sci. Technol.

2016, 6, 6766–6777.

(59) Fujitani, T.; Nakamura, I.; Uchijima, T.; Naka-
mura, J. The kinetics and mechanism of methanol
synthesis by hydrogenation of CO2 over a Zn-
deposited Cu(111) surface. Surface Science 1997,
383, 285 – 298.

(60) Nakamura, I.; Fujitani, T.; Uchijima, T.; Naka-
mura, J. The synthesis of methanol and the re-
verse water-gas shift reaction over Zn-deposited
Cu(100) and Cu(110) surfaces: comparison with
Zn/Cu(111). Surface Science 1998, 400, 387 –
400.

(61) Shi, Z.; Tan, Q.; Tian, C.; Pan, Y.; Sun, X.;
Zhang, J.; Wu, D. CO2 hydrogenation to methanol
over Cu-In intermetallic catalysts: Effect of reduc-
tion temperature. J. Catal. 2019, 379, 78 – 89.

(62) Collins, S. E.; Baltanas, M. A.; Bonivardi, A. L.
An infrared study of the intermediates of methanol
synthesis from carbon dioxide over Pd/β-Ga2O3.
J. Catal. 2004, 226, 410 – 421.

(63) Ye, J.; Liu, C.-J.; Mei, D.; Ge, Q. Methanol syn-
thesis from CO2 hydrogenation over a Pd4/In2O3

model catalyst: A combined DFT and kinetic
study. J. Catal. 2014, 317, 44 – 53.

(64) Yang, Y.; White, M. G.; Liu, P. Theoretical Study
of Methanol Synthesis from CO2 Hydrogenation
on Metal-Doped Cu(111) Surfaces. J. Phys. Chem.

C 2012, 116, 248–256.

(65) Jiang, X.; Koizumi, N.; Guo, X.; Song, C. Bimetal-
lic Pd–Cu catalysts for selective CO2 hydrogena-
tion to methanol. Applied Catalysis B: Environ-

mental 2015, 170-171, 173 – 185.

10



(66) Borasio, M.; de la Fuente, O. R.; Rupprechter, G.;
Freund, H.-J. In Situ Studies of Methanol Decom-
position and Oxidation on Pd(111) by PM-IRAS
and XPS Spectroscopy. J. Phys. Chem. B 2005,
109, 17791–17794.

(67) Jiang, X.; Nie, X.; Guo, X.; Song, C.; Chen, J. G.
Recent Advances in Carbon Dioxide Hydrogena-
tion to Methanol via Heterogeneous Catalysis.
Chemical Reviews

(68) Tang, Q.; Shen, Z.; Huang, L.; He, T.; Adid-
harma, H.; Russell, A.; Fan, M. Synthesis of
methanol from CO2 hydrogenation promoted by
dissociative adsorption of hydrogen on a Ga3Ni5
(221) surface. Phys. Chem. Chem. Phys. 2017, 19,
18539–18555.

(69) Liu, L.; Yao, H.; Jiang, Z.; Fang, T. Theoretical
study of methanol synthesis from CO2 hydrogena-
tion on PdCu3(111) surface. Applied Surface Sci-

ence 2018, 451, 333 – 345.

(70) Zhao, Y.-F.; Yang, Y.; Mims, C.; Peden, C. H.;
Li, J.; Mei, D. Insight into methanol synthesis
from CO2 hydrogenation on Cu(111): Complex
reaction network and the effects of H2O. J. Catal.
2011, 281, 199–211.

(71) Shan, A.; Zaman, S. F.; AlZahrani, A. A.;
Daous, M. A.; Driss, H.; Petrov, L. A. Devel-
opment of Highly Selective PdZn/CeO2 and Ca-
doped PdZn/CeO2 catalysts for Methanol Synthe-
sis from CO2 Hydrogenation. App. Catalysis A.

2018, 560, 42–53.

(72) Wu, P.; Yang, B. Intermetallic PdIn catalyst
for CO2 hydrogenation to methanol: mechanistic
studies with a combined DFT and microkinetic
modeling method. Catal. Sci. Technol. 2019, 9,
6102.

(73) Nie, X.; Jiang, X.; Wang, H.; Luo, W.;
Janik, M. J.; Chen, Y.; Guo, X.; Song, C. Mech-
anistic Understanding of Alloy Effect and Water
Promotion for Pd-Cu Bimetallic Catalysts in CO2

Hydrogenation to Methanol. ACS Catal. 2018, 8,
4873–4892.

(74) Li, S.; Scaranto, J.; Mavrikakis, M. On the Struc-
ture Sensitivity of Formic Acid Decomposition on
Cu Catalysts. Top. Catal. 2016, 59, 1580–1588.

(75) Scaranto, J.; Mavrikakis, M. Density functional
theory studies of HCOOH decomposition on
Pd(111). Surf. Sci. 2016, 650, 111–120.

(76) Chen, Z.-X.; Neyman, K.; Lim, K.; Rösch, N.
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