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Where does methanol lose hydrogen to trigger steam
reforming? A revisit of methanol dehydrogenation on the
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Abstract: Pd/ZnO is a promising catalyst studied for methanol steam reforming
(MSR) and 1:1 PdZn alloy is demonstrated to be the active component. It is believed
that MSR starts from methanol dehydrogenation to methoxy. Previous studies of
methanol dehydrogenation on the ideal PdZn(111) surface shows that methanol
adsorbs weakly on the PdZn(111) surface and it is hard for methanol to transform into
methoxy because of the high dehydrogenation barrier, indicating that the catalyst
model is not appropriate for investigating the first step of MSR. Using the model
derived from our recent kinetic Monte Carlo simulations, we examined the process
CH;0H —» CH;O0 —» CH,O — CHO — CO. Compared with the ideal model,
methanol adsorbs much more strongly and the barrier from CH;0OH — CH30 is much
lower than on the kMC model. On the other hand, the C-H bond breaking of CH;0,
CH,0 and CHO becomes harder. We show that co-adsorbed water is important for
refreshing the active sites. The present study shows that the first MSR step most likely
takes place on three-fold hollow sites formed by Zn atoms, and the inhomogeneity of

PdZn alloy may exhibit significant influence on reactions.
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1 Introduction

Methanol is an ideal energy carrier used to produce clean energy source,
hydrogen. Methanol dehydrogenation (CH;OH = CO + 2H;), partial oxidation
(2CH30H + O; = 2CO; + 4H,), and especially methanol steam reforming (MSR,
CH;0H + H,O = CO, + 3H;) are considered as possible channels for hydrogen
production.[1-4] Cu is a commercial catalyst for MSR[2]. However, it suffers from
metal sintering at higher temperatures. Iwasa[5] et al discovered that the catalytic
performance of Pd/ZnO to MSR is similar to that of Cu. Yet Pd/ZnO exhibits much
higher thermal stability than Cu catalyst. [5, 6] Experimental [7-15] and theoretical
[16-20] studies reveal that the nice catalytic performance of Pd/ZnO towards MSR
reaction is owing to formation of PdZn alloys; 1:1 Pd-Zn alloy is one of the active
components.

Recently Klotzer et al[21] investigated the catalytic properties of two PdZn
model catalysts prepared by depositing 2 or 3 monolayers (MLs) of Zn onto Pd(111)
and then annealing them at 500 and 650 K respectively for 10 minutes. The catalyst
obtained at 500K (denoted as LT-alloy hereafter. In fact, samples prepared between
430 to 570 K exhibit the similar catalytic performance) shows ~100% CO, selectivity
whereas poisonous CO is produced exclusively on the one prepared at 650K
(HT-alloy). The low-energy ion scattering (LEIS) experiment indicates that the
LT-alloy is a 1:1 multilayer PdZn surface alloy while the HT-alloy is interpreted to be
a 1:1 monolayer PdZn alloy supported on Pd(111). According to Ref. 21 water
dissociation can occur on the multilayer PdZn surface alloy. Dissociation product O or
OH reacts with formaldehyde derived from methanol dehydrogenation, producing
formic acid or other intermediate that finally converts to CO,. On the other hand,
water keeps intact on the 1:1 monolayer surface alloy and formaldehyde has to
undergo decomposition, leading to CO because there is no O or OH on the surface.
Existence of hydroxyl group is verified on the LT-alloy,[21] supporting the above
deduction.

However, our previous calculations on models based on the 1:1 ideal multilayer
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PdZn(111) and 1:1 ideal monolayer PdZn film supported on Pd(111) show that the
monolayer PdZn film supported on Pd(111) is more active for water dissociation than
the multilayer PdZn(111), which is inconsistent with the above assumption adopted in
Ref. 21. To rationalize the experimental phenomenon, we simulated the annealing
process of two-monolayer Zn deposited Pd(111) surfaces using kinetic Monte Carlo
(kMC) method, and identified the active center for water dissociation based on the
kMC results. [22] We found the active center is a three-fold hollow site formed by
three Zn atoms. We demonstrated that such hollow site is indeed active for water
dissociation, and successfully rationalized the experimental phenomenon.

Methanol steam reforming begins with methanol dissociation. Previously we
have carried out a systematic study of methanol dehydrogenation (CH;0H — CH30
— CH,0 — CHO — CO) on a series of Pd-Zn surface alloys using density functional
theory (DFT).[23-26] Calculations were also performed on Pd(111) for comparison.
The calculated binding energies of methanol, ~0.3eV, on the models used, are much
lower than the dehydrogenation barrier, ~1.0 eV. [27] These calculations indicate that
methanol hardly dehydrogenates on PdZn alloy surfaces. This result implies that MSR
cannot take place on PdZn alloys if it does start from methanol dehydrogenation,
which contradicts the present viewpoint about the first step of MSR.

Considering the importance of methanol decomposition in understanding the
MSR mechanism, in this chapter we use the active center model of PdZn alloy
obtained from our kMC simulation to investigate methanol adsorption and
dehydrogenation process. We show that methanol binds much more strongly on the
three-fold hollow site formed by three Zn atoms, and methanol dehydrogenation to
methoxy is possible. It is very likely the first step of MSR happens on sites formed by

Zn atoms.

2 Model and computational details

Fig. 1 shows the unit cell structure active for water dissociation and will be used to

study methanol dehydrogenation in this paper. The model is called kMC model. For
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the details of KMC simulations, please refer to Ref.22. Supporting Information shows

the simulated atomic arrangements for the top two layers.

$Y &¢ &% &

Figure 1 Illustration of surface unit cell structures of the kMC model derived from the kMC

simulations. 1% layer, 2™ layer, 3™ and 4™ layer (from left to right).

We adopted a vacuum spacing of 11 A to separate periodic slabs. The bottom two
layers was kept at the theoretical equilibrium bulk positions while the top two layers
were fully relaxed during optimization. Optimizations were considered converged
when the force on each ion smaller than 0.03 eV/A. Periodic plane-wave density
functional calculations combined with the climbing nudged elastic band (cNEB)[28,
29] were carried out to explore dehydrogenation reaction pathways of methanol on the
surface. lon-electron interactions were modeled within the framework of the projector
augmented wave method[30, 31]. The generalized gradient approximation with the
Perdew-Wang91 functional[32] was used to describe electron correlation. The
geometries of all stationary points were located with the conjugate-gradient algorithm.
A 2x2x1 Monkhorst-Pack k-point mesh[33] was used to integrate over the Brillouin
zone. All calculations were performed using the Vienna ab initio simulation package
(VASP).[30, 34] Binding energies of an adsorbate, E,, were calculated with E, =
Eadgssu—(Esub + Eags). Here Egyp and E,qs are the total energies of the bare slab and the
free adsorbate; E,qssup 1S the total energy of the substrate with an adsorbate on it. With

this definition, positive binding energies denote favorable adsorption processes.

3 Results and discussion

3.1 Adsorption of methanol, methoxy , formaldehyde and formyl

The binding energies, structural parameters of the most stable configurations for
the species involved in methanol dehydrogenation are listed in Table 1. Also listed are
the corresponding results calculated on regular PdZn(111) which is truncated from the

4

Page 4 of 18



Page 5 of 18

Physical Chemistry Chemical Physics

bulk structure and named as ideal model in this paper. In the following, we will

briefly describe the most relevant features of these adsorption complexes.

Table 1 Binding energies (in eV), the most stable configuration and structural
parameters (in angstrom) for intermediates involved in methanol dehydrogenation
over Pd-Zn surface alloys. A defines the angle formed by the O-C bond axis and the
surface normal.

Species Configuration E, dco do.zn do.pycrd O
CH;0H kMC model n'-(0) 032 145 226 - 29
Ideal model n'-(0) 024 145 222 - 46
CH;0  kMC model n*-(0) 311 144 2.07-2.15 - 0
Ideal model n’-(0) 257 144 203 2.57 3
CH,0 kMCmodel n’<(C,0) 047 131  2.03 215 64
Ideal model  n’-(C,0) 049 133  2.09 216 76
CHO  kMC model n'-(C) 278 121 - 198 67

Ideal model  n*-C-n'-0 238 128 207  2.12/2.13 74

Results for the ideal model are from Ref.[27]. “ do.paicpq refers to do.pq for CH30 and
dc.pq for for CH,O.

a) Methanol CH;0H

It is generally believed that methanol adsorbs via the lone pair of electrons of the
oxygen to metallic surfaces, [35-37] which is also observed here. Binding energies
reported previously on the ideal-model is 0.24 eV and the Zn-O distance is 2.22 A.[27]
We calculated a value of 0.32 eV on the kMC model, nearly 1.5 times as high as that
on the ideal model. On the kMC model surface, methanol prefers the top site of Zn
atom. The O-Zn distance, about 2.26 A on the kMC model, almost as long as that on
the ideal model. The C-O bond axis tilts away from the surface normal by 29° to let

the lone pair of electrons of the oxygen atom better interact with the surface.

b) Methoxy CH;0
Methoxy is an important intermediate during MSR process.[4, 8] On the

ideal-model, CH3;0 resides at a pseudo-hollow site, and the C-O axis tends to be
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parallel to the surface normal with the corresponding value of a close to zero degree
(Table 1). The binding energy is calculated to be 2.57 eV; the Zn-O distance is 2.03
A.[27] On the kMC model CH;O resides at the 3-fold hollow site formed by three Zn
atoms. The C-O axis is normal to the surface. We obtained a binding energy of 3.11
eV on the kMC model, which is 0.54 eV higher than the result on the ideal model. The
increase of binding energy is very likely due to one more O-Zn bond on the kMC
model than on the ideal model because it is previously noted that species binding to
surfaces via O atom prefer sites composing of more Zn atoms.[27] There are three
O-Zn bonds on the kMC model, compared to two on the ideal model. The Zn-O
distance ranges from 2.07 to 2.15 A, compared to 2.03A on the ideal model.
¢) Formaldehyde CH,O

Formaldehyde is another important intermediate in methanol decomposition and
synthesis,[5, 8] and formaldehyde adsorbs on transition metal surfaces in the 1°-(C,
O) mode the ideal model with the C atom bonding to a Pd and the O to a Zn atom.
The Zn-O distance is 2.09 A, and the binding energy is 0.49 eV.[27] We computed a
binding energy of 0.47 eV on the kMC model; the Zn-O distance is 2.03A. On the
kMC model formaldehyde also exists in the n?-(C, O) mode, as on the ideal model.
The C-O bond length is 1.31 A on the kMC model, compared with and 1.33 A on the
ideal model.
d) Formyl CHO

Previous theoretical study results in a binding energy of 2.38eV on the ideal
model.[27] On the kMC model the binding energies are ~0.40 eV higher, 2.78 eV.
Formyl on the ideal model belongs to the n>-C-n'-O configuration in which the C
atom sits over a Pd-Pd bridge position and the O atom is on top of an adjacent Zn
atom. [27] On the other hand, it is the n'-C configuration on the kMC model, where

the C atom occupies a Pd top site.

3.2 Dehydrogenation mechanisms
In this subsection, we present dehydrogenation pathways of O-H bond breaking

of methanol and subsequent C-H bond breaking of methoxy , formaldehyde and
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formyl. Table 2 lists the reaction heats and energy barriers for each dehydrogenation
step over the kMC model and ideal model surfaces. All the initial states (ISs), finial
states (FSs) and transition states (TSs) have been characterized to be either local

minima or saddle points on potential energy surfaces (PES).

Table 2 Reaction Enthalpies (in kJ/mol) and energy barriers (in eV) of methanol
dehydrogenation to CO over the ideal model and the kMC model.

Reaction kMC model Ideal model
AH(AHy) Eo(Ea0) AH(AH,) Ey(Eq0)
CH;OH—~CH;0+H -55(-67) 0.55(0.39) -25(-37) 0.91(0.69)
CH;0—CH,0+H 90(75) 1.29(1.17) 60(45) 1.13(0.93)
CH,0—CHO+H 11(-2) 0.66(0.48) -10(-24) 0.55(0.40)
CHO—CO+H -103(-113) 0.46(0.35) -76(-87) 0.39(0.24)

*: Values in parentheses are ZPE corrected.

Methanol dehydrogenation can follow two pathways: the O-H bond breaking
which produces methoxy ; and the C-H bond scission that yields hydroxymethyl.
Schennach et al[38] concluded that the cleavage of methanolic C-H bond is preferred.
Guo et al[39] demonstrated that the energy barrier of the C-H breaking is slightly
lower than that of the O-H breaking. Experimentally both methoxy  and
hydroxymethyl were detected on Pd(111).[40-43] Static secondary ion mass
spectrometry, X-ray photoelectron spectrometry and pulsed field desorption mass
spectrometry measurements[44] show that the preferential pathway of methanol
decomposition is CH;OH — CH30 — CH,O — CHO — CO. In this work, we follow
this proposed route. This choice is also based on the following considerations. Firstly,
the experimental studies [44] support the O-H breaking as an initial step for methanol
decomposition. Secondly methoxy is demonstrated to be an initial product of
methanol dehydrogenation on Zn/Pd(111) surface in a very recent work. [8, 23,
25-27]

3.2.1 Dehydrogenation of methanol
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The O-H bond breaking of CH3OH starts from the approaching of the H atom to
the surface. On the ideal model the O-H bond reaches 1.46 A in the TS. The produced
CH;0 group occupies the top site of the Zn atom through the O atom, and the atomic
H stays at an adjacent Pd-Zn(Pd) bridge-like site. As reported before [16, 45] atop Zn
and Pd-Zn(Pd) bridge sites are not most stable positions for CH3;0 and H species
respectively. They eventually move to a pseudo-fcc hollow site and a bridge-like
position on the ideal model respectively. [27] On the kMC model (Figure 2), the O-H
bond is 1.20 A in the TS; the CH;0 group occupies the top site of the Zn atom; the H
atom stays at the bridge site of the two Pd atoms. CH3O finally moves to a 3-fold Zn
hollow site and the H atom to the 3-fold Pd hollow site as shown in Figure 2. The
O-H bond distance is 0.98 A in the IS. It becomes 1.20A in the TS, compared with
1.46 A on the ideal model.

Figure 2 Dehydrogenation of methanol via O-H scission on PdZn alloy

The calculated barriers on the ideal model is 0.91 eV[27], and are much higher
than 0.55 eV on the kMC model. Zero-point energy correction usually reduces the
barrier by ~0.16 eV (Table 2). The calculated reaction energies, about 55 kJ/mol
(exothermic) on the kMC model, are more than two times as high as that on the ideal

model, which is only 25 kJ/mol.

3.2.2 Dehydrogenation of methoxy
As shown in Figure 3, CH30 occupies a 3-fold hollow site formed by three Zn
atoms. In the course of the reaction, the O atom moves from the hollow site to a

Zn-Zn bridge position. Concomitantly, one of the methylic H gets closer to the surface
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and interacts with a Pd atom. The C-H length increases from 1.10 A in the IS to 1.34
A in the TS. In the FS, CH,O exhibits a di-sigma configuration (Figure 3). The H
atom resides at a 3-fold Pd hollow site. This process is calculated to be endothermic
by 90 kJ/mol. The corresponding energy barrier is 1.29 eV, compared with 1.13 eV on
the ideal model, indicating that the 3-fold hollow site formed by three Zn atoms

hinders the C-H bond scission of methoxy .

Figure 3 Dehydrogenation of methoxy to formaldehyde on the kMC model

3.2.3 Dehydrogenation of formaldehyde

We chose the most stable n°~(C, O) configuration of formaldehyde as the IS for
the dehydrogenation to formyl on our kMC model. The C-H length extends from 1.10
A in the IS to 1.44 A in the TS (Figure 4), compared with 1.62 A on the ideal model.
The C-O bond length shrinks from 1.31 A in the IS to 1.24 A in the TS. Meanwhile,
the O-Zn and C-Pd bonds increase 0.27A and 0.63A, respectively. In the FS, the
produced formyl is at a top Pd site, forming a n'-C configuration; The O-Zn bond is
completely broken. The dissociated H atom moves to a nearby 3-fold hollow site
formed by three Pd atoms, with two shorter H-Pd bonds of ~1.80 A, and a longer
H-Pd bond of 1.92 A due to the bonding competition.

On the kMC model this step needs to overcome a barrier of 0.66 eV (Table 2)
which is 0.11 eV higher than that on the ideal model. The calculated reaction energy is
11 kJ/mol whereas it is -10 kJ/mol on the ideal model. These results indicate that the
sites formed by more Zn atoms are unfavorable for formaldehyde dehydrogenation

both kinetically and thermodynamically.
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Figure 4 Dehydrogenation of formaldehyde on the LT-model.

3.2.4 Dehydrogenation of formyl

Figure 5 displays the dehydrogenation of formyl on the kMC model. In the IS,
the formyl occupies the top site of a Pd atom with the C-Pd bond being 1.98 A. In the
TS, the CO fragment locates at the top Pd site with the C-O bond slightly tilted with
respect to the surface and reduced from 1.21 A in the IS to 1.18 A in the TS. The C-H
bond extends to 1.27 A and the H atom occupies a top-like site. After the TS, the CO
group moves to a 3-flod hollow site formed by three-Pd atoms, and the H at to an
adjacent Pd-Pd bridge site. As a comparison, we mention that on the ideal model, the
CO group sits at a Pd-Pd bridge site, and the H atom occupies a 3-fold hollow site
formed by one Zn and two Pd atoms in TS; in the FS, the CO group situates at a
Pd-Pd bridge site and the H at an adjacent Pd-Pd bridge position.

Formyl dehydrogenation is an exothermic process as shown by the calculated
reaction energy —103 kJ/mol that is slightly more exothermic than -76 kJ/mol on the
ideal model. The calculated energy barrier is 0.46 eV, 0.07 eV higher than 0.39 eV on
the ideal models. Both values are quite small, especially when ZPE correction is

considered, indicating CO will be produced as soon as formyl is formed.
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Figure 5 Dehydrogenation of formyl on the kMC model

3.3 Discussion

The calculated binding energies in Table 1 show that CH;OH, CH;0, CH,O and
CHO interact more strongly with the kMC model surface than with the ideal model
surface. In particular, the binding energy of CH3;OH reaches 0.32 eV which is close to
the ZPE corrected barrier (0.41 eV in Table 2) of methanol dehydrogenation. This
situation remarkably contrasts with that on the ideal model where the binding energy
of methanol is only 0.24 eV that is much lower than the ZPE corrected barrier of 0.69
eV. Obviously methanol is able to be converted into methoxy on the kMC model
surface. Formation of methoxy is believed to be the first step of MSR, and previous
studies on methanol dehydrogenation on ideal model always find this conversion
difficult because of the low binding energy of methanol compared with the higher
dehydrogenation barrier. Our present results imply that the first MSR step is very
likely to take place at 3-fold hollow sites composing of Zn atoms.

The significant barrier reduction for methanol dehydrogenation to methoxy can
be rationalized with the greatly increased binding energy of CH30O, from 2.57 eV on
the ideal model to 3.11 eV on the kMC model. The large increase of CH3O binding
energy can be understood with the previous conclusion that species interacts with the
surface through oxygen atoms prefer sites with more Zn atoms[27]. As an evidence,
we note that the adsorption site of CH30 changes from an fcc site formed by two Zn
and one Pd atom on the ideal model to an fcc position composed of three Zn atoms.

The barrier of methoxy dehydrogenation to formaldehyde, 1.29 eV on the kMC model,
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is 0.16 eV higher than that on the ideal surface. If the large binding energy of
methoxy, >3.0 eV, is taken into consideration, one may infer that the active Zn-rich
area will be blocked by the formed methoxy. In other words, although the Zn-rich site
is active for methanol dehydrogenation, it will soon be blocked by the formed
methoxy, and thus the subsequent steps will not take place. To find out whether this
will happen or not in practice, we further examined methoxy dehydrogenation with
co-adsorbed water. Existence of co-adsorbed water molecules on the surface is
reasonable because as one of the reactants, water will definitely be populated on the
surface. Our calculations show that with the co-adsorbed water the barrier of methoxy
dehydrogenation reduces from 1.29 eV to 0.87 eV which is 0.26 eV lower than that on
the ideal surface (see Table S1). This result demonstrates that the Zn-rich area will not
be blocked by methoxy and the subsequent dehydrogenation can be continued. This
result also indicates the importance of water in refreshing the Zn-rich site. It is worthy
to mention that recently Huang and his co-workers reported a barrier of 1.16 eV
without ZPE correction included for methoxy dehydrogenation to formaldehyde on
the ideal surface in the presence of co-adsorbed water[46], and previously we found
that OH group does not facilitate methoxy dehydrogenation[47]. The binding energies
of CH,0, from 0.49 eV on the ideal model to 0.47 eV on the kKMC model, are close to
each other. For CHO, its adsorption configuration changes fromnz-C-nl-O on the ideal
model to 1'-C mode on the kMC model. With the configuration change, the binding
energy increases by 0.40 eV, from 2.38 eV on the ideal model to 2.78eV on the kMC
model.

The above results show, species whether it binds to the surface using O or C,
becomes more stable on the kMC model. The total Pd:Zn ratio of the kMC model is
very close to 1:1 for the ideal model. The main difference is that the atomic
arrangement in kMC model is less homogeneous than that of the ideal model.
Existence of such inhomogeneity can be expected either due to the finite time of
catalyst preparation that cannot guarantee all the atoms to be in their equilibrium
position, or due to adsorption segregation (species like CH3;O that interacts with the
surface using O atom would create ensembles formed by Zn atoms). Likely both play

12
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the role. No matter what the reason is, inhomogeneous Pd-Zn alloy structures exhibit
quite differently to MSR. Apparently one should extend studies of MSR using models

beyond those (like the ideal model) adopted from regular bulk structure.
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Figure 6 Comparison of potential energy surfaces of methanol dehydrogenation to CO on the kMC
model (black) and the ideal model (red) surfaces.

Figure 6 shows the overall potential energy surface (PES) of methanol
dehydrogenation to CO on the kMC model (black line) and the ideal model (red line)
surfaces. The calculated PES clearly shows that the O-H bond cleavage of CH30OH is
greatly enhanced on the kMC model. On the other hand, the C-H bond breaking of
CH30, CH,0 and CHO becomes harder.

The calculation PES sheds some light on the MSR mechanism catalyzed by
Pd/ZnO. According to the PES, dehydrogenation of CHO to CO is quite easy. Since
experimentally only a trace amount of CO is yielded in the course of MSR on the
PdZn model catalyst prepared at low temperature (430~570K)[21], this experimental
fact may be due to: (i) CHO cannot be formed largely from CH,O owing to a much
more faster reaction than CH,O—CHO+H. A possible reaction is combination of
CH,0 with species such as surface O or hydroxyl groups, resulting in formate which
ultimately decomposes to CO; and Hj. (ii) The produced CHO undergoes a reaction
that is much facile than CHO—CO+H, to become another species that serves as

precursors for CO, formation. This possibility is less likely because dehydrogenation

13
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of CHO only needs to overcome a barrier of 0.3 eV. (iii) CHO—CO+H takes place,
but formed CO transforms into CO,. This route is experimentally excluded. Therefore
among the three possibilities, the first one is most likely. According to our PES,
dehydrogenation of CH,O to CHO is more difficult on the kMC model than on the
ideal model. This implies that sites with more Zn atoms would inhibit the conversion
of CH,0 to CHO, and thus help improve the selectivity to COs.

Recently, Loffreda et al[48] found that there is a nice correlation between the
total energies of ISs and the total energies of TSs. Figure 7(a) shows the classical BEP
relationship reflecting the energy barrier of the three C-H bond scission steps as a
function of the corresponding reaction heat. The linear correlation coefficient is 0.70.
Figure 7(b) correlates the energy of transition states (E”) of C-H bond scission and
the energy of the corresponding initial states (E™). A correlation coefficient of 1.0 is
obtained, indicating the newly proposed relationship is better than the classical one,

and may be extended to other cases.
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Figure 7 Relationship between the energy barriers of the three C-H bond scission and the

reaction energies (a) and between the energy of initial states and transition states (b) on LT-alloy.
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4 Conclusions

Methanol dehydrogenation to CO on the kMC models has been explored using
periodic DFT calculations. Our calculations show that CH;OH and CH,0 bind weakly
to the alloy surface than CH3;0 and CHO. Compared with the situation on the ideal
model surface, all the studied species bond more strongly to the kMC model than to
the ideal alloy surface. We show that sites with more Zn atoms favor methanol
dehydrogenation to methoxy and formation of methoxy is possible. On the other hand,
the C-H bond breaking of CH3;0, CH,O and CHO becomes more difficult. The
present study solves the problem that the binding energy of methanol on PdZn alloy
surface is too small to enable the occurrence of methanol dehydrogenation to methoxy,
the starting step of MSR. It also reveals that active sites with more Zn content favor
methanol dehydrogenation, but hinders the formation of CO, and thus are favorable
for the selectivity of CO,. Finally we show that water is important for reviving the
active sites.

Taking studies on both water dissociation reported in Ref. [22] and methanol
dehydrogenation in this paper, one can conclude that whether MSR starts from
methanol dehydrogenation or water dissociation, it is very likely that the first step,

O-H bond breaking, takes place on the 3-fold hollow sites formed by three Zn atoms.
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