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A B S T R A C T   

In this work, we propose a mixed metal oxide as a catalyst and demonstrate it’s ability to not only activate the 
MeOH molecule upon adsorption but also dissociate OeH and one of it’s CeH bonds. MeOH activation is 
compared on two prominent facets of ZnAl2O4 viz. (2 2 0) and (3 1 1). While spontaneous OeH bond dissociation 
is observed on both facets, CeH bond dissociates only on the (3 1 1) surface. Multiple factors like atomic ar-
rangement and steps on the surface, coordination of surface atoms, and their effective charges have a combined 
effect on MeOH activation. The (3 1 1) surface offers higher catalytic activity in comparison with (2 2 0) surface. 
Having a stepped surface, availability of multiple sites, and variation in the charge distribution are some of the 
reasons for better catalytic performance of (3 1 1) facet. Effect of orientation of MeOH with respect to the surface 
adds both, information and complexity to the problem. Observations pertinent to understanding this effect are 
also reported. A detailed analysis of atomic arrangement on the two surfaces provides a rationale as to why 
MeOH gets dissociated spontaneously on the mixed metal oxide. The promising results reported here opens up a 
new class of catalyst for research.   

1. Introduction 

Methanol (MeOH), the simplest aliphatic alcohol is a commodity 
chemical and produced in large quantities. It is used in production of 
many hydrocarbons like gasoline, olefins, as well as chemicals such as 
formaldehyde, dimethyl ether to name a few [1,2]. It is also being 
considered as a source of fuel in direct methanol fuel cells [3,4]. Irre-
spective of the end product, conversion of MeOH requires one or more 
of OeH, CeH, and/or CeO bond activation and hence its adsorption 
and decomposition has been studied extensively by both experimental  
[5–15] as well as theoretical means [16–29]. Amount of activation in 
terms of either binding energies or bond lengths, activation barriers for 
OeH or one of the CeH bond scission along with factors influencing the 
activation are investigated in these studies. Activation of methanol over 
different types of materials like transition metal surfaces [30–41], metal 
clusters [8,34,42,43], binary metal alloys [44,45,43,46–50], metal 
oxides [20,50–65], and zeolites [28,29] is studied extensively. Among 
the various studies on transition metal surfaces, enhanced MeOH acti-
vation and hence lowered activation barriers are reported on surfaces 
with preadsorbed oxygen [31,32]. 

Methanol activation is also investigated theoretically on various 

binary metal alloys like CoPt [44,45], NiPt [47], NiAl [43,46], PdZn  
[50] etc. In a combined experimental and theoretical study, Skoplyak 
et. al. investigates methanol reactivity trends on bimetallic surfaces like 
NiPt(1 1 1) and CoPt(1 1 1). Their results reveal an interesting correla-
tion between the methanol and methoxy binding energies, and the d- 
band center of various NiPt(1 1 1) and CoPt(1 1 1) bimetallic surfaces  
[44]. In an another interesting study, Lawrence et. al. demonstrate the 
CeO bond weakening over NiAl(1 0 0) facet which leads to ejection of 
the methyl group from methanol [43]. Du et. al. report that on Pt3Ni 
(1 1 1), less electronegative Ni atoms are more favorable for adsorbing 
radical intermediates and intermediates with lone-pair electrons (such 
as O-containing species). They also conclude that out of the possible 
bond scissions, OeH bond scission is the most favorable [47]. In a study 
by Smith et. al., a detailed analysis of MeOH activation and different 
pathways through which it can undergo dissociation is reported on 
various PdZn facets [50]. Their calculations indicate that the dissocia-
tion of both methanol and water is highly activated on flat surfaces of 
PdZn such as (1 1 1) and (1 0 0), while the dissociation barriers can be 
lowered significantly by surface defects, like (2 2 1), (1 1 0), and (3 2 1) 
faces of PdZn. 

Due to presence of both acidic and basic sites on metal oxide 
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surfaces, they are considered to be more efficient for wide variety of 
catalytic reactions. MeOH adsorption has also been studied on various 
metal oxide surfaces such as CeO2 [20], MgO [42,51,64,65], Cr2O3  

[52], Cu2O [53], TiO2 [54,55], Al2O3 [18,52,56], ZnO [50,57], -Ga2O3  

[58], etc. Riguang et. al. highlight the role of preadsorbed oxygen on 
Cu2O (1 1 1) surface in OeH bond dissociation [53]. Their DFT based 
calculations show that the OeH bond dissociation path has the lowest 
activation barrier 0.28 eV. Oxygen-precovered Cu2O (1 1 1) surface 
exhibits high surface reactivity towards the formation of CH3O− by the 
OeH bond-cleavage, and reduces the activation barrier for OeH bond 
cleavage. For activation of methanol over MgO surfaces, Branda et. al. 
explains the important role of coordination numbers for reactivity of 
adsorbate. They report that oxide surface atoms with different co-
ordination numbers show very different reactivity giving both mole-
cular and dissociated adsorbed species [42,64,65]. Recent study by Liu 
et. al. reports spontaneous dissociation of methanol over CeO2 (1 1 0) 
facet. Further, dissociation on the (1 1 0) surface of CeO2 is site selective 
and dissociation does not occur at all on the (1 1 1) surface, where only 
physisorption was found. Their analysis of surface geometries shows 
that dominant factors for the dissociation of methanol are under-co-
ordinated surface atoms with their varying charges [61]. 

Today, ZnO/Al2O3 catalysts are the most relevant industrial catalyst 
for methanol synthesis. DFT based studies in this direction are geared to 
understand the surface chemistry [18,50,52,56,57]. In a study, Borck 
et. al. show that while methanol adsorption is not dissociative on 

-Al2O3 (0 0 0 1) in the absence of co-adsorbed H atoms, their results 
for methanol adsorption on -Cr2O3 (0 0 0 1) indicate that dissociation 
may take place to obtain the energetically preferred methoxy adsorp-
tion [52]. In another study by the same group, adsorption of methanol 
on Al2O3 surface is shown to have maximum OeH bond elongation up 
to 1.02 Å. They also studied the decrease in the adsorption energy with 
increasing monolayer coverage of methanol on the surface [18]. In yet 
another study catalytic dehydration of methanol to dimethyl ether over 
modified -Al2O3 with Nb2O5 catalysts were investigated [56]. The 
conversion of methanol was reported to be enhanced due to Nb2O5 

modification as it increased the number and reduced the strength of 
these acidic sites at lower temperatures. Vo et. al. studied the adsorp-
tion and decomposition of methanol on ZnO (1 0 1 0) surface. The OeH 
bond of MeOH elongates up to 1.05 Å. The MeOH dehydrogenation to 
methoxy has an activation barrier of 0.56 eV and subsequent dehy-
drogenation of methoxy to formaldehyde has an activation barrier of 
1.20 eV [57]. Smith et. al. report an activation barrier of 0.39 eV for 
dissociation of methanol over defect free polar ZnO(0 0 0 1) surface  
[50]. 

As we have discussed, MeOH activation is extensively studied on 
metals, binary alloys as well as metal oxide surfaces by employing DFT 
based computation. However, to the best of our knowledge, MeOH 
activation on a mixed metal oxide is not yet studied. In the present work 
we investigate the nature of interaction between a methanol molecule 
and a mixed metal oxide prepared by combining Al2O3 and ZnO to form 
ZnAl2O4. We demonstrate that activation as well as spontaneous dis-
sociation of OeH and one of it’s CeH bonds takes place on this mixed 
metal oxide catalyst. Study of MeOH activation on (3 1 1) and (2 2 0) 
surfaces of ZnAl2O4 were chosen particularly because their stability has 
been confirmed in XRD peaks [66–70]. Overall, it was observed that 
both surfaces offer sites that activate as well as dissociate OeH bond in 
MeOH. Adsorption and activation of OeH bond was observed with 
varying strengths on both surfaces. (3 1 1) in particular proved to offer 
greater catalytic activity than (2 2 0). Not only OeH but also CeH bond 
dissociation was observed on (3 1 1) surface. 

2. Computational details 

All the calculations were carried out within the Kohn-Sham form-
alism of density functional theory (DFT). Projector Augmented Wave 
potential [71,72] was used, with Perdew Burke Ehrzenhof (PBE)[73] 

approximation for the exchange-correlation and generalized gradient 
approximation, [74] as implemented in planewave, pseudopotential 
based code, Vienna Ab initio Simulation Package (VASP) [75–77]. The 
bulk unit cell was taken from the materials project [78] and optimized. 
The bulk lattice constant without applying DFT+U correction is 
8.0640 Å which is in excellent agreement with the experimentally 
measured lattice parameter 8.0779 Å [70]. Two different facets, (2 2 0) 
and (3 1 1) of ZnAl2O4 were modeled as slab by cleaving a surface with 
4 layers in 220 (3 1 1) direction with pymatgen [79]. Van der Waals 
corrections were applied to all the calculations. The vacuum along z- 
axis which is also adjusted as 220 (3 1 1) direction of the crystal, was 
varied from 15 Å till 25 Å with the step of 2.5 Å. It was found that 20 Å 
of vacuum was sufficient to avoid interaction between adjacent images 
of planes along the z-direction. Geometry optimization was carried out 
with a force cutoff of 0.05 eV/Å on the unfixed atoms and the total 
energies were converged below 10−4 eV for each SCF cycle. A Mon-
khorst-Pack grid of 6x4x1 was used which resulted into 12 k-points in 
IBZ to emulate the solid slab. Entire surface was scanned by placing the 
MeOH molecule at unique available sites. To compare the adsorption on 
these sites, adsorption energy was calculated using the formula: 

=E E E Eads system surface molecule where Esystem is energy of the system 
when MeOH is placed on the surface, Esurface is energy of the bare sur-
face and Emolecule is energy of the MeOH molecule. To understand the 
site specific adsorption pattern, the site-dependent projected Density of 
States (pDOS) were calculated with denser k-mesh using LOBSTER  
[80–83]. Mulliken charges were calculated for all the atoms on the 
surface which provided insights about the quantitative charge transfer. 

3. Results and discussion 

ZnAl2O4 is a normal spinel metal oxide with a cubic lattice and 
Fd3̄m space group [84]. In this spinel compound, oxide ions occupy the 
Wyckoff position and form a face-centered cubic sublattice where Zn+2 

ions occupy tetrahedral sites while Al+3 occupy octahedral sites. These 
Zn+2 ions are coordinated with four nearest neighbor oxygens whereas 
the Al+3 ions have six oxygen atoms as their nearest neighbors in the 
bulk structure. In case of ZnAl2O4, since the surface is polar, it could be 
terminated in two different ways, and it has been demonstrated that 
AlO2 terminated surface is favored over ZnAlO2 termination [85]. 
(2 2 0) and (3 1 1) are the most prominent peaks in the XRD pattern of 
ZnAl2O4 and hence we have chosen to study these surfaces for MeOH 
adsorption [66–70]. 

3.1. Interaction of MeOH with ZnAl2O4 (2 2 0) surface 

The (2 2 0) is flat and comparatively more symmetric than a stepped 
surface and is shown in Fig. 1. Since, it is a polar surface, it can be 
terminated in two different ways, through AlO2 or ZnAlO2. We model 
the AlO2 termination, where the top most layer of the surface is rich in 
Al and O atoms. Zn atoms are present in the subsurface layer and are 
not available to act as an active site for adsorption of an incoming 
MeOH molecule. As will be explained in detail later, the relative ar-
rangement of atoms on the surface changes the environment that an 
incoming adsorbate experiences. The nature of bonding is hence in-
fluenced due to the changing surface catalyst environment. 

As a first step towards understanding MeOH adsorption on this 
facet, most favored orientation of MeOH was investigated by studying 
it’s adsorption through C, O, HOH (H attached to O in MeOH) and HCH
(H attached to C in MeOH). When MeOH is placed through carbon or 
HCH on the surface, the molecule does not adsorb thus indicating that 
these are the unfavored orientations for adsorption. When MeOH is 
placed through oxygen or HOH on the surface, the molecule changes its 
orientation and adsorbs with its oxygen atom pointing towards the 
surface. Thus, the most favorable orientation of MeOH is when it ad-
sorbs via its oxygen atom and all the initial configurations hence forth 
have MeOH placed by pointing its oxygen towards the surface. 
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However, let’s note that even this favorable position of MeOH can have 
many relative orientations wrt surface atoms as shown in Fig. 2 which 
leads to the variation in adsorption energy for the same adsorption site.  
Fig. 2 explains manifold possibilities that exist due to the relative or-
ientation of MeOH wrt the surface. Rotation around the normal to the 
surface (Nsurf ), change in the angle between Nsurf and OC axis of MeOH, 
and rotation around OC axis of the MeOH results into many possibilities 
in which a molecule can interact with the surface when placed at a 
specific site. In all these cases, change in the relative orientation of 
MeOH wrt surface will affect the interaction between surface and 
MeOH. The effect of this relative orientation is explained in detail later 
and it turns out to be an important factor in understanding adsorption 
energy as well as bond activation trends. 

All the unique sites are scanned on (2 2 0) surface by placing MeOH 
through O. This includes on top sites of Al as well as subsurface Zn, 
various bridge sites between AleAl, AleZn, AleO, ZneO as well as 

hollow positions. All these sites where MeOH was placed as starting 
configuration are shown schematically in Fig. 3-a and the final positions 
of MeOH upon adsorption are shown in Fig. 3-b. As Fig. 3-b indicates 
MeOH adsorbs on surface Al in most of the cases. However, there are 
few cases where it also gets adsorbed on a bridge or at a hollow posi-
tion. We report the adsorption energies Eads, OeH bond activation, 
metal-OMeOH (O of MeOH) distance and HOH -Osurf (surface oxygen) 
distances in Table 1. The observation table is divided in three parts 
based on the amount of activation OeH bond undergoes and adsorption 
site. It was observed that the trends in the activation of the OeH bond 
could be understood if we systematically investigate the nearby en-
vironment of the adsorption site. The first class comprises of cases 
where the OeH bond in methanol was barely activated from 0.97 Å to 
0.98–1.00 Å. The second class includes all cases for which the OeH 
bond activation was greater than 1.00 Å, i.e. between 1.01 Å to 1.04 Å. 
An important observation made during the adsorption studies was that 
irrespective of initial orientation of OeH bond, finally the bond would 
orient itself such that the HOH would face nearest surface oxygen. The 
entire molecule gets stably adsorbed on top of the nearest Al atom re-
orienting its H facing the nearby surface oxygen. This observation can 
also be realized by investigating the HOH -Osurf distances in Table 1. For 
cases where OeH bond activation is not more than 4–5% (class I) the 
distance of Osurf from HOH is in the range of 1.74 Å to 2.12 Å. Whereas 
for the class II cases, with an activation up to 7–9%, the distance be-
tween HOH and Osurf reduces to 1.52 Å–1.67 Å. The proximity of surface 
oxygen atom and reorientation of OeH bond explains the trends in OH 
bond activation of methanol over the surface. 

The adsorption energies for most of the cases in these two classes 
also follow a trend wherein overall adsorption energies for class II are 
more than that of class I. The third class of cases, i.e. positions 9, 7, and 
6, are the ones that do not adsorb directly on top on any surface atom, 
but rather adsorb on either a hollow site or a bridge site. As it can be 
seen from Fig. 3(b), there is no Al atom directly below the adsorbed 
methanol. But the presence of nearby oxygen atom on surface interacts 
with the H from methanol leading to the OeH bond activation, as can 
be seen from Table 1. 

Although we have scanned almost all the unique “sites” on the 
surface (taking into account symmetry), scanning all possible orienta-
tions of MeOH molecule wrt to a specific site is a formidable task and 

Fig. 1. The (2 2 0) surface of ZnAl2O4 with the top view and the side view. The 
top-most layer of (2 2 0) surface consist of Al and O atoms. 

Fig. 2. Figure explains the large number of possibilities due to relative orientation of MeOH wrt the surface. Rotation around the normal to the surface, varying angle 
between Nsurf and OC axis of MeOH and rotation around OC axis of the MeOH results into large number of possibilities in which molecule can interact with the 
surface when placed at a specific site. 
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still not achieved. However, to bring out the effect of “change in or-
ientation” on the adsorption of MeOH, we have added all the distinct 
cases where molecule was adsorbed on the surface. This includes cases 
like MeOH adsorbed at same site but having different orientations. For 
example, in Fig. 4, MeOH is placed at 12th and 14th positions on (2 2 0) 
surface and share a common adsorption site (refer Fig. 3-b). The AleO 
bond distance is nearly same in both the cases as noted in the Fig. 4. 
Further, the difference in adsorption energies is also less than 1 meV. 
However, the OeH bond activation is 0.98 Å (barely activated) in case 
of th12 position whereas 1.02 Å (moderately activated) in case of 14th

position. And this can be directly understood if we look at the 
HMeOH -Osurf distances. This brings out the effect of orientation of the 
molecule on adsorption. Over the same adsorption site, it could change 
the surface environment experienced by atoms in the molecule and 
hence the resultant interaction and activation. This is applicable to 
molecule at position 8 and 3 in class I of (2 2 0) surface as well. 

Finally, we report the case wherein OeH bond dissociation is ob-
served, i.e. when placed at position 13 and is shown in Fig. 5. This is an 

important case as it represents spontaneous dissociation of OeH bond 
in methanol over (2 2 0) facet of ZnAl2O4. The methanol molecule in 
this case adsorbs on top of the same Al site on which the adsorbate at 
position 11 also adsorbs (a case of class I). But, adsorption of methanol 
on top of same surface atom yields two completely different outcomes. 
While in one case (position 11) we observe very little OeH bond acti-
vation, the other case (position 13) represents complete dissociation of 
the OeH bond in methanol. The difference lies in the relative orienta-
tion of the adsorbate with respect to the surface. The effect of or-
ientation of adsorbate wrt surface can be understood better if we 
compare 8 cases (position 1, 2, 3, 8, 10, 11, 12 and 14) that adsorb on 
the same Al atom. All these cases share a common Al as their final 
adsorption site, as can be seen from Fig. 3(b). But the bond activation 
and adsorption energies for all these cases are not uniform. This is due 
to the relative orientation of the methanol molecule with respect to the 
catalyst surface. It must be noted at this point that the activation of an 
adsorbate over any catalyst surface is a complex problem which de-
pends upon combination of multiple factors like arrangement of atoms 

Fig. 3. The (2 2 0) surface of ZnAl2O4 shows (a) initial positions of adsorbate on the surface (b) final positions of methanol upon relaxation. It could be seen that in 
most of the cases irrespective of the initial position, MeOH adsorbs on surface Al. 

Table 1 
Adsorption energies, OeH bond activation, distance between OOH and surface metal (M) atom, and HOH -Osurf distance for adsorption studied at 
various positions as indicated in Column 1 on (2 2 0) (refer to Fig. 3 for site specifications).       

Adsorption Eads OeH OeAl H OMeOH surface( )
Site  Bondlengths distance distance  

(eV) (Å) (Å) (Å)    

Class I - Barely activated   
4 −1.5459 1.01 1.96 -Al 1.74 
8 −1.3590 1.00 1.92 -Al 1.75 
2 −1.3754 1.00 1.92 -Al 1.76 
11 −1.3262 1.00 1.90 -Al 1.78 
3 −1.3582 0.99 1.91 -Al 1.94 
12 −1.3751 0.98 1.92 -Al 2.12        

Class II - Moderately activated   
1 −1.2636 1.04 1.87 -Al 1.52 
14 −1.5687 1.02 1.96 -Al 1.66 
10 −1.5590 1.02 1.96 -Al 1.67        

Class III - Adsorbed on bridge/hollow   
9 −0.6603 1.01 3.62 -Zn 1.64 
7 −0.6099 1.00 3.99 -Zn 1.69 
6 −0.4977 0.99 4.14 -Al 2.04 
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on surface, relative orientation of adsorbate, number of unique sites on 
surface to name a few. This picture becomes even more complex for a 
surface of mixed metal oxides like ZnAl2O4. The possibilities that are 
needed to be scanned exhaustively become manifold. And hence, 
bringing out one to one correlation between observed parameters of 
activation becomes difficult. Nonetheless, our work illustrates the effect 
that each of these parameters contribute towards understanding ad-
sorption of methanol over ZnAl2O4. Overall, it is observed that (2 2 0) 
facet of ZnAl2O4 exhibits excellent catalytic activity towards an in-
coming methanol molecule. Al atoms on the surface offer activation of 
OeH bond in the range of 0.98 Å to 1.04 Å. Complete dissociation of 
OeH bond indicating spontaneous dissociation over (2 2 0) facet of 
ZnAl2O4 was also observed. 

3.2. Interaction of MeOH with ZnAl2O4 (3 1 1) surface 

(3 1 1) is a stepped and highly asymmetric surface as shown in  
Fig. 6. It has all the three elements, viz. Zn, Al, and O on the surface. 
Like (2 2 0), on (3 1 1) facet also MeOH prefers to be adsorbed via its 
oxygen pointing towards the surface. Due to asymmetric nature of this 
stepped surface, it is observed that many more adsorption sites exist as 
compared to (2 2 0) surface. All possible unique sites on (3 1 1) surface 

are scanned to study adsorption of methanol. These sites comprise of 
top, bridge, and hollow sites with different combinations of Al, Zn, and 
O. All these initial configurations are shown schematically in Fig. 7(a). 
The numbers indicate position where MeOH is placed for optimization. 
Upon relaxation, the final position of MeOH is shown schematically in  
Fig. 7(b). We report the adsorption energies for methanol on (3 1 1) 
surface along with various bonds lengths in Table 2. 

The same scheme for classification, as used for cases on (2 2 0), is 
employed to analyze the adsorbed cases on (3 1 1) surface. The ad-
sorbed cases based on OeH bond activation are divided into three 
classes viz. class I - bare minimum activation of OeH bond 
(0.98 Å–0.99 Å), class II - higher activation (1.03 Å–1.10 Å), and class 
III - adsorption on bridge/hollow sites. For (3 1 1) surface it was ob-
served that Zn as well as Al atoms acted as active sites for adsorption 
with varying strengths. The trend between OeH bond activation and 
presence of a nearby oxygen atom on surface still holds. The distance of 
Osurf atom from HOH in class I ranges between 1.96 Å and 2.36 Å and 
the corresponding OeH bond activation is in the range of 
0.98 Å–0.99 Å (from initial 0.97 Å). When the distance between Osurf
and reoriented HOH atom reduces to 1.36 Å–1.58 Å, a greater activation 
of OeH bond, from 1.03 Å to 1.10 Å, is seen. For the adsorption en-
ergies, it is observed that generally the adsorption energies for class II 

Fig. 4. MeOH is adsorbed at the same site. At 12th position, the OH bond is barely activated whereas at 14th position the OH bond is moderately activated, bringing out 
the effect of orientation and hence the resulting MeOH surface interaction. 

Fig. 5. OH bond dissociation on 220 facet. Surface oxygen atom is marked as Ò. Resultant methoxy group attaches to surface Al atom.  
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are higher than that of class I. Class III mainly comprises of cases that 
adsorb at either a bridge or a hollow site and interact mainly via the 
HOH atom of methanol molecule. The presence of surface oxygen in 
vicinity explains the bond activation in these cases. However, the ad-
sorption energies for this class are observed to be the least, within 1 eV, 
when compared with that of other classes. 

Interestingly, on (3 1 1) two cases of dissociation are observed viz. 
one of OeH and other of both OeH and CeH bond dissociation and are 
shown in Fig. 8-a and b respectively. When the methanol molecule is 
placed in the vicinity of a surface Zn atom (as seen in th11 position), it 
dissociated to give away it’s H atom to a nearby surface oxygen atom as 

shown in Fig. 8-a. The methoxy group after loosing it’s H adsorbs on Zn 
atom. Again the effect that orientation of molecule plays in governing 
the adsorption can be seen if we compare the cases of 6, 7 (from class II) 
and 11. We see that methanol when adsorbed on top of same Zn atom 
(as seen from Fig. 7-b) results into different outcomes, with dissociation 
of OeH bond in one case (position 11) (see Fig. 8-a), very high acti-
vation of OeH bond (OeH bond stretches to 1.10 Å) in the other (po-
sition 7), and considerable activation up to 1.03 Å in the third case 
(position 6). The second case of dissociation (see Fig. 8-b) is even more 
interesting as it undergoes dissociation of not only OeH bond but also 
one of the CeH bonds in methanol. It was observed that the methanol 
molecule first loses it’s HOH and further another H connected to C. The 
adsorption of methanol in this case is not directly on top of any surface 
atom but instead at a hollow site where both the dissociated H atoms 
had surface oxygen atoms in the vicinity. After dissociation of two H 
from methanol, the remaining H2CO group adsorbs on a nearby Al site 
as shown in Fig. 8-b. This case is particularly very important as it in-
dicates spontaneous dissociation of both OeH and CeH bonds from 
methanol molecule. We also understand that the observed effect is a 
combined output of various factors like environment of surface as ex-
perienced by methanol, orientation of the adsorbate with respect to the 
surface, stepped nature of the surface and availability of surface oxygen 
in the vicinity of the molecule. 

3.3. Comparison of (2 2 0) and (3 1 1) bare surfaces 

To understand the variation in interaction of MeOH with (2 2 0) and 
(3 1 1) facets, we have investigated the charge distribution, projected 
Density of States (pDOS) and atomic arrangement of the bare surfaces. 
We also report the differential Mulliken charges for surface atoms. On 
the bare (2 2 0) surface, four Al and eight O atoms exist on the surface, 
available for interaction with incoming methanol. All Al atoms on the 
surface are equivalent in terms of environment, charge distribution and 
have an effective positive charge of 1.67e. Every Al atom is surrounded 
with four O atoms, one Zn atom and three other Al atoms. Interestingly 
two types of oxygen atoms exist on the surface. Four out of the eight 
oxygen atoms on surface are coordinated with three surface Al atoms 
while the remaining four are coordinated with one surface Al atom and 
one subsurface Zn atom. The oxygens connected with three Al atoms 
have a higher negative charge on them, −1.07e. While the ones 

Fig. 6. The (3 1 1) surface of ZnAl2O4 with the top view and the side view. The 
(3 1 1) surface has topmost layer composed of Zn, Al and O atoms. 

Fig. 7. (a) Initial positions of adsorbate on the surface (b) final positions of methanol upon adsorption on (3 1 1) facet.  
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connected with one Zn and one Al have a negative charge of −1.03e. 
Thus, though Zn is not exposed on the surface, its coordination with 
surface oxygen changes the nature of oxygen atom on the surface. This 
difference in the surface oxygen can be seen in the corresponding pDOS 
plots, shown in Fig. 9. We denote the coordination of O atoms with Al 
and Zn atoms as Oxy, wherein x and y are the number of Al and Zn atoms 
coordinated with O respectively. Thus, O30 represents an oxygen co-
ordinated with 3 Al and 0 Zn whereas O11 represents oxygen co-
ordinated with one Al and one Zn. The pDOS plots clearly shows a shift 
in the peaks of more coordinated oxygen atom (O30 - blue) with slightly 
more negative charge away from the Fermi energy in comparison with 
the other O (O11 - red) that is coordinated with lesser number of atoms 
on the surface. Lesser coordinated O atom is observed to be lesser ne-
gative. Presence of different kinds of atoms with varying charge dis-
tribution on the surface is indeed desirable as it would offer more 

adsorption sites with varying strengths. On (3 1 1) surface, there are 
four O atoms. Out of these four, two O atoms have differential Mulliken 
charges of −1.00e and other two with charges −1.07e and −1.17e. 
Difference in the pDOS signatures can be observed for these O atoms as 
shown in Fig. 10. The most negatively charged surface oxygen atom 

Table 2 
Adsorption energies, OeH bond activation, distance between OOH and surface 
metal (M) atom, and HOH -Osurf distance for adsorption studied at various po-
sitions as indicated in Column 1 on (3 1 1).       

Adsorption Eads OeH OeM HOH -Osurf
Site  bondlengths distance distance  

(eV) (Å) (Å) (Å)    

Class I - Barely activated   
1 −1.1072 0.99 2.03 -Al 1.96 
8 −1.2339 0.99 2.02 -Al 2.00 
13 −0.8831 0.98 2.05 -Al 2.28 
12 −1.2588 0.98 2.02 -Al 2.36        

Class II - Highly activated   
7 −1.3779 1.10 2.01 -Zn 1.36 
16 −1.6118 1.04 1.98 -Al 1.55 
6 −1.4647 1.03 2.02 -Zn 1.58 
2 −0.9155 1.03 2.13 -Al 1.57        

Class III - Adsorbed on bridge/hollow   
10 −0.8264 1.04 3.40 -Al 1.54 
14 −0.9464 1.02 2.97 -Zn 1.66 
4 −0.7160 1.02 3.74 -Al 1.60 
3 −0.4748 0.99 3.53 -Al 1.81 
5 −0.4866 0.99 3.93 -Al 1.82 
9 −0.5195 0.99 3.10 -Al 1.83    

Fig. 8. Spontaneous OeH and CeH bond breaking at 311 facet. Surface oxygen atoms are indicated as Ò. When the active site is Zn(Al), the resultant methoxy group 
attaches to Zn(Al). The dissociated H atom attaches to surface oxygen atom (Ò). 

Fig. 9. pDOS plots for two types of surface oxygen atoms on (2 2 0) surface. 
Charges on each type of oxygen atom is mentioned in the plot. Subscripts on Oxy
denote the coordination of O atoms, wherein x and y are the number of Al and 
Zn atoms coordinated with O respectively. 

Fig. 10. pDOS plots for three types of surface oxygen atoms on (3 1 1) surface. 
Charges on each type of oxygen atom is mentioned in the plot. Subscripts on Oxy
denote the coordination of O atoms, wherein x and y are the number of Al and 
Zn atoms coordinated with O respectively. 
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also turns out to be the most coordinated i.e. coordinated with two Al 
and one Zn atom (O21-green) with corresponding maximum shift away 
from the Fermi energy. The other two oxygen atoms also follow the 
coordination trends wherein the least coordinated O11(in red) is the 
closest to the Fermi energy followed by O30. Further, there are two kinds 
of Zn atoms present on the (3 1 1) surface. One is tri-coordinated with 
oxygen atoms and has a resultant positive charge of 1.53e while the 
other Zn is tetra-coordinated with oxygen atoms and contains a charge 
of 1.58e. These surface Zn atoms act as sites that dissociate the OeH 
from methanol and also act as one of the favorable site for adsorption of 
methanol. Out of the three Al sites present on the surface, two have 
effective positive charge of 1.59e and the remaining one with 1.67e. 
Corresponding pDOS plots for Al and Zn atoms in (2 2 0) and (3 1 1) 
surface are shown in Fig. 11 and Fig. 12 respectively. A clear redis-
tribution of energy levels can be seen in case of Al atoms over (2 2 0) vs 
(3 1 1) surface as shown in Fig. 11. The Al314 atom on (2 2 0) surface is 
surrounded with three Al, one Zn, and four oxygen atoms, and the 
corresponding pDOS (shown in green) is broad and diffuse. On the 
other hand, pDOS of Al204 (in red) and Al215 (in blue) atoms on (3 1 1) 
surface have sharp peaks at around −6 eV. Further, it is interesting to 
note that though Zn004 (in green) on (2 2 0) and Zn004 (in blue) on 
(3 1 1) have almost same charge and number of atoms in the vicinity, 
their peaks in Fig. 12 are evidently different. This is due to different 
charges on coordinated oxygen atoms. Hence, indicating that not only 
the immediate neighbors of an atom but the overall surface geometry 
plays a role in changing the chemical signatures of an atom on the 
surface. 

Thus overall, we observe that based on Mulliken charge analysis of 
(2 2 0) and (3 1 1) surface, more variation in the charge distribution is 

observed for (3 1 1) surface in comparison with (2 2 0). This variation 
arises due to the step nature of (3 1 1) surface. Availability of multiple 
adsorption sites with varying charge distribution is indeed desirable as 
that allows diffusion of an adsorbate on the catalytic surface. This dif-
fusion is very useful when the adsorbate comes in contact with another 
reactant. From our adsorption studies for methanol over the two sur-
faces, we unravel many interesting possibilities of OeH bond activa-
tion, OeH bond dissociation and also CeH bond dissociation in me-
thanol. While (2 2 0) demonstrates a case of OeH bond activation, 
(3 1 1) exhibits its capacity to dissociate both OeH and CeH bonds 
from methanol. The OeH bond activation on (3 1 1) surface is also 
observed to be higher in general compared to that of (2 2 0). And hence, 
we propose that though both surfaces give an excellent catalytic activity 
towards methanol adsorption, (3 1 1) particularly performs better than 
(2 2 0). Our work sheds light on various factors that are essential to be 
considered while studying methanol interaction with mixed metal oxide 
surface catalysts. Though we do not exhaust all possibilities of methanol 
adsorption (with respect to changing orientation of methanol over 
surface), our work points at the immense promise these surfaces hold in 
terms of not only activating but also dissociating OeH and CeH bonds 
in methanol without any barrier. 

4. Conclusion 

Though adsorption of MeOH is extensively studied on varied classes 
of catalyst, reports of significantly low activation barrier or sponta-
neous dissociation of OeH as well as CeH bonds of MeOH are very 
limited. And hence this piece of work on proposed mixed metal oxide as 
catalyst becomes even more interesting. It is also interesting to note 
that, proposed mixed metal oxide is in fact a derivative of two com-
monly used industrial catalyst, Al2O3 and ZnO towards MeOH activa-
tion. In this work, we illustrate (2 2 0) and (3 1 1) facets of ZnAl2O4 as 
excellent candidates for MeOH activation. These two surfaces not only 
offer significant OeH bond activation but also exhibit one case each of 
OeH bond dissociation. The dissociation observed in our studies are 
important as they are spontaneous. To top it, (3 1 1) surface undergoes 
successive dissociation of one of the CeH bonds as well. In an attempt 
to understand the factors that influence OeH bond activation/dis-
sociation over any catalyst surface we dwelled deeper into system-
atically correlating the observed parameters. Availability of surface 
oxygen in the vicinity of adsorbing methanol is of prime importance. 
Hence, we can safely say that a surface rich with oxygen atoms of 
varying charges is desirable for multiple bond activations or even dis-
sociation. Atomic arrangement of atoms on surface turned out to be 
another important factor in understanding the adsorption energy 
trends. Coordination of surface atoms and hence availability of sites 
with variation in charges on the surface unravel the trends in bond 
activations. Lastly, we propose that (3 1 1) surface offers better catalytic 
activity than (2 2 0) due to its stepped geometry and availability of 
inequivalent adsorption sites for interaction with an incoming MeOH. It 
was observed from the literature that most of the studies were restricted 
to either (1 1 1) or (1 1 0) planar surfaces. Our work in fact illustrates an 
upper hand in terms of catalytic activity for stepped surfaces like 
(3 1 1). Through detailed analysis of various factors that govern MeOH 
activation over these surface, we unleash a whole new chemical space 
to be explored in this direction. 
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Fig. 12. pDOS plots for Zn atoms on (3 1 1) and (2 2 0) surface. Charge on each 
of the Zn atom is mentioned in the plot. Subscripts on Znxyz denote the co-
ordination of Zn atoms, wherein x, y, and z are the number of Al, Zn, and O 
atoms coordinated with Zn respectively. 
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