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red coloured numbers represent the interaction of methanol at ZnO and ZnAl,O,
facets, respectively. Adsorption of methanol on these different systems triggers
surface reconstruction, which reflects in the interaction energy. WR (with recon-
struction) stands for energy with the impact of reconstruction. However, in order
to homogenize the energies, we have eliminated the reconstruction effect from the

interaction as demonstrated by WOR (without reconstruction). . . . . . . . . . ..
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7.3

7.4

Mulliken charges on surface zinc atoms of Zn, O-Zn, ZnO, and ZnAl,O,. For Zn
and O-Zn, the charges are shown in black, whereas for ZnO and ZnAl;Oy, the
charges are represented in blue and red, respectively. Charges for the facets where
dissociation of MeOH occurs are shown in bold numbers. Transfer of electron from
metal to oxygen is evident from the effective chargesonZn. . . . . . . . ... ..
Mulliken charges on surface oxygen atoms of O-Zn(black color), ZnO(blue color),
and ZnAl;O4(red color). The shortest distance between oxygen and surface atom
(BL) is also shown
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Chapter 1
Introduction

As the world’s population increases, so the energy required for daily activities. To date, the primary
energy source on a global scale is non-renewable fossil fuels, particularly coal, natural gas, and oil.
These organic resources, which have been around for thousands of years, are depleting rapidly.
The Energy Information Administration (EIA) reports that in 2021, demand for all fossil fuels has
increased dramatically.” According to the predictions of EIA, energy consumption rate will increase
by more than 50% in the coming decades, with Asia accounting for most of the increase.

The environmental problem associated with the usage of fossil fuels and their finite supply has
sparked a broad, intense quest for alternative energy sources that can meet global energy demands
without harming the environment. Various renewable sources are emerging as alternate energy
sources, such as solar, wind, geothermal, hydrothermal, biomass energy, hydrogen, and methanol.
Hydrogen energy is one such energy source being discussed recently and considered the cleanest
form of energy as its byproduct is only water. Although hydrogen is the cleanest form of energy,
its application on a larger scale is limited. Currently to date, hydrogen production is very energy-
consuming and its transportation and storage are two major hurdles in realizing hydrogen economy.

The other renewable energy source is methanol.

1.1 Methanol

Methanol, also known as wood alcohol, is the simplest aliphatic alcohol. It is a light (molecular
weight 32.04), volatile, colourless liquid. Robert Boyle first isolated pure methanol in 1661 via the
distillation of buxus (boxwood).® Methanol can be produced from several carbon-containing feed-
stocks, such as natural gas, coal, biomass, and CO,. Steam reforming of natural gas produces syn
gas (Hy, CO and CO,), which is further converted to methanol via reverse water gas shift reaction
(eq. 1.1) or hydrogenation of carbon monoxide (eq. 1.2). Industrially, methanol is produced from
the hydrogenation of CO, (eq. 1.3) in the presence of the catalyst, Cu-ZnO/Al,O3 at 473-573K and
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100 MPa pressure.

CO4 + 3H, — CH;0H + H, (1.1)
CO + 2H, — CH;0H (1.2)
CO, + 3H, — CH;0H + H,0 (1.3)

As proposed by Olah, the production of methanol from CO, is an environmentally benign
way of avoiding CO, sequestration (which is a costly process) and also provides a reduction of

greenhouse gas by productive reprocessing of CO,.°

1.1.1 Applications of methanol

Methanol is a potential hydrogen carrier. Methanol is liquid at room temperature, unlike hydrogen,
which is volatile (B.P.: -253°C) and explosive gas at ambient conditions. It can be easily handled,
stored, and transported at the point of utilization. The reformation of methanol produces hydrogen
at the point of use and is thus exempted from the expensive methods of hydrogen storage and
transportation. This way, hydrogen can be produced in situ in the fuel cell.

Methanol is also blended with gasoline and used in transportation fuel without changing the
existing vehicular infrastructure. M85 is mainly used for methanol-fueled vehicles, a mixture of
85% methanol and 15% unleaded gasoline.!® The experimental study suggests that the thermal
brake efficiency considerably improves with the addition of methanol and the NO,, and CO emission
reduces.!! Apart from transportation fuel, MeOH is also used as a cooking fuel which does not
produce soot on burning because of pre-oxygenated carbon. Recently, Niti-Aayog has launched the
first canister-based methanol cooking fuel program in India. '

As shown in Fig.1.1, 30% of methanol is consumed worldwide for the production of formalde-
hyde only. Remaining 70% is used for the production of various hydrocarbons such as methyl ter
butyl ether (MTBE), acetic acid, dimethyl ether (DME), methyl methacrylate, methylamines, gaso-

line/fuel, and other chemicals. !
Methanol to formaldehyde:
Formaldehyde is commercially the most important aldehyde because of its application in var-

ious sectors such as in the production of resins, automotive, textile, and aviation. Methanol is

the primary source of the production of formaldehyde. Industrially, three different methods are
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Figure 1.1: Application of methanol in production of various hydrocarbons’

used to produce formaldehyde from methanol: the silver process, the BASF process, and the For-
mox process. The first two methods use silver as a catalyst, while the Formox process uses iron-
molybdenum oxide for formaldehyde production.'? The conversion of methanol to formaldehyde
occurs in two ways:

1. Dehydrogenation of methanol: This is an endothermic process with reaction energy as high
as 84 kJ/mol (refer to eq. 1.4). For the silver and BASF process, the production of formaldehyde
from methanol occurs via dehydrogenation. The operating temperature for this method is more
than 600°C.

2. Oxidative dehydrogenation of methanol: This is an exothermic process with reaction energy
as -159 kJ/mol (refer to eq. 1.5). In the Formox process, the methanol-to-formaldehyde conversion

occurs by oxidative dehydrogenation of methanol. The operating temperature for this process is
250-400°C.

C'H40H (g) = CH,O (g) + Hy () ; A H = 84 kJ/mol (1.4)



CH30H (g) + 1/2 05 (2) = CH,0 (2) + H,0 (2) ; A H = -159 kJ/mol (1.5)

Apart from the industrial catalyst, vanadium-based catalysts are also extensively explored for
the conversion of methanol to formaldehyde. '*!” Vanadium oxides supported on various metal ox-
ides exhibits different conversion and selectivity for methanol to formaldehyde formation. Apart
from the two methods mentioned above, other methods have also been suggested, such as photocat-
alytic oxidation of methanol, '® partial oxidation of methanol in supercritical CO3,'? hydroboration
of CO, to formaldehyde,? oxidation of methane to MeOH and formaldehyde.?!

One of the major application of methanol is the production of DME. The heating characteristics
of DME are similar to liquified petroleum gas, making it an alternate energy source in both domes-
tic and industrial applications. DME can be synthesized either from natural gas or by methanol
dehydration; however, the later is thermodynamically the most favourable and controlled synthesis
route. Methanol is also emerging as a convenient hydrogen and can be easily transported to the
place of utilization. Methanol is also used in the direct methanol fuel cell, where it is oxidized to

produce protons and electrons.

1.1.2 Role of DFT in catalysis

(8) Number of publications using "DFT" (b) Number of publications using "DFT" and “catalysis"
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Figure 1.2: (a) The number of publications using the keyword "DFT" from the SciFinder since 1964.°
The research in DFT exponentially increased in the 21°¢ century. (b) The number of publications using
the keyword "DFT" and "catalysis" from the SciFinder.> The application of DFT in the catalysis field is
increasing linearly and has attracted significant attention over the last decade.

Density functional theory is an incredibly successful method for determining solutions to the
Schrédinger equation, which describes the ground-state of electrons. It is derived from theoretical
concepts without relying on experimental data, resulting in accurate and reliable theoretical results
at a modest computational cost. This approach has rapidly evolved to be used as a tool in various

domains of science, such as chemistry, physics, materials science, chemical engineering, geology,



etc., as shown in Fig.1.2-(a). The application of DFT has exponentially increased since 21° century.

Advances in DFT allow us to describe catalytic reactions at surfaces with the detail and accuracy
required for computational results to be meaningfully compared to experiment. Theoretical studies
also describe chemical reactions in detail and comprehend differences in catalytic activity from one
catalyst to the next. Such comprehension enables screening of chemical space for designing better
catalysts. As shown in Fig.1.2-(b), there has been a tremendous increase in the use of DFT for
catalysis in the last decade.

One of the most classic examples of the application of DFT in understanding the reaction mech-
anism is by Honkala et al. for the synthesis of ammonia.?* The Haber-Bosch process for ammonia
synthesis is Ny + 3Hs — 2NHj. The reaction proceeds in the presence of iron or ruthenium catalyst
at greater than 500°C temperature and more than 100 atmospheric pressure. Although the reaction
was proposed by Haber and Bosch around a hundred years ago its mechanism is still not clear due
to the complexity of the reaction. DFT played a vital role in deducing the mechanism of the ammo-
nia synthesis process. Honkala et al. used DFT calculations to investigate flat and stepped facets of
Ru nanoparticles to synthesize ammonia from nitrogen and hydrogen. They predicted that there are
12 elementary steps involved in the net chemical reaction on the catalyst surface. The reaction rate
of these elementary steps depends on the environment of the catalyst surface. Moreover, the most
important reaction is the dissociation of the Ny bond, which has less energy barrier at the stepped
facet than at the flat facet. They also predicted the nanoparticle’s shape as a particle size function.
They observed a correlation between the diameter of the nanoparticle and the number of the active
site for N bond dissociation. The results obtained by DFT were compared with the experimental
measurements at an industrial scale, and the predicted results were in excellent agreement with the
experimental measurements.

The example mentioned above shows the impact of DFT calculations in understanding the
thermodynamics of the reactions. Also, the predicted results of DFT could be validated by experi-

mentation, demonstrating the accuracy and reliability of the DFT results.

1.1.3 Methanol dissociation: literature studies

Methanol is the simplest aliphatic alcohol and is treated as one of the standard molecules in surface
science for investigating its interaction with surfaces.® Several methanol applications in biosen-
sors, devices, organic dielectrics, and nanolithography makes it a vital molecule for investigation.
It has been observed that the conversion of methanol to any other value-added product requires
breaking its O-H and C-H bonds with substantial bond dissociation energies, viz. 96.1 kcal/mol and
104.6 kcal/mol, respectively.?* Due to the immense importance of methanol as feedstock in various

industries, extensive studies of the activation and decomposition of methanol on various systems



have been carried out. The optimum catalyst should be active enough to dissociate the methanol
molecule and favour the desorption of desired products. As discussed above, there are various
applications of methanol and depending upon the desired product, the adsorption/dissociation of

methanol is required.

Figure 1.3: The figure represents four possible pathways of methanol decomposition.* The boxes in blue
and red show the intermediates and products formed during the methanol decomposition.

Partial decomposition of methanol leads to the formation of formaldehyde, whereas complete
decomposition produces CO. Both these reactions are endothermic. Four possible pathways are
proposed for the conversion of methanol to CO* as shown in Fig.1.3. The blue boxes represent the

intermediates, and the red boxes show the products formed during methanol decomposition.

25-39 04 45-48 49-55

Various catalysts like metal surfaces, metal alloys,4 4 metal clusters, metal oxides,
mixed metal oxides,>® and zeolites>"° have been explored in great detail for the conversion of
methanol to value-added products. It has been observed that generally, methanol dissociates to
methoxy and hydrogen at coinage metal surfaces which upon increasing temperature, recombine to
produce methanol and desorb from the surface. The rate-determining step on the coinage metal sur-
faces is the dissociation of the O-H bond, and formaldehyde formation is the major outcome. %62
Contrarily, for precious metal surfaces such as Pt, Pd, and Rh, the complete decomposition of
methanol takes place with the dissociation of C-H bond as the primary step. The major product of
methanol decomposition on these surfaces is CO and H;. Oxygen-adsorption on the metal surfaces
leads to the variation in geometric and electronic properties of the surfaces, consequently altering
their catalytic activity. The activation barrier for O-H bond dissociation substantially reduces on
oxygen-preadsorbed metal surfaces.?’-93-64

Metal oxides show better catalytic activity due to various acidic and basic sites on the oxide
surface. However, the basicity of oxides favours the dehydrogenation of methanol. Both oxygen
anion and metal cation operate synergistically. Surface oxygen atoms favour dehydrogenation by
abstracting the hydrogen from the MeOH and forms surface hydroxide, whereas metal cations
stabilize the intermediates formed during the decomposition of MeOH. ZnO has been explored for

the decomposition of methanol. In a DFT study, Pala and Metiu studied methanol adsorption with
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(1010) facet of pristine and cationic atom doped ZnO.% They report that molecular adsorption of
methanol is most favoured on the pristine ZnO (1010) surface. Vo et al. investigated the ZnO
for adsorption and decomposition of methanol using periodic DFT study.®® The decomposition
mechanism on (1010) surface of ZnO follows the order as CH;0H — CH;0 + H — CH,O + H.
The activation barrier for methanol to formaldehyde on the (1010) surface is 1.20 eV. In another
study, Deng et al. demonstrated the conversion of methanol to formaldehyde on the ultrathin layers
of ZnO supported on Au (111) using temperature-programmed reaction spectroscopy and DFT. %’
They report that the partial oxidation of methanol to produce formaldehyde occurs at T = 580K.
Their DFT studies predict that methanol dehydrogenation initiates with the dissociation of the O-H
bond followed by C-H bond dissociation with an overall activation barrier for the reaction is 19.0
kcal/mol.

Here, we have presented a short summary of few literature studies, however, for thorough liter-
ature on methanol decomposition catalysts, readers are recommended a few comprehensive review

articles, #6869

1.2 Motivation

So far we have discussed importance of MeOH as fuel, hydrogen carrier or a raw material for
other value added chemicals. We have also briefly discussed role of DFT in understanding reac-
tion mechanism. However, there are several catalysts explored for the conversion of methanol to
value-added products. For rational designing of a catalyst, it is crucial to understand the interaction
of a molecule with different facets and distill out the essential factors leading to desired products.
The ultimate goal of any DFT-based computation is to deduce trends and gain predictive power
by understanding the results in terms of underlying electronic structure. We aim to understand the
interaction of methanol with a series of Zn-based catalysts by employing DFT. We want to investi-
gate the correlation between the electronic structure of a bare facet and the outcome of methanol’s
interaction with a facet. Most of the reactions are carried out with polycrystalline catalysts with
several facets exposed to the adsorbate species. As has been discussed, surface reactions are sensi-
tive to the structural arrangement of atoms. Thus it becomes imperative to analyze the interaction
of various catalyst surfaces with the adsorbate for the rational designing of the catalyst. DFT of-
fers an efficient and accurate tool to investigate elementary reactions at the surface, which could
be reasonably compared with the experimental measurements. In this thesis, we investigated the
interaction of methanol with several facets of Zn-based catalysts using DFT, which is discussed in

the following chapters.



1.3 Plan of thesis

The aim of this thesis is to understand the interaction of methanol with different Zn-based systems
using periodic density functional theory. Based on the underlying electronic structure, we tried to
understand the variation in nature of Zn and O in different environments like pure metallic state,
oxygen preadsorbed metal, metal oxide and mixed metal oxide.

Chapter 2: We present the theoretical framework which forms the base of DFT and standard
operating procedures. We begin by discussing the Schrodinger equation, Born-Oppenheimer ap-
proximation as implemented in density functional theory. Following this, we discuss Hohenberg-
Kohn’s theorem and the Kohn-sham equation for mapping the one many-body interacting electrons
problem to many one-body non-interacting electron problems. Next, we discuss the pseudopoten-
tial and plane wave basis set employed in VASP. The last section discusses setting up the system as
per our calculations.

Chapter 3: In this chapter, we inspect the systematic interaction of methanol with zinc surfaces
and oxygen-preadsorbed zinc surfaces. (1010), (1011), (1013) are explored in this study. We report
that the MeOH physisorbs all the facets of the pristine Zn. MeOH adsorption triggers significant
reconstruction on the (1010) facet, whereas the extent of reconstruction substantially reduces for
the other two facets. Further, oxygen adsorption on the metallic Zn surfaces significantly reduce
the activation barrier for the O-H bond from the flat facets and becomes negligible at the step facet.
Interestingly, upon oxygen adsorption, the decomposition of the O-H bond of methanol becomes
exothermic at all facets compared to the metallic surfaces.

Chapter 4: Exposure of oxygen to metal surfaces leads to oxide formation. In this chapter, we
have carried out a systematic study of methanol adsorption on various facets of ZnO, which includes
two flat [(1010) and (1120)] and two stepped [(1013) and (1122)] surfaces. O-H bond dissociation
is thermodynamically the most favourable outcome on stepped facets, whereas chemisorption of
MeOH with 7-10% O-H bond activation is observed on the flat facets. We also report considerable
surface reconstruction upon MeOH adsorption. However, the reconstruction is less on the stepped
surfaces than on the flat facets. Further, partial oxidation of MeOH is favoured on ZnO facets.
Our detailed electronic structure analysis brings out the rationale behind the surface-dependent
interaction of MeOH. Analysis of the underlying electronic structure of the bare surfaces explains
the facet-dependent reactivity observed in the case of ZnO. Facets with available empty states near
Fermi lead to O-H bond dissociation, whereas the absence of empty states near Fermi leads to O-H
bond activation.

Chapter 5: In this chapter, we proposed a new mixed metal oxide (ZnAl,O,) as a catalyst for
the activation of methanol. It is interesting to note that the proposed catalyst is a derivative of two

commonly used industrial catalysts, Al;O3 and ZnO towards MeOH synthesis. We discuss two



prominent facets, (311) and (220) facets of ZnAl,O,4, which are the most prominent peaks in XRD
of the spinel structure. These two surfaces offer significant O-H bond activation and exhibit one
case for each spontaneous dissociation of the O-H bond. Also, the (311) surface undergoes subse-
quent dissociation of one of the C-H bonds. The produced formaldehyde remains strongly adsorbed
on the Al site of the surface due to the higher affinity of Al for oxygen. Careful investigation of the
underlying electronic structure of bare surfaces explains that the availability of surface oxygen in
the vicinity of adsorbing methanol is essential for the decomposition of methanol. The structural
arrangement of atoms on the surface turned out to be another essential factor in understanding the
adsorption energy trends. We also propose that the (311) surface offers better catalytic activity than
(220) due to its stepped geometry and availability of inequivalent adsorption sites for interaction
with an incoming MeOH.

Chapter 6: In this chapter, we investigated the interaction of methanol with ZnO by theoretical
and experimental approaches. We observed spontaneous conversion of methanol to formaldehyde
on (1011) facet. Not only does formaldehyde form, but it also desorbs from the surface. Formalde-
hyde formation is thermodynamically the most favourable outcome at (1011) facet. The presence
of non-zero states at the Fermi level explains the greater reactivity of this facet. By carefully un-
derstanding our theoretical results, we designed an experiment to study the interaction of methanol
with ZnO at RT and atmospheric pressure. The FTIR and HPLC both evident the formation of
formaldehyde as a product of this reaction. Also, there is no peak other than formaldehyde in the
reaction mixture, indicates towards 100% selectivity of formaldehyde with 3% conversion in 1h at
ambient conditions. Further tuning of the catalyst may enhance the conversion rate of methanol.
The theoretical investigation followed by experimental validation paves a very efficient way to-
wards designing of catalyst.

Chapter 7: Methanol decomposition is essential for its conversion to value-added products.
Understanding the interaction of methanol with different Zn-based systems is vital for the rational
design of catalysts for methanol decomposition. In this last chapter, we compared the electronic
structures of all Zn-based systems investigated in this thesis work. By carefully investigating the
density of states of these different systems, we could establish a correlation between the electronic
signature and the outcome of the interaction of methanol with these systems. These findings will
pave the way toward the rational design of catalysts.

Chapter 8: A summary of the thesis work has been reported in this chapter. Future scope for
the current studies using different theoretical approaches are discussed in this chapter.

DFT results are widely accepted but limited by their experimental validation due to differences
in reaction conditions. Interestingly, we could validate our theoretical results by experimental

methods, as discussed in detail in chapter 6.
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Chapter 2
Theoretical formalism

The evolution of quantum mechanics in the early 1900s enabled the computation of the proper-
ties of atoms, molecules, and solids in principle. However, no mathematical tools were available
to solve these complex equations. Paul Dirac, in 1929 mentioned that "The underlying physical
laws necessary for the mathematical theory of the large part of physics and whole of chemistry
are thus completely known, and the difficulty is only that the exact application of these laws leads
to equation much too complicated to be soluble." The development of approximate methods and
better computers for solving these complex equations played a critical role in shaping the fields of
quantum chemistry as they are today. In quantum mechanics, the state of a system is described
by a wavefunction, W, that is a function of the time and particle’s coordinates. This wavefunction
is not observable and has no physical significance. However, it contains all the information about
a system. This information can be extracted using a suitable quantum mechanical operators. In
the last two decades, density functional theory (DFT) has emerged as the utility player of compu-
tational chemistry. The popularity of DFT stems primarily from simplicity that it offers and low
computational cost. Enhanced computational power over last few decades has allowed us to study
complex and large systems compared to other wavefunction based methods.

In this chapter, we present the theoretical framework and standard operating procedures used
for the calculations presented in this thesis. We begin by discussing the Schrodinger equation, and
Born-Oppenheimer approximation. Following this, we discuss Hohenberg-Kohn theorems and the
Kohn-sham equation for mapping the many-body interacting electrons problem to many one-body
non-interacting electron problems. Next, we discuss the concept of pseudopotentials and plane-

wave basis set. The last section discusses setting up the system as per our calculations.
The Schrodinger Equation
Erwin Schrodinger in 1926 proposed for the first time the wavefunction and equation govern-
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ing its change with time known as time-dependent Schrédinger equation (H¥ (x,t) = EV(x,t)). The
time-independent, nonrelativistic form of Schrodinger equation is Hy)(x) = Ey(x). In this equa-
tion, H is the Hamiltonian operator, and v is a wavefunction which depends only on the spatial
coordinates of the particles. For simple systems like a particle in a box or harmonic oscillator, the
Hamiltonian has a simple form, and the schrodinger equation can be solved exactly. However, for

a system with ‘N’ ions and ‘n’ electrons, the Hamiltonian is expressed as:
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where, the terms are kinetic energy of ions, the kinetic energy of electrons, ion-ion interac-
tion, ion-electron interaction, and electron-electron interaction respectively. The solution of this
schrodinger equation contains all the information of the system. The eigenvalues of the Hamilto-
nian correspond to the system’s energy states, and the lowest eigenvalue will be the ground state
energy. However, finding the solution of the Schrodinger equation is challenging and needs fur-
ther simplification. The first step towards this is separating ionic degrees of freedom from that of
electronic.

The ions are much heavier than the electrons (each proton/neutron in an atom is 1800 times
heavier than an individual electron). Hence the response to the surrounding change is much faster
in the case of electrons than ions. Consequently, the ionic motion can be separated from the elec-
tronic motion. This is the Born-Oppenheimer approximation or adiabatic approximation.’® After
applying the Born-Oppenheimer approximation for a fixed ionic configuration the Hamiltonian can

be written as:
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The terms represent the kinetic energy of electrons, ion-ion interaction, ion-electron interaction,
and electron-electron interaction. However, the ion-ion interaction is constant for a given structure.

Since electrons are fermions, the electronic wavefunction must be antisymmetric to exchange
of electrons. Despite the implementation of the Born-Oppenheimer approximation, the solution of
Schrédinger equation for an ‘n’ interacting electrons is complex. The wavefunction of an electron
in time-independent Schrodinger equation is a function of three spatial coordinates. For an ‘n’
electron system, the wavefunction is a ‘3n’ dimensional function which makes the solution of

Schrodinger equation as an impossible task. For example, in the case of a Zn system with 100
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atoms, the wavefunction is a 9000-dimensional function (every atom with 30 electrons having 3
dimensions each), which indeed is an impossible task. All the wavefunction based methods have
limitations in terms of the system size that could be handled. The readers are directed to some

nicely written books for detailed discussion of the same.”!~"3

2.1 Density functional theory

This theory uses electron density, instead of the wavefunction, as a fundamental variable for the cal-
culation of the energy of the system. The electron density, p(r), is a ‘3’ dimensional variable which
reduces the computational expenses. Density functional theory is based on two theorems proposed
by Hohenberg and Kohn.” The first theorem of Hohenberg-Kohn states, For any system of inter-
acting particles in an external potential V..(r) the potential V...(r) is determined uniquely, except
for a constant, by the ground state particle density p(r).”> Thus, the total energy of an interacting
electron system is a functional of electronic density, and there is a one-to-one correspondence be-
tween the electron density and external potential. The corollary to the theorem says that since the
Hamiltonian is thus fully determined, except for a constant shift of the energy, it follows that the
many-body wavefunctions for all states (ground and excited) are determined. Therefore, all system
properties are completely determined given only the ground state density p(r). The first theorem of
Hohenberg-Kohn states that an electron density functional exists to solve the Schrodinger equation
but says nothing about what the functional is.

The second theorem defines an important property of the functional. It states that the universal
functional for the energy E[p] in terms of the density p(r) can be defined, valid for any external
potential V... (r). For any particular V..(r), the exact ground state energy of the system is the
global minimum value of this functional, and the density p(r) that minimizes the functional is the
exact ground state density po(r).” The density that can minimize the functional of energy with
respect to the electron density E[pg(r)] is exactly the ground state electron density. This is the
variational principle. For any electron density (p4-iq1), such that f Prrial(1)0(r) = N then, E[pgiar] >
Ey, where Ej is the ground state energy. The Hohenberg-Kohn theorems are existential because they
proposed the existence of a functional which relates the electron density and ground state energy but
could not provide any strategy to find this functional or the ground state electron density. Kohn and
Sham in 1965, provided the mathematical expression to use these theorems.”® Kohn-Sham mapped
one many-body the problem of interacting electrons to many one-body problems of non-interacting
electrons. The electron-electron interaction is approximated by an auxiliary system. In this system,
the electrons do not directly interact with each other, instead the presence of all other electrons is
approximated by an effective potential, and each electron interacts with this effective potential. All

the differences because of Kohn-Sham assumptions are incorporated in the exchange-correlation
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term. The total energy functional with Kohn-Sham formalism is,

Eior[p(r)] = Eknouwnlp(r)] + Exclp(r)] (2.3)

where the functional is split into a collection of terms which can be written in simple mathe-

matical expressions are included in Ej;, ., and rest everything in Ex . The Expown 18,
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On RHS, the terms in order are kinetic energy of the electrons, Coulomb interactions between
electrons and the nuclei, Coulomb interaction between pairs of electrons and the Coulomb interac-

tions between pairs of nuclei and p is expressed as

p(r) =23 0" (0V(r) . 2.5

and the exchange-correlation energy is expressed as,

Exclp(r)] = [ p(r)ezep(r (2.6)

The new Kohn-Sham equation for a non-interacting electron system can be expressed as,

[E20% 4 Viaar) + Vi (1) + Vaelr)| 94() = esti(r) )

The first term is kinetic energy of electron, V.., is interaction of electron and nuclei, Vg is

Hartree potential, and is defined as,

Vig(r) = ¢ [ fndr 28

The Hartree potential is the coulomb repulsion between the electron considered in one of the
Kohn-Sham equations, and all electrons in the system define the total electron density. While
considering all electrons, the interaction from the electron which is considered in the Kohn-Sham
equation is also included, thus self-interaction is also part of V. The corrections due to self-
interactions are incorporated into the exchange-correlation potential. The exchange correlation

potential is the functional derivative of exchange-correlation energy,

Vie(r) = S (2.9)

To solve the Kohn-Sham equation, we need to know the V potential, which is derived from
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/ Guess the initial electron density: p™(r) /

l

. Construct the KS Hamiltonian:
Hl(s[/)in(r)] — 7%v2 + 7’01{[/)i"(l‘)](l')

|

Solve the KS equations to obtain the occupied
single particle orbitals: {¢;}

l

Calculate the output electron density: p°'*(r)

Construct a new p™(r)

{Stop: {¢:} and p*(r) = p°"t(r) = p™(r) is the solution

Figure 2.1: Self consistency cycle for solving Kohn-Sham equation.’

the electron density and to find the density, the single electron wavefunction must be known, which
is obtained by solving the Kohn-Sham equation, this makes a vicious circle. Hence, Kohn-Sham
equations must be solved selfconsistently. We start with random wavefunctions and initial charge
density (in our case, superposition of atomic charge density) to solve the Kohn-Sham equation,
which gives us improved wavefunction and new charge density which is now used for solving the

Kohn-Sham equation. The schematic representation is shown in the Fig. 2.1.

2.2 Essentials of DFT calculations

Let us briefly summarize the discussion so far. We want to find out the ground state energy of a sys-
tem by solving the time-independent Schrodinger equation. By implementing Born-Oppenheimer
approximations, we could separate the ionic and electronic degrees of freedom. With the help of
Hohenberg-Kohn theorems and the Kohn and Sham formalism, the many-body interacting elec-
trons problem could be mapped to many one-body non-interacting electrons. Now, the exchange-

correlation part in the eq.2.7 is the most tricky part.
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2.2.1 Exchange-Correlation functional

The computation of exchange-correlation energy is the most complicated part of solving the Kohn-
Sham equation. The exact form of the exchange-correlation functional is not known. There is just
one case where this functional can be exactly derived: uniform electron gas. In uniform electron
gas, the electron density is constant at all points in space (the ideal situation). Taking a suggestion
from here, the exchange-correlation energy at each position in the real system is calculated as
exchange-correlation energy from uniform electron gas at electron density observed at that point.
Local density approximation: The most widely used framework for exchange-correlation
functional is local density approximation (LDA). As the name suggests, this framework uses local
density to define the exchange-correlation functional. This framework assumes that the density,
which is generally nonuniform, is uniform locally. This approach does not consider the corrections
to exchange-correlation at a point due to inhomogeneity in the neighbouring charge density. The

exchange-correlation potential using LDA is given by,

VchDA(T) — ‘/meclectrongas [p(T)] (2]0)

This approach is best applied to solids similar to uniform gas and nicely predicts bond lengths.
However, the energies are overestimated in the weakly bonded structure. Numerous efforts have

been put in to improve the LDA. One such approximation is generalized gradient approximation.

Generalized gradient approximation: The GGA includes information from the electron den-

sity and gradient of the density. It is expressed as,

VO (1) = Veleer o () Tp(r) @1

As clear from the eq.2.11, the GGA approach takes into account the spatial variation of electron
density. GGA includes more physical information as compared to the LDA, hence GGA could im-
prove the calculated bond energies and bond lengths. It works reasonably well with weakly bonded
systems. Various functionals within GGA frameworks are available such as BP, BLYP, PE, etc.
The two most commonly used functionals for solid systems are Perdew-Wang functional (PW91)
and Perdew-Burke-Ernzerhof (PBE) functional. Several hybrid functionals are also used such as
B3LYP, PBEOQ, B98, etc. Hybrid functionals are a combination of a portion of exact exchange from
Hartree-Fock theory and exchange and correlation from other sources. We have used GGA-PBE in
our calculations of periodic solids which provides reasonable accuracy with optimal computational
expenses.

As discussed in the preceding section, with the help of Kohn-Sham formalism, the many-body
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complex problem reduces to the single-body problem. It could successfully model simple sys-
tems with many electrons in a finite space, however, computation for large systems still remains

formidable. Another approximation implemented in DFT is pseudopotential.

2.2.2 Pseudopotentials
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Figure 2.2: Comparison of all electron wavefunction and potential (solid black curve) with pseudo wave-
function and potential (dotted black curve) respectively.’

The DFT computation for larger system is still computationally expensive due to a large num-
ber of core electrons. For example, in our case, a 100-atom Zn system will have 3000 electrons (a
total of 30 electrons in each Zn atom). Physically, the valence electrons participate in the chemical
bonding, not the core electrons. Pseudopotential approximation reduces the expense of compu-
tation by replacing the core electrons with the strong ionic potential by a weaker and smoother
pseudopotential within the core region. This is known as frozen-core approximation method. The
pseudopotential and pseudofunction are generated in such a way that beyond the cutoff radius,
they are identical to the true potential and true wavefunction, respectively, as shown in Fig.2.2.
All the radial nodes of the wavefunction inside the core radius are removed, but the charge is
conserved. Due to the removal of radial nodes, the number of plane waves required to describe
the core wavefunction reduces, hence decreasing the computation time significantly. Thus, using
pseudopotential, we could truncate the number of electrons from 3000 to 1200 for a 100-atom Zn
system; hence, there is substantial reduction in the number of plane-waves and consequently the

computation time.
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Ideally, for an element, the pseudopotential is developed by considering the isolated atom of an
element. The resulting pseudopotential can be used directly without modification in any chemical
environment. Hamann et al. presented the norm-conserving pseudopotential from ab-initio cal-
culations.”” The proposed pseudopotential gives exact eigenfunction and eigenvalue with atomic
wavefunction beyond cutoff radius r.. Also, the logarithmic derivative of the radial wavefunction
and their first energy derivative agree well at the r.. Another most commonly used pseudopoten-

tial is the ultrasoft pseudopotential by Vanderbilt.”

These pseudopotentials are constructed with
low energy cutoffs, and the pseudowavefunction is very smooth within the core region. Softening
of the wavefunction is achieved by introducing the generalized orthonormality condition. Ultra-
soft pseudopotential shows much better transferability than the norm-conserving pseudopotential.
The construction of ultrasoft pseudopotential requires a lot of defined empirical parameters. An-
other pseudopotential approach is the projector-augmented-wave (PAW) method. It was initially
introduced by Bloch” and later adapted by Kresse and Joubert.®® This method introduces a linear
transformation from a pseudo wavefunction to an all-electron wavefunction. The rapidly oscillat-
ing valence wavefunctions transformed into smooth wavefunctions, making them computationally
more efficient. Valence electron wavefunctions are kept orthogonal to the core region. We have

employed PAW pseudopotential in this work.

2.2.3 Brillouin zone and plane-wave basis set

Bloch’s theorem needs to be satisfied for solving Schrodinger equation for periodic system. The
Bloch theorem states that the solution for Schrodinger equation can be expressed as a plane-wave

regulated by the Bloch function. The Bloch function is expressed as,

O (r) = exp(ik.r)ug(r) (2.12)

where ug(r) is periodic in space and the function exp(ik.r) are called as plane-waves. The space
of r is called a real space while the space of k is called reciprocal space (k space). For a simple
periodic system with lattice vectors a;, a, and ag, the three vectors defined in reciprocal space

known as reciprocal lattice vectors are,

bl = QWM'Z?Q = QWM'bg = QWM (213)

a1-(azxas)’ az-(azxay)’ az-(a1 xaz)
The length of the reciprocal lattice vectors is inversely related to the length of vectors in real
space. Hence, the larger the system in real space, it needs smaller representation in the k-space.
As shown in eq.2.12, the ug(r) is periodic in space and can be expanded in terms of a set of

plane-waves as,
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up(r) =Yg cqexp [1G.r] (2.14)

A basis set is a set of functions representing electronic wavefunction in DFT. The basis set
consists of either atomic orbitals, (linear combination of atomic orbitals) or plane-waves (applied
for periodic systems). For periodic system, the wavefunction needs to expand in discrete plane-

wave basis set which can be expressed by combining eq.2.12 and 2.14,

Ppi(r) = > ¢ cipraerp [i(k + G).r] (2.15)

Here, G represents the reciprocal lattice vectors, and k is supposed to lie within the first Bril-

louin zone.

2.3 DFT calculations on surfaces

Until now, we have learned about the theoretical formalism of DFT and the essential approxi-
mations used for employing DFT. Now, in this section, we will discuss the choice of model and

procedure to set up a DFT calculation for computation of various properties of surfaces.

2.3.1 Setting up the system

For heterogeneous catalysis, surfaces are more important than their bulk counterpart because of the
presence of undercoordinated atoms. The nanoparticles synthesized in experiments are generally
of the order of a few nanometers, which can be represented as a slab in computational modeling. In
this work, we have used slab model to understand their interaction with methanol. We will begin

by discussing the generation of the slab and setting up the system for computation as follows:

* To begin with, the bulk structure is required for surface generation. Several open-source
databases such as materials project,®! crystallography open database,®” etc., are available to
obtain the bulk structure of desired material. Once the bulk structure is found, we optimize
the bulk with all degrees of freedom, including the position of atoms, cell shape and cell
volume. The lattice parameters of the optimized bulk structure are compared with the exper-
imentally reported lattice parameters. The computed lattice parameters are in 2-3% of the

experimentally measured value for the work presented in the thesis.

* Upon optimization of the bulk structure, the surface is generated by cleaving the bulk in

specific planes using atomic simulation environment (ASE)®® or Quantumwise-VNL.% The
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plane of interest is selected based on the XRD of the bulk material used. Generally, the
nanoparticles synthesized in the experiments are polycrystalline. However, the XRD rep-
resents the most dominant planes (facets) of the material exposed to the adsorbates. For
example, in the case of ZnAl,O, catalyst, the XRD plot shows dominant peaks of (311) and
(220). Hence, we have investigated these two facets for their interaction with methanol.

* Slab model and periodic boundary conditions Once the facet is finalized, the surface is
cleaved in such a way that it is periodic in the x and y directions but non-periodic in the
z-direction. Further, a few parameters, like box size, k-mesh, etc., should be selected appro-
priately, which otherwise may result in numerical errors in the energy of the system. The
errors can be minimized by carefully setting up the system. We perform a few convergences
for the cleaved surface. The cell box is carefully chosen to avoid the interaction of atoms in
the non-periodic region with their image. We do vacuum convergence to determine the suf-
ficient amount of vacuum so that the atoms in the z direction do not interact with its image.
The choice of k-mesh should be made meticulously so that there can be an optimum balance
between the accuracy and the computation time. Very dense k-mesh will be computationally

costly and may not improve the accuracy significantly.

2.3.2 Surface relaxation

As discussed above, the slab model is cleaved from the bulk structure. The atoms take the same
position in this structure as in their bulk counterpart. However, due to under-coordinated atoms at
the surface layer, the inter-layer spacing between the atoms in the surface region alters from the
spacing in their bulk region. The phenomenon of changing the inter-layer distance between surface
layers is called surface relaxation. Depending upon the type of surface termination, there may be
substantial changes in the coordination and energy of the surface. Generally, relaxation leads to a
decrease in the distance between the first and second layers. It is also observed that the interlayer

spacing change for open surfaces is more significant compared to the close-packed surface.

2.3.3 Surface reconstruction

As discussed in the previous section, the surface atoms relax during optimization; hence, they
differ from their atomic positions in their bulk structure. Along with relaxation, some surfaces
undergo reconstruction. Reconstruction of the surface can be an outcome of the stress on the sur-
face atoms® or can be associated with the attainment of minimum energy configuration.¢ Apart
from internal factors, surface reconstruction could be induced due to adsorbate atomic or molecular

species. There are ways to determine whether a surface has a tendency to reconstruct: imaginary
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modes in surface phonon dispersion indicate a driving force for stress-driven reconstruction and an
excess of dangling bonds or unsatisfied atomic orbitals can indicate an electronically-driven surface

reconstruction. ’

Limitations of our work:

Although the DFT results are accurate and reliable, there are a few limitations to our work, as

mentioned below:

* The slabs modelled for the DFT calculations differs from the catalyst used in experiments.
For example, generally, the catalyst used in experiments is polycrystalline, and different
facets may have a synergistic effect on the activity of the catalyst, however, we deal with
individual facet and the synergy between different facets is not considered. Also, the model

used in DFT is very structured which is not true with the real catalyst.

* Due to compute intensive calculation, the number of atoms used for our DFT calculations are

restricted to hundreds of atoms, whereas size of the real catalyst ranges to few nanometers.

* As we will discuss in the following chapters, the orientation of methanol does play a crucial
role in its interaction with the facet. However, to scan all possible orientations of MeOH

molecule wrt to a specific site is a formidable task.

 All our calculations are performed at OK and zero atmospheric pressure; however, the reac-
tion operates at substantially higher temperatures and pressure which are crucial parameters
for the activity of the catalyst. Thus, one-to-one mapping of DFT results to experiments is not
easy. Although, we could validate our DFT results of methanol to formaldehyde production

at the ZnO surface by experiments will be discussed in detail in chapter 6.
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Chapter 3

Interaction of MeOH with pristine and

oxygen-preadsorbed Zn surfaces

3.1 Motivation

Considering the importance of MeOH in the chemical industry as feedstock or fuel, its interaction
with various catalysts is studied extensively. For the conversion of methanol to any desired product,
dissociation of its O-H and/or C-H bond is the primary step. A thorough study of the interaction
of methanol with metal surfaces using experimental and theoretical methods is available in the
literature, 32-35-58.88-94

Among transition metals, coinage metals have attracted significant attention due to their usage
as feedstock in methanol steam reforming, DMFC, and formaldehyde production. Due to the avail-
ability and affordability of copper, its interaction with MeOH is studied extensively,3360:61.93:96 The
decomposition of methanol on Cu surfaces is initiated by dissociating the O-H bond followed by
dehydrogenation of the methoxy group. The rate-limiting step for methanol decomposition on Cu
surfaces is the abstraction of hydrogen from the methoxy group. Also, the interaction of methanol
with Cu surfaces is structure-sensitive, and the kinetics is facet dependent. In a recent study, David
et al. investigated low-index Cu surfaces for methanol decomposition at ambient pressure and tem-
perature conditions.”® They demonstrated that the kinetics of methanol decomposition is surface
sensitive and has faster kinetics on the (110) surface of Cu as compared to its (100) and (111)
facets. They observed that the O-H bond of methanol dissociates at all Cu surfaces at ambient con-
ditions. Silver, another coinage metal, is studied extensively for its interaction with MeOH owing
to its industrial usage for producing formaldehyde from MeOH. Methanol weakly adsorbs at the
Ag surface, making desorption easier. Methanol decomposition on the silver surface starts with the
formation of methoxy, followed by dehydrogenation to produce formaldehyde. The dehydrogena-

tion of methoxy is the rate-limiting step on Ag catalysts. The activation barrier for dissociating the
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O-H bond on Ag is very high, ~ 1.5 eV.%

Pt is also one of the vastly explored metals for methanol interaction because of its usage as an
anode in DMFC, where methanol completely oxidizes to CO,. Sexton investigated Pt (111) surface
for its interaction with methanol using high-resolution electron loss spectroscopy and temperature-
programmed desorption.®” They observed that methanol is dehydrogenated to carbon monoxide
and hydrogen at as low a temperature as 140 K. The methoxy species is unstable at 170 K and
dissociates to CO and hydrogen, which contrasts with the Cu surfaces where methoxy species de-
hydrogenates to formaldehyde. Mavrikakis and his group predicted the reaction pathway for the
decomposition of methanol to CO and hydrogen using periodic DFT and a microkinetics model. *%
They suggested that the decomposition of methanol begins with the breaking of two successive C-
H bonds to yield hydroxymethylene (HCOH), which is then further dehydrogenated to produce
CO and H,. Further, the production of H, increases with the reactor’s temperature and methanol
concentration. Another precious metal, palladium, has also been of interest due to its application in
methanol steam reforming. In an experimental study on methanol reaction with Pd (100), Christ-
mann and Demuth reported that methanol spontaneously decomposes under ultra-high vacuum
conditions. ' However, most dissociated methoxy and hydrogen recombine to desorb as methanol.
Further increasing the temperature to ~ 300 K, the methoxy group dehydrogenates to CO and
H,. There are contradictory results for the same Pd surface for methanol decomposition pathways.

For example, Schennach et al.!%!

suggests that C-H bond dissociation is thermodynamically more
favourable on Pd (111) surface, whereas, in another study, Zhang and Hu?® suggested that O-H
bond dissociation is most favourable for the dissociation of methanol on Pd (111) surface.
Adsorption of oxygen at metal surfaces affects their reactivity by altering the surface and associ-
ated electronic properties. '®>71% Oxygen binds strongly with almost all metals and triggers surface
reconstruction. This reconstruction either facilitates adsorption or blocks the catalyst’s active site.
Further, the difference in the electronegativity of oxygen and metal atoms leads to a redistribution of
charge density, affecting the reactivity of the facet.'% These observations motivated the investiga-
tion of methanol interaction with oxygen-preadsorbed metal surfaces.?”'9-1% Xy et al. investigated
the interaction of methanol on oxygen preadsorbed Au(111) surface by employing DFT?’ and re-
ported a substantial reduction in the activation barrier for dissociation of the O-H bond of methanol
( 0.41 eV, which is one-fourth of the barrier for bare Au(111) surface (1.58 eV)) Similarly, Al-
jama et al. studied the conversion of methanol to formaldehyde at Ag(111) surface using DFT

and microkinetic modelling. '%°

They predicted that preadsorbed oxygen enhances the reactivity of
the Ag surface by reducing the activation barrier to 0.81 eV which is significantly lower than the
clean surface (2.85 eV). This demonstrates the effect of preadsorbed oxygen on metal surfaces in
enhancing MeOH decomposition. The activation barrier for inert metals such as Au and Ag is very

high, almost of the order of 1.5 eV, while for Pd and Pt, it reduces to ~ 0.80 eV. However, using
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precious metals as a catalyst has its own limitations. This motivates us to investigate non-precious
metals for the decomposition of methanol. In this chapter, we have investigated the interaction of
methanol with different flat and step facets of pure Zn and oxygen-preadsorbed Zn surfaces. The
availability and affordability of the Zn metal has motivated us to delve into various facets of Zn
and oxygen-preadsorbed Zn facets. The chapter is organized as follows. In section 3.2, we discuss
the computational details. In section 3.3 we discuss the results of the interaction of methanol on

metallic and oxygen-preadsorbed Zn surfaces followed by conclusion in section 3.4.

3.2 Computational details

All the calculations performed within the Kohn-Sham formalism of density functional theory. Pro-

1110

jector Augmented Wave potential "'’ is used, with Perdew Burke Ernzerhof (PBE) approximation

for the exchange-correlation and generalized gradient approximation, '

as implemented in plane-
wave, pseudopotential-based code, Vienna Ab initio Simulation Package (VASP).!!3 We obtained
the bulk unit cell from the Materials Project.®! The bulk lattice parameters upon optimization are a
=2.62 A and ¢ =5.02 A which are in excellent agreement with the experimentally measured (a
=2.66 A, c =4.95 A) lattice parameters. ''® Two flat facets (1010) and (1011) of Zn are modelled
as slabs by cleaving a surface with 3x3 periodicity in the x and y direction with four layers using
Quantumwise-VNL-2017.1.8¢ The step facet (1013) is cleaved using 4x1 periodicity in the x and
y direction with four layers. We fixed the bottom layer, and all the remaining layers and adsorbate
are allowed to relax for all surface calculations. Van der Waals corrections are applied to account
for dynamic correlations between fluctuating charge distribution by employing the Grimme method
(DFT-D2)." It is observed that 20 A of vacuum is sufficient to avoid interaction between adjacent
images of planes along the z-direction. Geometry optimization is carried out with a force cutoff of
0.01 eV/A on the unfixed atoms, and the total energies converged below 10™* eV for each SCF
cycle. A Monkhorst-Pack grid of 3x2x1, 4x2x1, and 2x2x1 is used for (1010), (1011), and (1013)
slabs respectively. The energy difference is less than 4 meV/atom upon using finer mesh. The entire
surface is scanned by placing the MeOH molecule at various unique sites. The interaction energy
is calculated using the formula: Eprcom/zn = Eneorntzn - (Ezn + Enreon ) Where Enreonyzn 18
the energy of the system when MeOH is placed on the Zn surface, Ez,, is the energy of the bare
surface and Ej/.ox 18 the energy of the MeOH molecule. Further, we placed one oxygen atom on
all the facets to investigate the effect of oxygen adsorption on the reactivity of Zn surfaces. The
adsorption energy is calculated using the following formula: Eo;z, = Eoiz, - (Ez, + 1/2Ep2)

Where Ep, 7, is the energy of the system when the oxygen atom is placed on the surface, E,, is the
energy of the bare surface and Eps is the energy of the isolated O, molecule. Also, the interaction

energy of methanol adsorption on oxygen preadsorbed Zn surface is calculated using the formula:
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Enecorn/o—zn =Bmeon+o—zn - (Eoyzn + Eneon ) Here, Exrconyo—zn 1s the energy of the system
with methanol adsorbed on the oxygen-preadsorbed Zn surface. The site-dependent projected Den-
sity of States (pDOS) are calculated with denser k-mesh using LOBSTER. ''® The activation barrier
for O-H bond dissociation of methanol is computed using the climbing image-nudged elastic band
(CI-NEB) method for both clean and oxygen preadsorbed surfaces.'?> Three images are considered

for transition state calculations using a force convergence of 0.1 eV/A.

3.3 Results and discussion

(b) 1011 (c) 1013

Figure 3.1: Bare facets of pristine zinc are shown. (a) (1010) facet, (b) (1011) facet, and (c) shows (1013)
facet. The upper and lower panels represent the facets’ top and side views. The topmost surface layer is in
dark colours, while the bottom bulk layers are in light colours.

Zn-based catalysts are extensively used in many reactions 23126 because apart from its catalytic
properties, Zn is abundant (24" in the earth’s crust), cheap, and safe to handle. In its metallic form,
Zn exhibits only one oxidation state (+2). Bulk Zn crystallizes in the hexagonal structure with
the six nearest neighbours coordinating the Zn atoms in their plane and six Zn atoms in alternate
planes. (1011), (0002), (1010),(1013), and (1012) facets have prominent peaks in XRD.'?’ In this
work, we have studied the interaction of methanol with two flat ((1010), (1011)) and one stepped
(1013) facets of metallic Zn and oxygen-preadsorbed Zn. Top and side views of metallic Zn facets
are shown in Fig. 3.1.
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Interaction of MeOH with Zn surfaces

Methanol is a three-dimensional molecule with four different types of atoms, viz. oxygen (Onrecom),
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Figure 3.2: Methanol can approach the zinc surface by any of its four inequivalent atoms. The upper panel
represents all those configurations of methanol. We observed that irrespective of its initial configuration,
MeOH orients itself upon optimization and adsorbs via its oxygen on the surface Zn atom, as demonstrated
in the lower panel.

hydrogen bonded to oxygen (H;.0 ), carbon (Cjs.0 ), and three methylic hydrogen atoms bonded
to carbon (Hj;;). We observed that irrespective of its initial configuration, upon optimization,
MeOH orients itself on the surface and adsorbs through Oj;.0p, as shown in Fig. 3.2. This in-
formation was utilized while constructing the initial state of MeOH at various unique sites on all
facets.

We begin by discussing the interaction of methanol with different (1010), (1011), and (1013)
facets of Zn. All these facets are scanned by placing methanol at various inequivalent sites. Ther-
modynamically the most stable cases of methanol adsorption on all the investigated metallic Zn
facets are shown in Fig.3.3. Fig.3.3-(a) represents the thermodynamically most stable configura-
tion of MeOH adsorption at (1010) facet. Methanol adsorption results in substantial reconstruction
at the surface. The bare facet of (1010) is shown in Fig.3.1-(a). Surface atoms of this facet rearrange
themself, and the atomic arrangement resembles that of (1011) facet. Fig.3.3-(b) depicts the adsorp-
tion of MeOH at (1011) facet. The extent of reconstruction upon MeOH adsorption is much less
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Table 3.1: Interaction energy (eV), O-H bond-length (A) of MeOH at various inequivalent sites of (1010),
(1011), and (1013) facets of pristine Zn. In all the cases, irrespective of its initial position, MeOH always dif-
fuses on the surface and adsorbs with its oxygen on top of Zn. However, variations in the relative orientation
of MeOH wrt surface results into observed variation in E;y;. The bold numbers represent the thermodynam-
ically most stable cases at each facet.

Initial
Positions (1010) (1011) (1013)
Eint O-H Eint O-H Eini O-H
(eV) BL (A) (eV) BL(A) (eV) BL (A)
Top -3.37 0.98 -1.31 0.98 -0.67 0.99
Bridge — — -1.26 0.98 — —
SB -4.09 0.99 — — -0.57 0.98
LB -3.36 0.98 — — -0.64 0.99
4FH/3FH -3.23 0.99 -1.35 0.98 -0.64 0.99
Tops — — -1.32 0.98 — —

than (1010). Fig.3.3-(c) shows adsorption of MeOH at (1013) facet. No reconstruction is observed
at this facet upon MeOH adsorption. Before detailed discussions, we note that the physisorption
and chemisorption of methanol are explained based on the O-H bond length of methanol upon
adsorption. Physisorption of MeOH is accompanied by surface reconstruction of the flat facets,
whereas the step facet does not show any rearrangement of surface atoms. This rearrangement of
surface atoms also reflects in the lowering of interaction energy of MeOH (refer to Tab.3.1). In
Tab.3.1, we have noted the interaction energy and O-H bond length of methanol on all three facets
of metallic Zn. In all cases, upon optimization, irrespective of the initial position, methanol diffuses
on the surface and adsorbs on top of Zn. However, in Tab.3.1, we have noted the initial positions to
distinguish each configuration. Thermodynamically the most stable configuration for each facet is
shown in bold numbers. The interaction energies for (1010) facets are significantly larger because
the reconstruction energies are buried in them. The extent of reconstruction is significant for the
(1010) facet because of its open structure and is minimal or absent for the other two facets [(1011),
(1013)] respectively. The reconstruction on (1010) causes the rearrangement of atoms on the sur-
face, which resembles that of the (1011) facet.

Interaction of methanol with O-preadsorbed Zn surfaces
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Figure 3.3: (a) represents the thermodynamically most stable configuration of MeOH adsorption at (1010)
facet. Methanol adsorption results in substantial reconstruction at the surface. The bare facet of (1010) is
shown in Fig.3.1-(a). Surface atoms of this facet rearrange themself, and the atomic arrangement resembles
that of (1011) facet. (b) depicts the adsorption of MeOH at (1011) facet. The extent of reconstruction upon
MeOH adsorption is much less than (1010). (c) Adsorption of MeOH at (1013) facet. No reconstruction is
observed at this facet upon MeOH adsorption.

(a) 1010 (b) 1011 (c) 1013

Figure 3.4: Depicts the adsorption of an oxygen atom on the Zn surfaces. (a) The oxygen atom adsorbs at
the subsurface of (1010) and triggers substantial reconstruction, whereas the oxygen atom adsorbs at the
surface of (b) (1011) and (c) (1013) facet. The open structure of (1010) facet allows oxygen diffusion to the
subsurface layer.

As discussed earlier, exposing a metal surface to oxygen alters its reactivity considerably. To
understand the effect of oxygen adsorption on the reactivity of zinc facets, we have adsorbed atomic
oxygen on all these facets, as shown in Fig.3.4. The oxygen on the (1010) surface diffuses to the
subsurface layer, while on the other two facets [(1011) and (1013)], it adsorbs on the surface.
Closed packing of atoms on the (1011) and (1013) facets do not favour oxygen diffusion in the

subsurface layer. The interaction energy of oxygen adsorption on various Zn facets and the bond
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Table 3.2: Interaction energy (Ep;zy,) (eV) and O-Zn bond-length (A) of oxygen adsorption at various
inequivalent sites of (1010), (1011), and (1013) facets of zinc. It is observed that oxygen diffuses on the
zinc surface and hollow sites are thermodynamically most stable for oxygen atom adsorption, represented in
bold numbers. ® Upon optimization, the O atom moves to the hollow position. ® O atom moves to the bridge
position. © O atom move to subsurface layer

Initial Positions (1010) (1011) (1013)
Eo/zn O-Zn Eo/zn O-Zn Eo/zn O-Zn
eV) BL (A) (eV) BL(A) (eV) BL (A)
Top -3.30¢ 1.85 2310 1.89 -2.76° 1.90
Bridge — — -3.19° 1.89 2.75% 1.90
SB 322 1.82 -3.17° 1.89 — —
LB -3.37¢ 1.97 — — — —
4FH/3FH -4.06 1.96 -3.20 1.89 -2.93 1.88

length of O-Zn are reported in Tab.3.2. The numbers in bold represent thermodynamically the most
stable cases.

Table 3.3: Interaction energy (eV), O-H bond-length (A) of MeOH at various inequivalent sites of (1010),
(1011), and (1013) facets of oxygen-preadsorbed Zn. The numbers in the bracket represent the distance
between Oy, r and Hyreo. Numbers in bold signify the thermodynamically most stable cases.

Initial
Positions (1010) (1011) (1013)
Eint O-H Eint O-H Eint O-H
(eV) BL (A) (eV) BL(A) (eV) BL (A)
Top -1.66  0.98(3.28)  -0.59  0.99(1.87)  -1.01  1.05(1.49)
Bridge — — -0.63 0.99(1.76) — —
SB -3.26 0.99(3.48) — — -0.93 1.05(1.51)
LB -1.57  0.98(6.47) — — -1.01 1.06(1.49)
AFH/3FH  -1.98  0.99(3.44)  -0.72  0.99(1.86) -0.64  0.99(6.96)
Top, — — -0.61  0.99(1.87) — —

We placed MeOH at various unique sites of oxygen-preadsorbed Zn surfaces. For pristine
metallic surfaces, the MeOH physisorbed on the surface with no elongation in the O-H bond.

However, oxygen adsorption causes activation of the methanol on the step facet of O-Zn. Ther-
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Figure 3.5: Demonstrate the adsorption of methanol on oxygen-preadsorbed Zn surfaces. (a) shows (1010)
facet. (b) shows adsorption of MeOH at (1011) facet. (c) Adsorption of MeOH at (1013) facet. The upper
panel represents the top view, and the lower panel shows the side view of all the facets.

modynamically most favourable cases of MeOH adsorption on oxygen-preadsorbed Zn are shown
in Fig.3.5 The interaction energy of methanol adsorption on oxygen-preadsorbed Zn surface and
O-H bond length is noted in Tab.3.3. The numbers in the bracket represent the distance between
the Oy and Hyreor. Numbers in bold represent the thermodynamically most favourable cases.
Although preadsorbed oxygen enhances the catalytic activity of metal surfaces, the reactivity de-
pends on several other factors, such as the structural arrangement of atoms, coordination numbers,
and effective charge on surface atoms. As evident from Tab.3.3, the O-H bond does not elongate
on the (1010) facet of O-Zn because oxygen adsorption below the surface layer results in indirect
interaction with adsorbed methanol. In the case of (1011) and (1013), oxygen is present on the
surface and hence favours the adsorption of methanol on the surface by forming hydrogen bonds.
The strength of the hydrogen bond between Oy, -Hpscon determines the activation of methanol
on the O-Zn systems. The proximity of surface oxygen and hydrogen of MeOH results in higher
activation of the O-H bond of methanol with 9% elongation on the step (1013) facet.

We also computed the activation barrier for dissociation of the O-H bond on all Zn surfaces and
oxygen-preadsorbed Zn surfaces. The results are depicted in Fig.3.6. The energy profile shows that
the activation barrier decreases for all three facets upon oxygen adsorption. The barrier for (1010)
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Figure 3.6: The activation barrier for O-H bond of MeOH at (a) (1010), (b) (1011), and (1013) facets are
shown. In the case of flat facets, the activation barrier significantly reduces from clean Zn to an O-assisted
Zn surface, and it becomes negligible for the step facet. Also, the thermodynamics of the reaction become
favourable upon oxygen adsorption.

and (1011) reduces to one-third and one-fifth, respectively, while for the step facet, it becomes
almost negligible. Change in reaction energy from positive to negative upon oxygen adsorption
makes the reaction exothermic. The presence of oxygen on the surface also helps stabilize the
hydrogen dissociated from methanol by forming the hydroxide.

The change in the underlying electronic structure upon oxygen adsorption provides a rationale
for the observed variation in the reactivity of Zn facets upon oxygen adsorption. Fig. 3.7-(a)
displays the pDOS for Zn-3d of all the bare surfaces of clean and oxygen-adsorbed Zn surfaces. Zn
has a filled 3d level that is substantially below the Fermi level. Fig.3.7-(a): (ii) clearly shows that
the pDOS of 3d has sharpened and is perfectly overlapping for all three facets after oxygen have
been adsorbed on the surfaces.

In contrast to 3d, the 4s levels for Zn metal are close to Fermi and participate in reactivity.
Fig.3.7-(b): (i) and (i1) illustrate the site-specific pDOS of Zn-4s for bare facets of pristine and
oxygen-adsorbed surfaces, respectively. The 4s near Fermi, marked in Fig.3.7-(b), is enlarged and
displayed in Fig.3.7-(c). The magnified plot clearly shows that for the step facet, the intensity of 4s
states increases near and at the Fermi level in the oxygen-adsorbed facet compared to the pristine
one. In contrast, the 4s intensity decreases near the Fermi level for both the flat facets. The presence
of 4s states near the Fermi level facilitates the activation of methanol at the step facet. However,
non-zero states at Fermi is not the only criteria for MeOH activation. Another crucial factor is the
presence of surface oxygen in the vicinity of Hys.op. Thus, although the 4s-pDOS are non-zero at

Fermi for (1010), the absence of surface oxygen near H,;.o results in barely activated MeOH. In
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Figure 3.7: (a) represents pDOS of Zn-3d of pristine zinc and oxygen adsorbed zinc surfaces. It is clear
from the pDOS that 3d peaks sharpen and perfectly overlap for all three facets upon oxygen adsorption. (b)
represents pDOS of 4s levels of metallic Zn surfaces and oxygen-adsorbed Zn surfaces. Significant variation
in the nature of 4s is observed upon oxygen adsorption on Zn surfaces. (c) shows the magnified 4s level
near Fermi, marked in (b). It is clear from the figure that for stepped facets (red curve), the peak intensity
increases near Fermi, while for both flat facets (blue and green curve) the peak intensity reduces near Fermi
as compared to the pristine surfaces.

the case of (1011), although the activation of MeOH is comparable to that of (1010), the activation
barrier is considerably lower as compared to (1010) because of the presence of surface oxygen in
the vicinity of Hy/e.o. On the other hand, in the case of metallic surfaces, the presence of 4s states
near Fermi for flat facets does not favour the activation of methanol in the absence of oxygen. Thus,
variation in the activity of facets of Zn and O-Zn can be correlated with the electronic structure of
the bare facets.

3.4 Conclusions

We have studied the interaction of methanol with zinc and oxygen-preadsorbed zinc surfaces. The
most prominent facets in the XRD of bulk Zn viz. (1010), (1011), and (1013) are investigated for
their interaction with methanol. Physisorption of MeOH is a common outcome on all the facets
of pristine Zn with a substantial reconstruction of (1010) surface. Upon adsorption of oxygen,
MeOH was chemisorbed on the step facet. Adsorption of methanol in the vicinity of oxygen favours
activation of MeOH. The NEB calculations show a significantly low activation barrier for O-H bond
dissociation upon oxygen adsorption, with a negligible barrier on the step facet. The dissociation

of the O-H bond also changes from being endothermic on pristine Zn surfaces to exothermic on
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oxygen-preadsorbed surfaces. Thus, oxygen adsorption enhances the reactivity of the surface with
methanol. Finally, the change in reactivity is explained based on the electronic structure of the bare

facets.
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Chapter 4

Interaction of MeOH with different ZnO

surfaces

4.1 Motivation

Metal oxides exhibit better catalytic activity than pure metal surfaces due to various acidic and
basic sites on the oxide surface. These different sites act as active sites for adsorbates and various
intermediates formed during the reaction. Along with the active site, the oxygen of metal oxides
directly participates in the reaction making the reaction more feasible on these surfaces. Numerous
studies in the literature discuss the conversion of methanol to value-added products using metal
oxide catalysts, 23:49-55128-131

The industrial catalyst used to synthesize methanol from syn gas is Cu-ZnO/Al;O3. In a re-
cent computational study, Elnabawy et al. demonstrated the role of ZnO in the industrial catalyst
for methanol synthesis. 32 They reported that the strong metal support interaction between Cu and
ZnO favours higher activity towards methanol synthesis. ZnO reduces and partially covers the
Cu surface, which causes modification in the surface. However, the active Cu sites remain unaf-
fected, leading to the higher activity of the catalyst. ZnO is extensively used as a catalyst for many
reactions because of its mixed covalent and ionic bonding. '** Industrially, methanol is partially ox-
idized to formaldehyde using two different catalysts, silver or iron-molybdenum oxides. However,
the reaction takes place at elevated temperatures in both cases. It is as high as 600°C when silver
is used as a catalyst, whereas it drops to ~ 250-400°C for a molybdenum catalyst. Clearly, there
is room for improvement of the catalyst, which could further bring down the reaction temperature.
In an experimental study, Boisen et al. demonstrated that the optimal ammonia synthesis catalyst
is not the optimal ammonia decomposition catalyst.'** Contrary to that, ZnO, an optimal methanol
synthesis catalyst, exhibits excellent activity for methanol decomposition. Vo et al. investigated

the adsorption and decomposition of methanol on ZnO(1010) by employing DFT and concluded
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that methanol strongly adsorbed on ZnO(1010) surface as compared to CuCl(111), Cu(111), and
Au(111) surfaces. Their results showed that the decomposition of MeOH to CH,O molecule has a
barrier of 1.20 eV.% In another interesting study, Abedi et al. employed DFT to understand the con-
ditions leading to the monolayer formation of methanol on the ZnO(1010) surface. They reported
breaking the O—H bond, with a barrier of 0.5 eV, as the preferred mechanism over cleavage of the
C—0 bond." In a combined experimental and theoretical work, Ruan et al. used high-resolution
scanning tunnelling microscopy in combination with density functional theory to identify both the
physi- and chemisorbed methanol species on the non-polar ZnO(1010) surface. The physisorption
of methanol dominates at liquid nitrogen temperature, which transforms into chemisorption upon
either thermal annealing or electron injection. Moreover, the chemisorbed methanol mostly retains
an undissociated state and tends to form a one-dimensional chain structure along the (0001) direc-
tion mediated by the intermolecular hydrogen bonding interactions. '*® A DFT study carried out by
Smith et al. demonstrated a significantly lower reaction barrier (0.39 eV) towards methanol dis-
sociation on ZnO (0001) compared to PdZn surfaces (0.54 eV).'3” Recently, Jin et al. studied the
adsorption and reactions of CH;OH on non-polar mixed-terminated ZnO(1010), polar O terminated
Zn0O(0001) and Zn terminated ZnO(0001) surfaces using high-resolution electron energy loss spec-
troscopy (HREELS) in conjunction with temperature-programmed desorption (TPD). They found
that methanol adsorbs dissociatively at room temperature for all three ZnO surfaces, leading to
the formation of hydroxyl and methoxy species. Upon heating to higher temperatures (370K and
440K), the dissociated and intact methanol species on ZnO(1010) predominantly undergo molec-
ular desorption releasing CH30OH. While on both polar surfaces, the thermal decomposition of
CH;O0H occurs to produce CH,0, H,, CO, CO,, and H,O at temperatures higher than 500K. '3
Although ZnO is used extensively as a catalyst in many reactions, its potential has yet to be truly
realized. In this chapter, we have investigated the interaction of methanol with several unexplored
facets of ZnO. The chapter is organized as follows. In section 4.2, we discuss the computational
details. In section 4.3 we discuss the results of the interaction of methanol on ZnO surfaces followed

by conclusion in section 4.4.

4.2 Computational details

Before discussing the results, let us briefly go through the computational details. All the calcu-
lations are performed within the Kohn-Sham formalism of Density Functional Theory. Projector
Augmented Wave potential ''%!!! is used, with Perdew Burke Ernzerhof (PBE)'*® approximation

for the exchange-correlation and generalized gradient approximation, ''?

as implemented in plane-
wave, pseudopotential-based code, Vienna Ab initio Simulation Package (VASP).!*-15 We ob-

tained the bulk unit cell from the materials project.®' The bulk lattice parameters upon optimization
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area=3.28 A andc=5.30 A demonstrate excellent agreement with the experimentally measured
(a=3.24 A, c =520 A) lattice parameters. '“*'*! Two flat facets, (1010) and (1120) of ZnO are
modelled as slabs by cleaving a surface with 3x3 periodicity in the x and y direction with four lay-
ers using Quantumwise-VNL-2017.1.% Two stepped facets, (1013) and (1122) are also cleaved by
taking 3x1 and 2x2 periodicity, respectively, in the x and y direction with six layers. In every model,
the bottom layer is fixed, and the rest of the layers and adsorbate are fully relaxed. Van der Waals
corrections are applied to account for dynamic correlations between fluctuating charge distribution
by employing the Grimme method (DFT-D2).!!" It is observed that 20 A of vacuum is sufficient to
avoid interaction between adjacent images of planes along the z-direction. Geometry optimization
is carried out with a force cutoff of 0.01 eV/A on the unfixed atoms, and the total energies are
converged below 10~* eV for each SCF cycle. A Monkhorst-Pack grid of 3x2x1 for (1010) and
3x3x1 for (1120) slabs are used. For both stepped surfaces, a Monkhorst-Pack grid of 2x2x1 is
used. The energy difference is less than 4meV/atom for every system upon further refining the K
mesh. The entire surface is scanned by placing MeOH molecule at all available unique sites. The
interaction energy is calculated using the formula: E;; = Egystem - (Esur face + Emotecute) Where
Eqystem 18 the energy of the system when MeOH is placed on the surface, E,; fqce 18 the energy
of the bare surface and E,, jccue 1 energy of the MeOH molecule. To understand the electronic
structure of these facets, the total Density of States (+DOS) are calculated with denser k-mesh using

LOBSTER. 812! Mulliken charges are computed for all the atoms on the surface.

4.3 Results and discussion

Bulk ZnO crystallizes in the hexagonal wurtzite structure consisting of hexagonal Zn and O planes
stacked alternately. Both oxygen and zinc atoms are coordinated by four zinc and oxygen atoms,
respectively. Polar ((0001) and (0001)) and non-polar ((1010), (1011), (1120)), (1013), and (1122))
facets have prominent peaks in XRD. #>!*3 In this work, we have studied the interaction of methanol
with two flat ((1010), (1120)) and two stepped ((1013), (1122)) facets of ZnO. The top and side
views of all these facets are shown in Fig.4.1.

Each layer of (1010) is divided into two sub-layers leading to various unique sites for methanol
adsorption. All these unique sites, such as the top of Zn, bridge of Zn-Zn, O-O, Zn-O, and bridge
positions of atoms of two sub-layers, are scanned for methanol interaction. All the sites where
MeOH is placed are shown schematically in Fig.4.2. The numbers in Fig.4.2-(a) represent the
initial positions where MeOH is placed, and the final position of adsorbed methanol or dissociated
methoxy group are shown in Fig.4.2-(b). The black numbers indicate molecular adsorption, while
the red numbers denote dissociated methoxy group.

Before discussing the results in detail, we would like to elaborate on the criteria adopted for
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Figure 4.1: Structural geometry of (1010), (1120), (1013) and (1122) facets of ZnO respectively. The upper
panel shows the top view, and the lower panel shows the side view of the slabs.

labeling the interaction of methanol at various ZnO surfaces. For all the configurations reported
in this study, we described molecular adsorption or dissociation of MeOH based on its O-H bond
length, which is 0.97 A in the MeOH molecule. The physisorption also referred to as barely
activated, is defined as slight elongation of the O-H bond from 0.97 A 10 0.98 A. On the other
hand, O-H bond elongation of more than 0.99 A is associated with the chemisorption of MeOH on
the facet. In all cases of O-H bond dissociation, the distance between O,;.0y and H is more than
1.45 A (> 50% of O-H bond length). Also, the dissociated H atom binds to the surface oxygen atom
with a distance of 0.98-1.06 A, which infers bond formation between them. Although interaction
energy is used to define the thermodynamic stability of the resulting complex, it is not a measure of
observed bond activation. As will be discussed later, complexes with maximum activation or even
dissociation are not always the ones with the highest thermodynamic stability.

Methanol adsorbs either molecularly or dissociatively at different sites on the (1010) facet.
The interaction energy, O-H bond-length, and Zn-O,,;.oy bond-length are tabulated in Tab. 4.1.
Molecular adsorption of MeOH is thermodynamically the most probable outcome at this facet.
However, as seen from the Tab. 4.1, dissociation of MeOH into methoxy is also a viable product
at elevated temperatures considering the small energy difference between these two outcomes. We
report strong chemisorption and spontaneous dissociation of the O-H bond of MeOH. A weak
chemisorption is also observed, consistent with previously reported work,% though it is not the
thermodynamically most favourable outcome. At this point, it is pertinent to note that a molecule

like MeOH could be placed at the symmetry-driven unique points on the surface in various ways.
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Figure 4.2: (a) schematic representation of initial positions where MeOH is placed on (1010) facet and
(b) the positions where it adsorbed/dissociated after optimization. The numbers in black denote molecular
adsorption, while dissociation is shown in red-coloured numbers enclosed in the black circle.

Table 4.1: Interaction energy (eV), O-H bond-length (A ), C-O bond-length (A ), and Zn-O pr.0 i bond-length
(A) for various sites on ZnO (1010) facet. All these positions are indicated in Fig. SI3-(b). Dissociation is
indicated in red, while molecular adsorption is shown in black.

Positions E; . O-H C-O0 Zn-Oye0n
(eV) BL (A) BL (A) BL (A)
4 -1.58 1.04 1.44 2.05
3 -1.52 1.03 1.44 2.06
7 -1.36 3.09 1.43 1.96
6 -1.35 437 1.41 1.96
5 -1.25 1.61 1.41 1.93
1 -1.08 0.98 1.45 2.11
2 -0.69 1.00 1.39 3.54

A detailed account of which can be found in our following chapter. A slight change in MeOH
orientation wrt the surface leads to a completely different result regarding the extent of O-H bond
elongation or even O-H bond dissociation. Considering this, any study of MeOH interaction is
always limited by the initial configurations one investigates. There is a dire need to formalize a
methodology for accounting for all possibilities.

Fig. 4.3 shows representative conformations of MeOH upon adsorption/dissociation on this
facet. A closer look at the adsorbed conformations reveals specific patterns in MeOH interaction
with the facet. For example, highly chemisorbed methanol always gets adsorbed through oxygen
(refer Fig. 4.3-(b)), whereas in the case of physisorbed MeOH, sometimes it gets adsorb through
methylic H (refer Fig. 4.3-(c)). This adsorption through methylic H atom results in the activation of

39



(a) Bare slab (b) Chemisorbed MeOH (4™) (c) Physisorbed MeOH (2™
topmost-layer

o 30 0 T %3?%
oﬁ%ﬁbﬁvopbp‘&pﬂg Opbp\b’pg
oP%P%ﬁooﬁ“bﬁ“bﬁoo\p“bé)“bﬁo

0= 0% O 0= 0= 0o =< 0= 0O

Zn

. Otopmost-layer

(d) Methoxy at one Zn site (5") (e) Methoxy at two Zn sites (7")

bottom-layers

Figure 4.3: (a) side view of bare the (1010) facet, (b) The chemisorbed MeOH with ~7% elongation of the
O-H bond, (c) chemisorbed MeOH with ~3% elongation of O-H bond, (d) dissociated MeOH with methoxy
group attached to the Zn atom, and (e) dissociated MeOH with methoxy group at bridge of two Zn atoms.
For clear view of adsorption of methoxy on the surface (d) and (e) figures are enlarged. The numbers in the
bracket indicates configuration with other details listed in Tab. 4.1

the C-H bond of MeOH. The C-H bond elongates to 4%. Consequently, the C-O bond strengthens
(as shown in Tab. 4.1) and reduces to 1.39 A , indicating partial oxidation of methanol. Another
interesting observation is that MeOH adsorption also leads to surface reconstruction, which results
in the formation of voids, as evident in all the cases. However, the extent of reconstruction depends
on the outcome, i.e. chemisorption (Fig. 4.3-(b) and (c)) or dissociation (Fig. 4.3-(d) and (e)). It
was also observed that the dissociated methoxy group could adsorb at a Zn site or bridge of two Zn
sites.

Another flat facet that we studied is (1120). This is a highly symmetric facet with fewer in-
equivalent sites on the surface, as shown in Fig. 4.4-(a). Interestingly, when MeOH is placed on
any sites except 4", upon optimization, it gets chemisorbed at one specific site as schematically
represented in Fig. 4.4-(b). The orientation of methanol on this site is shown in Fig. 4.4-(c). E.4s
for methanol at this site is -1.24 eV, and the O-H bond of MeOH elongates to 1.02 A. Further
adsorbing the second MeOH molecule on the surface results in the chemisorption of a molecule
with elongation in the O-H bond up to 1.03 A. This shows that the (1120) facet does not favour the
dissociation of methanol due to uniformity on the surface. Comparing the adsorption of MeOH on

flat facets underlines the fact that nonuniform facet provides multiple possibilities.
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Figure 4.4: (a) schematic representation of initial positions where MeOH is placed on (1120) facet and (b)
the positions where it adsorbed/dissociated after optimization. In most cases, MeOH prefers to adsorb at
one position only, as marked in a black triangle. (c) Top view and (d) side view of the orientation of MeOH
adsorbed at the facet.

Table 4.2: Interaction energy (eV), O-H bond-length (A ), C-O bond-length (A ), and Zn-0 yre0 g bond-length
(1& ) for various sites on ZnO (1013) facet. All these position are indicated in Fig. SI5-(b). Dissociation of
MeOH is shown in red color while molecular adsorption is shown in black color.

Positions E; . O-H C-O0 Zn-Oye0n
(eV) BL (A) BL (A) BL (A)

2,7 -3.88 1.57 1.44 1.88
10 -3.70 1.73 1.39 1.89
6,8 -2.87 1.46 1.43 1.90
4,5,9 -1.71 1.03 1.37 3.49

1 -1.54 0.99 1.45 2.17

3 -1.42 0.99 1.45 2.21

Next, we investigate a stepped facet (1013). Various available unique sites where MeOH is
placed are shown in Fig. 4.5-(a). Those sites where methanol/methoxy adsorb upon optimization
are shown in Fig. 4.5-(b). Interaction energy, O-H bond-length and Zn-O,;.op are tabulated in
Tab. 4.2. As evident from the interaction energy, dissociation of methanol is thermodynamically

the most favourable outcome on this facet. Fig. 4.6 shows the representative cases of chemisorption
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Figure 4.5: (a) schematic representation of initial positions where MeOH is placed on (1013) facet and
(b) the positions where it adsorbed/dissociated after optimization. The numbers in black denote molecular
adsorption, while dissociation is shown in red-coloured numbers enclosed in the black circle.

as well as dissociation of methanol on (1013) facet. It is observed that generally, MeOH/methoxy
group adsorb via its O at the Zn site, but in a few cases, it adsorbs through its methylic H (refer
Fig. 4.6-(b)). Contrary to (1010) facet, this methylic adsorption shows higher activation of the O-H
bond. Adsorption through this methylic H leads to activation of the C-H bond, which elongates
by 7% and also, the C-O bond reduces to 1.37 A (as shown in Tab. 4.2. Elongation in C-H bond
length and the reduction in C-O bond length is evidence of partial oxidation of methanol at this
stepped facet. The dissociated methoxy group adsorbs on the surface in two different ways, either
through O,/.0n (monodentate as shown in Fig. 4.6-(c)) or via two atoms, i.e. Os.0y and methylic
H (bidentate as shown in Fig. 4.6-(d)). Interestingly, the coordination number of surface sites where
the MeOH/methoxy group adsorbs governs the stability of any configuration. Due to the presence
of the step, the extent of reconstruction upon methanol adsorption is less on this facet as compared
to (1010) facet.

Next, we discuss another stepped facet (1122) which is more symmetric than (1013) facet.
Methanol is placed at all available unique sites as shown schematically in Fig. 4.7-(a), and its in-
teraction with the ZnO surface has been studied. In most cases, irrespective of the initial positions
of methanol, it diffuses to a single position upon optimization, as indicated by the red triangle in
Fig. 4.7-(b). Similar to the previously stepped facet, this facet also shows two outcomes of MeOH
interaction: dissociation and chemisorption. However, dissociation is highly favoured over its
molecular adsorption, as evident from Tab. 4.3. Distinct conformations of adsorption and dissocia-
tion of methanol on this facet are shown in Fig. 4.8. A careful look at the adsorbed conformations
reveals that depending on the sites of adsorption viz. bridge (refer Fig. 4.8-(a)) or on-top site (refer
Fig. 4.8-(b)), elongation of O-H bond of methanol differs. The dissociated cases have methoxy ad-
sorbed at the Zn site with Zn-Oy,.ox bond length (1.98 A) comparable to bulk Zn-O bond length.

Further, the second molecule also chemisorbs on the surface with O-H bond elongation up to 1.01
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Figure 4.6: Various conformers of MeOH interaction with (1013) facet. The upper panel shows the
chemisorption of MeOH, and the lower panel shows the dissociation of MeOH at the facet. (a) weak
chemisorption, (b) strong chemisorption, (c) monodentate adsorption of the methoxy group, and (d) biden-
tate adsorption of the methoxy group. The numbers in the bracket indicate a configuration. The details are
listed in Tab. 4.2.

Table 4.3: Interaction energy (eV), O-H bond-length (fi ), C-O bond-length (fi ), and Zn-0 yre0 g bond-length
(1& ) for various sites on ZnO (1122) facet. All these position are indicated in Fig. SI6-(b). Dissociation is
indicated in red color while molecular adsorption is shown in black color.

Positions | ST O-H C-O 7Zn-Oyrco0H
(eV) BL (A) BL (A) BL (A)
3,9 -6.24 2.25 1.44 1.98
1,2,7,11,12 -3.10 2.04 1.44 1.98
6,8 -2.95 2.01 1.45 1.99
13 2.86 1.94 1.45 1.98
5 -1.78 1.00 1.45 2.04
10 -1.77 0.98 1.47 2.26
4 -1.56 0.98 1.46 2.08

A. In short, dissociation of MeOH is thermodynamically the most favourable outcome on stepped
facets, while molecular adsorption is favourable on the flat facets.

So far, we have observed that different facets of ZnO interact differently with methanol result-
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Figure 4.7: (a) schematic representation of initial positions where MeOH is placed on (1122) facet and
(b) the positions where it adsorbed/dissociated after optimization. The numbers in black denote molecular
adsorption, while dissociation is shown in red-coloured numbers enclosed in the black circle. In most cases,
dissociated methoxy group adsorb at one site, as shown in the red triangle.

Table 4.4: Coordination number, Mulliken charges of Zn and O atom of top most layer at each facet are
shown.

Surface Co. no. Mulliken Co. no. Mulliken
of Zn charge on Zn of O charge on O
1010 2 0.85 2 -0.79
1120 3 0.96 3 -0.89
1013 3(2) 0.96(0.64) 3 -0.89(-0.82)
1122 2 0.81 3 -0.85

ing in molecular adsorption and/or activation and/or dissociation of the O-H bond. This behaviour
difference is correlated with these facets’ underlying electronic structure. The coordination num-
ber and Mulliken charges of surface Zn and O atoms of all the facets are noted in Tab. 4.4. For all
facets but (1013), all the surface Zn or O atoms are identical. (1013) facet has two types of Zn and
O atoms on the surface experiencing the difference in their neighbouring environment; hence Mul-
liken charges. It is also evident that higher coordination of surface atoms leads to higher effective
charges and hence reduced reactivity. For example, in the case of (1120) facet, Zn and O atoms
with the highest coordination and Mulliken charges do not show the dissociation of methanol. The
inhibition of O-H bond breaking of MeOH at (1120) facet could be explained by analyzing the total
density of states (tDOS) plot as shown in Fig. 4.9. The tDOS plot for (1120) facet clearly shows the
non-availability of energy states near the Fermi level, which makes it the least reactive. Remaining
all facets with energy states available near the Fermi level enhance the reactivity of the facet and
explain the observed dissociation of methanol on these facets. Next, we plot the projected density

of states (pDOS) of surface atoms for all facets. 3d and 4s states of surface Zn atoms are shown in
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Figure 4.8: Upper panel shows adsorption of MeOH at (1122) facet, and the lower panel shows the disso-
ciation of MeOH. (a) physisorbed MeOH (b) chemisorbed MeOH (c) adsorption of a methoxy group at the
bridge of two Zn atoms. The enlarged figure provides a clear view of methoxy group adsorption on the Zn
site. The numbers in the bracket indicate configuration, and the details are listed in Tab. 4.3
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Figure 4.9: The tDOS of four facets are plotted. The inset figure shows the enlarged tDOS near the Fermi
level. Only for (1120) facet tDOS is zero at Fermi.

45



(& Zn-3d (b) Zn-4s

‘ ‘ 1010 : ‘ ‘ ‘ ‘ 1010 ‘

135 flat 1120 —— 1 06| flat 1120 —— =
9r 4t !
® © |
7] 7)) -
45 45 50. I
= :

o
o N

>
= —
0= ‘ ‘ ‘ ‘ ‘
o 135} ‘ Steppéd 1013:‘c_enter-alc‘)m o ! 1013:‘c_enter—ato‘m
'8 1013.edge~i1102r2 ..-8..0'6 L StGpde 1013.edge-:it102n; —FE £
3 - g —
2 o} . I
a . S04
45} ! o2l
0 : 0

6 -4 -2 0 6 -4 -2 0
Energy (E-E;) eV Energy (E-E;) eV

Figure 4.10: (a) pDOS of Zn-3d orbitals of flat and stepped facets. As expected, 3d in Zn being completely
filled are much away from the Fermi level. (b) Zn-4s of flat and stepped facets. It is interesting to note that

for flat facets pDOS of surface Zn atoms show unavailability of states near Fermi as opposed to the case of
stepped facet

Fig. 4.10. Zn, being a late transition metal with filled 3d states lying much below the Fermi level
(refer Fig. 4.10-a), does not participate in reactivity. While its 4s states, lying near the Fermi level,
participate in the reactivity of the surface. It is seen in Fig. 4.10-b that for flat facets, 4s states of
surface Zn atoms are zero near Fermi level while it is non-zero for stepped facets. The presence
of non-zero 4s states near Fermi for stepped facets favours dissociation of MeOH, which is most

favourable on these facets.

4.4 Conclusions

Zn0 is considered a very active catalyst for many reactions because of its mixed covalent and ionic
bonding. Also, it has been shown that the optimal catalyst for synthesizing methanol is an optimal
catalyst for dissociating methanol. As evident from XRD, there are various prominent facets in
Zn0O, and only a few facets have been studied for methanol adsorption. We have carried out a sys-
tematic study of methanol adsorption on various facets of ZnO, which includes two flat [(1010) and
(1120)] and two stepped [(1013) and (1122)] surfaces. O-H bond dissociation is thermodynamically
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the most favourable outcome on stepped facets where chemisorption of MeOH with 7-10% O-H
bond activation is observed on the flat facets. We also report considerable surface reconstruction
upon MeOH adsorption. However, the reconstruction is less on the stepped surfaces than on the
flat facets. Further, partial oxidation of MeOH is favoured on ZnO facets. Our detailed electronic
structure analysis brings out the rationale behind the surface-dependent interaction of MeOH. Anal-
ysis of pDOS, tDOS, along with Mulliken charges on surface atoms explain the facet-dependent
reactivity observed in the case of ZnO. Facets with available empty states near Fermi lead to O-H
bond dissociation, whereas the absence of empty states near Fermi leads to O-H bond activation.
Considering the role of ZnO in various reactions and the importance of MeOH in the current energy
scenario, we believe our study shade light on some crucial aspects of the interaction of ZnO with
MeOH. Finally, ZnO is a known catalyst for synthesis of MeOH. Our work opens up a possibility
of ZnO as a catalyst for MeOH dissociation as well which awaits experimental verification.
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Chapter 5

Interaction of MeOH with different
ZnAl>O, surfaces

5.1 Motivation

In the previous chapters, we presented the interaction of MeOH with metallic Zn, oxygen-preadsorbed
Zn, and ZnO surfaces. As oxygen concentration on the Zn surface increases, we observed spon-
taneous dissociation of methanol on the catalyst surface. Metal alloys and metal oxides show
better catalytic activity than monometal due to availability of multiple unique sites with varying
strengths because of the added complexity of the facet. In this study, we investigate the interaction
of methanol with a mixed metal oxide, ZnAl,Oy.

There are few experimental studies demonstrating the decomposition of methanol on the mixed
metal oxides like, Fe,Ce;_,0,,'** Cu/ZnAl,0,.'* However, there are no theoretical studies avail-
able providing insights for the interaction of methanol with mixed metal oxides. ZnO and Al;O3
are the industrially used catalyst for producing methanol from the syn gas mixture.'%® In this chap-
ter, we have investigated the interaction of methanol with ZnAl,O,4 which is a mixture of ZnO and
Al;O3. The chapter is organized as follows. In section 5.2, we discuss the computational details.
In section 5.3 we discuss the results of the interaction of methanol with ZnAl,O, surfaces followed

by conclusion in section 5.4.

5.2 Computational details

All the calculations were carried out within the Kohn-Sham formalism of density functional theory

(DFT). Projector Augmented Wave potential ' was used, with Perdew Burke Ehrzenhof (PBE)

2

approximation for the exchange-correlation and generalized gradient approximation,''? as imple-
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mented in plane-wave, pseudopotential-based code, Vienna Ab initio Simulation Package (VASP).!!?
We obtained the bulk unit cell from the materials project.®! The bulk lattice parameter upon opti-
mization is a = 8.06A, which is in excellent agreement with the experimentally measured (a =
8.081&) lattice parameter.'#” Two different facets (220) and (311) are modelled as slabs by cleaving
a surface with 2x1 periodicity in the x and y direction with four layers using Quantumwise-VNL-
2017.1.3* The bottom layer is fixed, and all the remaining layers and adsorbate are allowed to relax
for all the surface calculations. Van der Waals corrections are applied to account for dynamic corre-
lations between fluctuating charge distribution by employing the Grimme method (DFT-D2).!!7 It
is observed that 20A of vacuum is sufficient to avoid interaction between adjacent images of planes
along the z-direction. Geometry optimization is carried out with a force cutoff of 0.05 eV/A on the
unfixed atoms, and the total energies converged below 10~ eV for each SCF cycle. A Monkhorst-
Pack grid of 6x4x1 is used for both slabs. The energy difference is less than 1meV/atom upon
using finer mesh. The entire surface is scanned by placing the MeOH molecule at all available
unique sites. The interaction energy is calculated using the formula: E;,; = Esystem - ( Egurface
+ Enotecute ) Where Egygien, 1s the energy of the system when MeOH is placed on the ZnAl,O,
surface, By, fqce 18 the energy of the bare ZnAl,O, surface and E,,jccuie 18 the energy of the MeOH
molecule. The site-dependent projected Density of States (pDOS) are calculated with denser k-
mesh using LOBSTER.!''® Mulliken charges are calculated for all the atoms on the surface, which

provide the quantitative charge transfer.

5.3 Results and discussion

Zn

top-layer

Zn,

bortom-layers

Al

top-layer

Al

bottom-layers

Otn;}layer

0

bottom-layers

Figure 5.1: The (220) surface of ZnAloO4 with the top view and the side view. The topmost layer of (220)
surface consist of Al, and O atoms. Zn atoms are present in the subsurface layers. The Zn, Al, and O
atoms are represented in cyan, grey, and red colour respectively. Apart from the top layer, atoms in all the
remaining layers are shown in light colours.
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ZnAl,0, is a spinel metal oxide with a cubic lattice and Fd3m space group.'*® In this spinel
compound, oxide ions occupy the Wyckoff position and form a face-centred cubic sublattice where
Zn™? ions occupy tetrahedral sites while Al occupy octahedral sites. These Zn " ions are coordi-
nated with four nearest neighbour oxygens, whereas the Al ions have six oxygen atoms as their
nearest neighbours in the bulk structure. ZnAl;O, surface is polar and can be terminated in two
different ways. It has been demonstrated that AlO, terminated surface is favoured over ZnAlO,
termination. ¥ We have investigated the (220) and (311) facets of the ZnAl,O, for methanol inter-

action and these facets are the most prominent peaks in the XRD. !47-150-133

Interaction of MeOH with ZnAl,O, (220) surface

surf

o-C
Rotation around normal p bond axis
to the surface exposes s

adsorbate to changing
surface environment

Rotation around
O-C bond axis
changes distance
between H

and O

MeOH

surface

Figure 5.2: The 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 N,y 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.

The (220) is a flat and symmetric surface shown in Fig.5.1. We model the AlO, termination in
which the topmost layer of the surface is rich in Al and O atoms. Zn atoms are present in the sub-
surface layer and are not available to act as an active site for the adsorption of an incoming MeOH

molecule. The surface is scanned by placing methanol at various inequivalent sites. However, here
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we observed that even the favourable position of MeOH can have many relative orientations wrt
surface atoms, leading to variations in adsorption energy for the same adsorption site. In all these
cases, a change in the relative orientation of MeOH wrt the surface will affect the interaction be-
tween the surface and MeOH. The effect of this relative orientation is explained in detail later and
turns out to be an essential factor in understanding interaction energy and bond activation trends.
Fig.5.2 explains various possibilities that exist due to the relative orientation of MeOH wrt the sur-
face. Rotation around the normal to the surface (N, ¢), change in the angle between Ny, s and
O-C axis of MeOH, and rotation around the OC axis of the MeOH results in many possibilities in

which a molecule can interact with the surface when placed at a specific site.

O Znto;}\ayer
O Znhotmmr\ayers

° Altnp—\ayer
O Albonom-\ayers

‘ Top-layer

:1,2,3,8,11,12
(a) Initial position (b) Final position O

hotton-layers

Figure 5.3: (a) schematic representation of initial positions where MeOH is placed on (220) facet and (b)
the positions where it adsorbed upon optimization. The numbers in black denote molecular adsorption, while
dissociation is shown in red-coloured numbers enclosed in the black circle.

We scanned all the unique sites of (220) surface by placing MeOH through O, like on top
sites of Al and subsurface Zn, various bridge sites between Al-Al, Al-Zn, Al-O, Zn-O, as well
as hollow positions. All these sites where MeOH was placed as starting configuration are shown
schematically in Fig.5.3-(a), and the final positions of MeOH upon adsorption are shown in Fig.5.3-
(b) Methanol prefers to adsorb through its oxygen atom at the metallic site (Zn or Al) at the (220)
facet.

In most of the cases, MeOH adsorbs on surface Al in most cases as clear from Fig.5.3-(b).
However, there are a few cases where it gets adsorbed on a bridge or at a hollow position. We
report the interaction energies E;,,;, O-H bond length, C-O bond length, and shortest distance be-
tween metal and Oy;.0oy in Tab.5.1. Dissociation, chemisorption, and physisorption of methanol
are shown in red, black, and blue colour respectively. It is evident from Tab.5.1 that the preferential

adsorption site of methanol/methoxy adsorption is Al due to its higher affinity for oxygen as com-
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Table 5.1: Interaction energy (eV), O-H bond-length (A ), C-O bond-length (ﬁ ), and metal-O ;.o bond-
length (A) with site of adsorption in parenthesis for various sites on ZnAl04 (220) facet. Initial positions are
the sites where methanol is placed on the (220) facet as indicated in Fig.5.3-(a). Dissociation, chemisorption,
and physisorption are shown in red, black, and blue color respectively.

Initial Ein O-H M-Oyrcon Hurecor-Osury
positions (eV) BL (A) BL (A) BL (A)

13 -1.80 1.72 1.85 (Al) 1.00 dissociation

14 -1.57 1.02 1.96 (Al) 1.66

10 -1.56 1.02 1.96 (Al) 1.67

4 -1.55 1.01 1.96 (Al) 1.74

2 -1.37 1.00 1.92 (Al) 1.76

12 -1.38 0.98 1.92 (Al 2.12 chemisorption
-1.36 1.00 1.92 (Al) 1.75
-1.36 0.99 1.91 (Al 1.94
-1.33 1.00 1.90 (Al) 1.79

11 -1.33 1.00 1.90 (Al) 1.78

1 -1.26 1.04 1.87 (Al) 1.52

9 -0.66 1.01 3.62 (Zn) 1.64

7 -0.61 1.01 3.99 (Zn) 1.69 physisorption

6 -0.50 0.99 4.02 (Al) 1.81

pared to the Zn and less availability of Zn at the surface. Dissociation of O-H bond of MeOH is
the thermodynamically most favourable outcome at the (220) facet. The sites of chemisorption are
accompanied with short distance of M-O,.0x, whereas for physisorption, the M-O,,.o distance
are considerably large (>3.6A). However, the physisorption also leads to 3-4% activation in the
O-H bond.

The representative cases of interaction of methanol with (220) facets are shown in Fig.5.4. It
is clear from Fig.5.4 that irrespective of the outcome of MeOH, the O-H bond would orient itself
such that the H,;.oy would face the nearest surface oxygen. This observation can also be realized
by investigating the Hop-Oy,, s distances in Tab.5.1. For the cases where O-H bond activation
is not more than 4-5% (i.e. O-H bond length less than 1.02&), the distance of Oy, f-Hopy is in
the range of 1.74A to 2.12A . Whereas the cases where the O-H bond activates by 7-9% (O-H
bond length greater than 1.021&), the distance between Hpp-Og,, ¢ reduces to 1.52A- 1.67A. The
proximity of the surface oxygen atom and reorientation of the O-H bond explains the trends in bond
activation of methanol over the surface. Physisorption is associated with methanol on the hollow

sites, wherein the H),.op interacts with the nearby surface oxygen and shows bond activation;
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(a) physisorption (b) chemisorption (c) Dissociation of O-H bond

O O © O o o o o ¢
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bottom-layers top-layer bottom-layers. Omp—\ayer Olmtmm-\ﬁyers OMEOH MMeOH fMeOH

Figure 5.4: (a) Representation cases of interaction of methanol with (220) facet of ZnAlyO4. (a) shows the
physisorption of methanol on the surface. (b) shows the chemisorption of methanol with 4% elongation in
the O-H bond of methanol. (c) shows the dissociation of methanol on the surface. The dissociated methoxy
adsorbs at the Al site, and the hydrogen atom adsorbs at the surface oxygen atom.

however, the O,;.0py-metal bond is substantially large. As clear from Tab.5.1, dissociation of the
O-H bond of methanol takes place at 13" position. The presence of surface oxygen in the methanol
molecule’s vicinity favours hydrogen abstraction from the MeOH. Similarly, the 11 position also
has the same Al site as that of 13", but the molecule is oriented in such a way that the Hpy is not
in the vicinity of surface oxygen. Hence, only moderate activation of the O-H bond occurs, and no
dissociation is observed. These observations also bring out an important point here that the rotation
or migration of methanol on the (220) facet of ZnAl,O, has a substantially high barrier which could

not be overcome, which is precisely opposite to what we observed in the case of ZnO.
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Figure 5.5: MeOH is adsorbed at the same Al site with different molecule orientations. The O-H bond is
barely activated at the 12" position. In contrast, at the 14" position, the O-H bond is moderately activated,
bringing out the effect of orientation and hence the resulting MeOH surface interaction.

Adsorption site and orientation of the molecule affect the interaction of methanol with the
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surface. Although we have scanned various unique sites on the surface (taking symmetry into
account), scanning all possible orientations of MeOH molecule wrt to a specific site is a formidable
task and still needs to be achieved. However, to bring out the effect of ‘change in orientation’
on the adsorption of MeOH, we have investigated all the cases where the molecule was adsorbed
on the surface, which includes cases like MeOH adsorbed at the same site but having different
orientations. For example, in Fig.5.5 MeOH is placed at 12" and 14" position on (220) facet at
a common adsorption site (refer Fig.5.3-(b)). The Al-O bond distance is nearly the same in both
cases, as noted in Fig.5.5. However, the O-H bond activation is 0.98A (barely activated) in the
case of 12" position whereas 1.02A(moderately activated) in the case of 14" position. And this
can be directly understood if we look at the Hysc0r-Osyrr distances. These interaction differences
bring out the effect of the molecule’s orientation on adsorption. Over the same adsorption site, it
could change the surface environment experienced by atoms in the molecule, hence the resultant
interaction and activation. A similar phenomenon applies to positions 8 and 3 as well.

It must be noted at this point that activating an adsorbate over any catalyst surface is a complex
problem that depends upon a combination of multiple factors like the arrangement of atoms on the
surface, the relative orientation of adsorbate, the number of unique sites on the surface to name a
few. This picture becomes even more complex for a surface of mixed metal oxides like ZnAl,Oy,.
The possibilities that are needed to be scanned exhaustively become manifold. Moreover, bringing
out a one-to-one correlation between observed activation parameters becomes difficult. Nonethe-
less, our work illustrates how each parameter contributes to understanding methanol adsorption
over ZnAl,O4. Overall, it is observed that (220) facet of ZnAl,O,4 exhibits excellent catalytic activ-
ity towards an incoming methanol molecule. Al atoms on the surface offer activation of O-H bond
in the range of 0.98A to 1.04A . Spontaneous dissociation of the O-H bond is also observed over
the (220) facet of ZnAl;Oy.

Interaction of MeOH with ZnAl,O, (311) surface

Unlike (220), (311) is a stepped and highly asymmetric surface as shown in Fig.5.6, and also
it has all three elements, viz. Al, Zn, and O on the surface. At (311) facet, MeOH prefers to adsorb
through its oxygen atom pointing towards the surface. Because of the absence of symmetry and
a step on this (311) facet, the number of adsorption sites increases compared to the (220) facet.
All possible unique sites on the (311) surface, like the top, bridge, and hollow sites, are scanned
to investigate the interaction of methanol at this surface. The initial and final configurations of
methanol on the (311) facet is shown in Fig.5.7. The interaction energy for methanol with a bond
length of O-H, O-C and metal-O has been reported in Tab.5.2. It is clear that the active site for

methanol adsorption is both Al and Zn; however, Al is more favoured over Zn due to its strong
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Figure 5.6: The (311) surface of ZnAlyO4 with the top view and the side view. The topmost layer of (311)
surface consist of all three Al, Zn, and O atoms.
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Figure 5.7: (a) schematic representation of initial positions where MeOH is placed on (311) facet and
(b) the positions where it adsorbed/dissociated after optimization. The numbers in black denote molecular
adsorption, while dissociation is shown in red-coloured numbers enclosed in the black circle.

affinity for oxygen. Also, the presence of Zn at the surface provides a more active site at the (311)
facet, making it more active for methanol interaction.

At the (311) facet, we observed spontaneous dissociation of O-H and one of the C-H bonds of
methanol to produce formaldehyde. Formaldehyde adsorbs at the Al site, and dissociated hydrogen
atoms adsorb at surface oxygen to form hydroxyl at the surface as shown in Fig.5.8-(a). Due to
the strong affinity of Al for oxygen, the produced formaldehyde does not desorb from the surface.
The formation of formaldehyde is the thermodynamically most favourable product at this facet.

Apart from formaldehyde, dissociation of the O-H bond to form methoxy is also observed at the
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Table 5.2: Interaction energy (eV), O-H bond-length (A ), C-O bond-length (ﬁ ), and metal-O ;.o bond-
length (A) with site of adsorption in parenthesis for various sites on ZnAl,0y (311) facet. Initial positions are
the sites where methanol is placed on the (311) facet as indicated in Fig.5.7-(a). Dissociation, chemisorption,
and physisorption are shown in red, black, and blue color respectively.

Initial Eint O-H M-Oyeon Hireor-Osury
positions (eV) BL (A) BL (A) BL (A)
15 -4.14 2.33 2.00 (Al) 0.98
11 -1.68 1.69 1.97 (Zn) 1.00 Dissociation
16 -1.61 1.04 1.98 (Al) 1.58
-1.46 1.03 2.02 (Zn) 1.58
-1.38 1.10 2.01 (Zn) 1.36
12 -1.26 0.98 2.02 (Al) 2.36 Chemisorption
8 -1.23 0.99 2.02 (Al 2.00
13 -1.16 0.98 2.04 (Al) 2.80
1 -1.11 0.99 2.03 (Al 1.96
14 -0.95 1.02 3.14 (AD 1.66 Physisorption
2 -0.91 1.03 2.13 (Al 1.57 Chemisorption
10 -0.83 1.04 3.40 (Al) 1.54
4 -0.72 1.02 3.74 (Al) 1.60
9 -0.52 0.99 3.10 (AD) 1.83 Physisorption
5 -0.49 0.99 3.93 (Al) 1.82
3 -0.48 0.99 3.53 (Al) 1.81

(311) facet of ZnAl;O4. As shown in Fig.5.8-(b), upon dissociation, this methoxy group adsorbs
at the Zn site, which does not favour further dehydrogenation of methoxy, which is reverse of what
is observed at the Al site. The presence of active oxygen near the methanol molecule favours
hydrogen abstraction from the methanol leading to the formation of methoxy. Depending upon
the site of adsorption of dissociated fragments, further dehydrogenation is determined. It also
indicates that Al is the site that would not desorb the products from its surface and favours further
dehydrogenation. It is interesting to note here that, at this facet, the orientation of methanol also
plays a role in the outcome of the molecule’s interaction with the facet. For example, for 6th, 7th,
and 11" position, the methanol molecule is adsorbed at the same Zn site with different orientations,

but they all result in different outcomes. At 11

position, we observed spontaneous dissociation of
the O-H bond to form methoxy, at 7th position, more than 13% elongation of the O-H bond, while
at 6 position, only 6% activation of O-H bond of methanol occurs.

Along with dissociation, at various sites, molecular adsorption, i.e. physisorption and chemisorp-
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Figure 5.8: (a) shows the dissociation of O-H and C-H bond of methanol on (311) facet. The formed
formaldehyde adsorbs on the Al site of the surface due to the strong affinity of Al with oxygen. Dissociated
hydrogens adsorb on the surface to form surface hydroxyl groups. (b) shows the dissociation of methanol to
form methoxy on the (311) facet, which adsorb at the Zn site of the surface.(c) shows physisorption and (d)
depicts chemisorption with 7% activation in the O-H bond.

tion, are also observed on the (311) facet. Representative cases of physisorption and chemisorption
are shown in Fig.5.8-(c) and (d), respectively. However, as clear from Tab.5.2, the energy difference
between the dissociation of methanol to methoxy and molecular adsorption is only 0.07 eV which
shows an equal probability of both outcomes at elevated temperatures. There are numerous factors
on which the interaction of methanol molecules depends, like the environment of the surface, as
experienced by methanol, the orientation of the molecule with respect to the surface, the stepped
nature of the surface and the availability of surface oxygen in the vicinity of the molecule.

To understand the variation in interaction of MeOH with (220) and (311) facets, we have inves-
tigated 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 (220)
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 the environment and charge distribution
and have an effective positive charge of 1.67e. Every Al atom is surrounded by four O atoms, one
Zn atom and three other Al atoms. Interestingly two types of oxygen atoms exist on the surface.

Four oxygen atoms on the surface are coordinated with three Al atoms, while the remaining four are
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Figure 5.9: (a) shows the pDOS of 2p orbitals of surface oxygen on (i) 220 and (ii) 311 facets. There
are different types of oxygen atoms present on the surface, which have variations in their neighbouring
environment. (b) represents the pDOS of 3d of Zn in (i) 220 and (ii) 311 facet. 3d of Zn lies much below
Fermi due to a filled orbital. (c) shows the pDOS of 3p of Al in (i) 220 and (ii) 311 facet. Al is the active site
of adsorption in both facets and has significant peaks near/at Fermi.

coordinated with one surface Al atom and one subsurface Zn atom. The oxygens connected with
three Al atoms have a higher negative charge, -1.07e. While the ones connected with one Zn and
one Al have a negative charge of -1.03e. Thus, though Zn is not exposed on the surface, its coordi-
nation with surface oxygen changes the nature of the oxygen atom on the surface. This difference
in the surface oxygen can be seen in the corresponding pDOS plots, as shown in Fig.5.9-(a). We
denote the coordination of O atoms with Al and Zn atoms as O,,,, wherein x and y are the numbers
of Al and Zn atoms coordinated with O, respectively. Thus, O3, represents an oxygen coordinated
with 3 Al and 0 Zn whereas O, represents oxygen coordinated with one Al and one Zn. As shown
in Fig.5.9-(a)-(i), on (220) surface, the pDOS plots clearly show a shift in the peaks of the more
coordinated oxygen atom (Os,) with slightly more negative charge away from the Fermi energy in
comparison with the other oxygen, (O;;) that is coordinated with lesser number of atoms on the
surface. A lesser coordinated O atom is observed to be lesser negative. The presence of different
kinds of atoms with varying charge distribution on the surface is desirable as it offers more ad-
sorption sites with varying strengths. On the (311) surface, there are three types of O atoms. The
difference in the pDOS signatures can be observed for these O atoms as shown in Fig.5.9-(a)-(ii).
The most coordinated, i.e. coordinated with two Al and one Zn atom (O5;) shows the maximum
shift away from the Fermi energy. The other two oxygen atoms also follow the coordination trends

wherein the least coordinated Oy, is the closest to the Fermi energy, followed by Os. Further, two
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kinds of Zn atoms are present on the (311) surface. One is coordinated with 3 oxygen atoms, and
the other, Zn, is coordinated with 4 oxygen atoms. These surface Zn atoms act as sites that disso-
ciate the O-H bond of methanol and act as favourable sites for methanol adsorption. These pDOS
of Zn atoms in (220) and (311) are shown in Fig.5.9-(b). Zn, being the last transition metal, have
a fully filed orbital, and so its peaks are far away from Fermi; however, for (311), one of the Zn
has non-zero peaks at Fermi, which explains the dissociation of methanol on the Zn site on (311)
facet as discussed above. On both the (220) and (311) facets, two types of Al atoms are present
as reflected in their pDOS in Fig.5.9-(c). Both these facets have one type of Al atom, which has
a non-zero peak at Fermi, explaining Al being the active site for the dissociation of methanol. All
these observations clearly show that not only the active site but the overall surface geometry plays

arole in changing the chemical signatures of an atom on the surface.

5.4 Conclusions

Though the adsorption of MeOH is extensively studied on varied classes of catalysts, reports of sig-
nificantly low activation barrier or spontaneous dissociation of O-H as well as C-H bonds of MeOH
are minimal. Therefore, this work on proposed mixed metal oxide as a catalyst becomes even more
interesting. It is also interesting to note that the proposed mixed metal oxide is a derivative of two
commonly used industrial catalysts, Al;O3 and ZnO towards MeOH synthesis. In this work, we
illustrate (220) and (311) facets of ZnAl,O,4 as excellent candidates for MeOH activation. These
two surfaces offer significant O-H bond activation and exhibit one case each of O-H bond dissoci-
ation. The dissociation observed in our studies is crucial as they are spontaneous. Moreover, the
(311) surface undergoes subsequent dissociation of one of the C-H bonds. To understand the fac-
tors that influence O-H bond activation/dissociation over any catalyst surface, we dwelled deeper
into systematically correlating the observed parameters. The availability of surface oxygen in the
vicinity of adsorbing methanol is of prime importance. Hence, a surface rich with oxygen atoms of
varying charges is desirable for multiple bond activations or dissociation. The atomic arrangement
of atoms on the surface turned out to be another essential factor in understanding the adsorption
energy trends. The coordination of surface atoms and hence the availability of sites with variation
in charges on the surface unravel the trends in bond activations. Lastly, we propose that the (311)
surface offers better catalytic activity than (220) due to its stepped geometry and availability of
inequivalent adsorption sites for interaction with an incoming MeOH. Through detailed analysis of
various factors that govern MeOH activation over these surfaces, we unleash a new chemical space
to explore in this direction. Also, the produced formaldehyde on the Al site does not desorb, indi-
cating that Al favours further dehydrogenation; hence, Zn-based material with such active oxygen
could be used for methanol to formaldehyde formation.
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Chapter 6

Methanol to formaldehyde on ZnO: From

computation to experimentation

6.1 Motivation

Aldehydes are industrially important chemicals due to their wide range of applications. Formalde-
hyde, the simplest aliphatic aldehyde, is of particular interest due to its diverse applications in vari-
ous fields such as construction, automotive, aviation, pharmaceuticals, and cosmetics. 154 Formalde-
hyde is an important raw material widely used for synthesizing resins, 1,4-butylene glycol, poly-
formaldehyde, and pesticides. In recent years, the annual demand for formaldehyde has exceeded
30 megatons. '>> Methanol is the major source of production of formaldehyde. Every year more
than 30% of methanol is used for this.'>® Methanol can be converted to formaldehyde by either
dehydrogenation process (CH30OH — CH,O + Hs), which is endothermic in nature or by partial
oxidation (CH30H + 1/2 O2 — CH,0 + H50), which is an exothermic process. Industrially two
catalysts are used for the production of formaldehyde from methanol. In the presence of a silver
catalyst, methanol and air mixture are subjected to 600°C for formaldehyde production.!>’ An-
other is iron-molybdenum oxides which work at a relatively lower temperature of 250-400°C. '8
Major limitations of these catalysts are high operational temperature and instability of catalysts at
such conditions. Furthermore, there is an acute need to develop a catalyst for the partial oxida-
tion of methanol to formaldehyde which could be operated at low temperatures. Various catalysts
based on noble metals, viz. Pt,!3-162 pd13164 have been explored for MeOH oxidation to HCHO,
which demonstrate better catalytic activity. In the latest study, Selivanova et al. investigated the
mechanism of partial oxidation of methanol on Pt(111) single crystal using X-ray photoelectron
spectroscopy (XPS) and polarization-modulation infrared reflection absorption spectroscopy. '®?
They observed that the methanol oxidation reaction proceeds with five routes. CO,, formalde-

hyde, and methyl formate are the major gas phase products. The reaction starts with breaking the
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O-H bond, followed by sequential hydrogen abstraction from the intermediates. Marcinkowski et
al., in a combined experiment and theoretical study, examined the Pd single-atom catalyst(SAC)
on Fe,03(0001) for partial oxidation of methanol to formaldehyde. !5 They observed that the ac-
tivation barrier for methanol partial oxidation to formaldehyde reduces to half when Pd SAC is
placed on Fe,O3 compared to bare Fe,O3 surface. Though the formaldehyde desorption was ob-
served at 290K, sintering of Pd takes place at 300K, and hence the yield of formaldehyde reduces
greatly. Thus it is observed that the high cost of noble metals and the stability of SAC are the major
challenges associated with these noble atom surfaces.

Metal oxides show better catalytic activity due to different sites at the surface. In an experimen-
tal study, Wong et al. studied the reaction of methanol on clean TiO; (110) and vanadia supported
on TiO, using temperature-programmed desorption (TPD) and high-resolution electron energy loss
spectroscopy (HREELS). %5 Monolayer and submonolayer vanadia films supported on TiO5(110)
in which vanadium cations are in +3 oxidation state are active for the oxidation of methanol to
formaldehyde at a temperature higher than 600K. However clean TiO2(110) and multilayer vana-
dia films supported on TiO5(110) are relatively inactive. Similarly, Feng and Vohs carried out a
TPD study of the partial oxidation of methanol to formaldehyde on CeO, supported vanadium ox-
ide.!%® They observed that during MeOH TPD, formaldehyde was produced at 525, 550, and 610K,
on V°*, V4t and V37 respectively. Furthermore, they concluded that the activation energy for
the dehydrogenation of adsorbed methoxides is a function of the oxidation state of the vanadium
in the supported layer. Deng et al. compared the activation of methanol on the ZnO(0001) bilayer
and bilayer-trilayer step supported on the Au (111) surface using temperature-programmed reaction
spectroscopy (TPRS) and DFT study.®” They observed that the ZnO bilayer is inactive towards the
oxidation of methanol and molecular desorption occurs at 220 and 260K in TPRS. Whereas at ZnO
bilayer-trilayer, molecular desorption of methanol takes place at 380K and formaldehyde desorp-
tion occurs at 580K in TPRS. The activation barrier calculated by the minimum energy pathway
with DFT is 19.0 kcal/mol for the ZnO bilayer-trilayer.

ZnO has been studied for methanol oxidation to formaldehyde at high temperatures, but none
of the studies reports a reaction at ambient conditions. This chapter discusses the spontaneous
conversion of methanol to formaldehyde at the ZnO (1011) facet. Our DFT based investigation
of interaction of MeOH with various ZnO facets predicted conversion of MeOH to formaldehyde
on ZnO (1011) facet. We have validated our predictions by conducting appropriate experiments.
The chapter is organized as follows. In section 6.2, we discuss the computational details and
experimental methods used for the current work. In section 6.3 we discuss the theoretical and
experimental results of the interaction of methanol with ZnO followed by conclusion in section
6.4.
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6.2 Methodology

6.2.1 Computational details

All the calculations were carried out within the Kohn-Sham formalism of density functional theory.
Projector Augmented Wave potential ' was used, with Perdew-Burke-Ernzerhof (PBE) approx-

imation for the exchange-correlation and generalized gradient approximation, '

as implemented
in plane-wave, pseudopotential-based code, Vienna Ab initio Simulation Package (VASP).!!*> The
bulk unit cell was taken from the materials project.®! The bulk lattice parameters upon optimiza-
tion were a = 3.28A and ¢ = 5.30A which were in excellent agreement with the experimentally
measured (a = 3.24A, ¢ = 5.20A ) lattice parameters. '4%-'4! The flat facet, (1011) of ZnO, was mod-
elled as a slab by cleaving a surface with 3x3 periodicity in the x and y direction with four layers
using Quantumwise-VNL-2017.1.34 Bottom one layer was fixed, and all the remaining layers and
adsorbate were allowed to relax for all the surface calculations. Van der Waals corrections were
applied to account for dynamic correlations between fluctuating charge distribution by employing
the Grimme method (DFT-D2).!'7 It was observed that 20 A 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 0.01 eV/A on the unfixed atoms, and the total energies converged
below 10~ eV for each SCF cycle. A Monkhorst-Pack grid of 3x2x1 for (1011) slabs is used. The
energy difference is less than 4meV/atom upon using finer mesh. The entire surface was scanned
by placing the MeOH molecule at all available unique sites. The interaction energy is calculated
using the formula: E;,,; = Egystem - ( Esur face + Emotecute ) Where Egyqier, 18 the energy of the system
when MeOH was placed on the surface, Egy; fqcc 18 the energy of the bare surface and E,;,pccuie 18
the energy of the MeOH molecule. To understand the underlying electronic structure total Density
of States (tDOS) was calculated with denser k-mesh using LOBSTER. '8

6.2.2 Experimental methods:

Materials:

All the reagents, such as zinc acetate, sodium hydroxide, methanol, and ethanol of AR-grade qual-
ity, were procured from Molychem India, and Thomas Baker Chemicals, India and used as such
without further purification.

Preparation of ZnO nanoparticles:

The ZnO nanoparticles were synthesized using the precipitation method. %’ 20 mL of an aqueous
solution of 6 mmol (CH3C00);Zn.2H;0O was added to a beaker. Further, 10 mL of 20 mmol
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NaOH was added dropwise to the aqueous zinc acetate solution and stirred. Then, the produced
precipitate was kept at 70°C for 15 h. The prepared catalyst was cooled at room temperature,
filtered and followed by rinsing with a mixture of H,O:CyH5—OH (70:30) and dried at 70°C for 10

h before using it in the experiments.

Catalysts characterization:

X-ray diffraction analysis:

The prepared catalyst was characterized by the X-ray diffraction method using PAN analytical
X" Pert Pro Dual Goniometer diffractometer. The diffractometer consists of X celerator solid-state
detector with CuKa (A = 1.54061&, 40kV, 30mA) radiation and a Ni filter. The X-ray diffraction
pattern of the sample was collected in the range of 26 = 20-80° with a step size of 0.02° and a scan

rate of 4°min~!.

Electron microscopy:
The catalyst morphology was determined using scanning electron microscopy (SEM) on an FEI
quanta 200 3D dual beam ESEM instrument with a thermionic emission tungsten filament in the 3

nm range at 30 kV.

Catalytic activity:

The catalytic oxidation of methanol to formaldehyde was carried out in a 5 ml glass vial at room
temperature. 2 g methanol and 25 wt% catalysts were added into the vial. After addition, the vial
was closed, and the reaction mixture was stirred for 1h.

Fourier transform infrared spectroscopic studies (FTIR):

FTIR spectra of the reaction mixtures were recorded on a Thermo Nicolet Nexus 670 IR instru-
ment using a DTGS detector to analyze the products formed due to methanol oxidation. KBr pellet
method was used to prepare samples with a resolution of 4 cm~! in the range of 4000-400 cm~!
averaged over 100 scans.

High-performance liquid chromatography (HPLC):

High-performance liquid chromatography (HPLC, Agilent technologies, modal 1250 infinity) was
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used to analyze the liquid samples to identify the products. HPLC equipped with an RI detector (at
40 °C) and H* Aminex column (305 x 7.8 mm? ) fitted with a guard column in series was used. The
mobile phase used was 0.05M H,SO, at a flow rate of 0.6 mL/min while maintaining the column
temperature at 60°C. Quantitative analysis of the products was carried out with that of the reference

samples with known concentrations.

6.3 Results and discussion

6.3.1 Theoretical results

(a) (b)

Figure 6.1: Structural geometry of (1011) facet of ZnO. (a) shows the side view. (b) shows the top view.

Computational studies are pivotal for the rational designing of catalysts and understanding their
interaction with adsorbates. Theoretical studies provide evidence for the behaviour of different
facets of a material with the interacting adsorbate. Methanol decomposition is of immense impor-
tance due to its application in DMFC and the generation of Hy. A more effective catalyst should
be capable of breaking the bonds in methanol, allowing further reactivity of the intermediates and
eliminating the products. In the previous chapter, we discussed the interaction of methanol with dif-
ferent ZnO surfaces. We observed spontaneous dissociation of methanol on flat (1010) and stepped
(1013), (1122) facets of ZnO. Also, on a few sites on (1010) and (1013) facets, the C-H bond elon-
gates by 6-7%. We also provide a rationale for methanol decomposition at any specific facet by
investigating the underlying electronic structure. Apart from all the facets investigated in our previ-
ous study, the most dominant peak in ZnO nanoparticle is (1011) (as evident from Fig.6.8), which
signifies that this facet is greatly exposed and more likely to participate in the reaction with MeOH.

This motivated us to investigate the (1011) facet in great detail for interaction with methanol. For
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Figure 6.2: (a) schematic representation of initial positions where MeOH is placed on (1011) facet and
(b) the positions where it adsorbed/dissociated after optimization. The numbers in black denote molecular
adsorption, while dissociation is shown in red-coloured numbers enclosed in the black circle.

Table 6.1: Interaction energy (eV), O-H bond-length (A), C-O bond-length (A), and Zn-O yjeo 5 bond-length
(A ) for various sites on ZnO (1011) facet. All these positions are indicated in Fig.6.2-(b). Dissociation is
indicated in red colour, while molecular adsorption is shown in black colour.

Positions | S O-H C-O0 Zn-O 0
(eV) BL (A) BL (A) BL (A)
4 -7.95 3.23 1.23 3.34
1 -4.44 0.98 1.45 2.30
5 3.17 0.98 1.45 2.27
7 2.66 1.65 1.41 2.03
3 -1.82 0.98 1.43 2.57
6 -1.75 0.99 1.42 3.55
2 -1.66 0.98 1.42 3.73

this facet, Zn atoms in the bulk layer are coordinated to four oxygen atoms, while the Zn atoms in
the surface layers are only coordinated to three oxygen atoms. The top and side view of the (1011)
facet is shown in Fig.6.1.

Methanol was placed at various unique sites on the facet, viz. on top of Zn, bridge of two
Zn, bridge of Zn and O, bridge of two O, etc. All the sites where MeOH was placed are shown
schematically in Fig.6.2. The numbers in Fig.6.2-(a) represent the initial positions where MeOH
was placed, and the final position of adsorbed methanol or dissociated methoxy group are shown
in Fig.6.2-(b). The black numbers indicate molecular adsorption, while the red numbers denote
the dissociation of methanol. The interaction energy of MeOH adsorption, O-H bond length, C-O
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bond-length, Zn-O ;.o are reported in Tab.6.1.

Figure 6.3: Methanol decomposes to formaldehyde at ZnO (1011) facet. (a) depicts the side view, and (b)
shows the top view of the slab with formaldehyde formed. The dissociated H atoms adsorb at two Oy, y
atoms. O-0 dimers are formed at the ZnO surface.

We observed the spontaneous decomposition of methanol to formaldehyde at (1011) of ZnO.
This is thermodynamically the most favourable outcome of the interaction of methanol at this facet,
as shown in Tab.6.1. However, as seen from Tab.6.1, the formation of other products from MeOH is
very unlikely because of the substantial energy difference (>3.50 eV) for formaldehyde formation
and other outcomes. The C-O and C-H bond lengths of the produced formaldehyde were 1.23 Aand
1.11A, respectively, similar to the bond lengths in isolated formaldehyde molecules (C-O = 1.22
A; C-H = 1.10 A). We also computed the vibrational frequency of this produced formaldehyde.

The C-O bond vibration frequency was 1713.23 cm™!

, which is comparable to that of an isolated
formaldehyde molecule (1778.97 cm™!). The vibrational frequency analysis is the evidence for
forming formaldehyde on the ZnO surface. The dissociated hydrogen atoms adsorbed at two dif-
ferent surface oxygen atoms as shown in Fig.6.3. Interestingly, surface reconstruction occurred
upon the decomposition of methanol which leads to the formation of O-O dimer on the surface as
shown in black circles in Fig.6.3. Bond-length of these newly formed O-O dimers vary between
1.43-1.45 Aand are comparable to O-O bond-length in peroxides.

Also, apart from formaldehyde formation, methanol either physisorbs, chemisorbs or disso-
ciates on the surface as shown in Fig.6.4. In the case of physisorption (Fig.6.4-(a)), MeOH is
adsorbed at the surface with minimal elongation in O-H bond length (0.98A). For chemisorp-
tion, MeOH adsorbs via its O atom at the surface Zn atom with an O-H bond elongated up to
O.99A(represented in Fig.6.4-(b)). MeOH dissociates on the surface with methoxy and hydrogen
adsorbed at the surface Zn and O atom, respectively (refer Fig.6.4-(c)).

We have also increased the concentration by absorbing two MeOH molecules simultaneously.
Both MeOH molecules convert to formaldehydes as shown in Fig.6.5. Here also, O-O dimers form

on the surface, which is marked in black. In chapter 4, we discussed the interaction of methanol
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(a) Physisorption (b) Chemisorption (c) Dissociation

Figure 6.4: Methanol adsorbed at ZnO (1011) facet. (a) represents physisorption of MeOH at the ZnO
(1011) surface. (b) shows the chemisorption of methanol at the ZnO surface. (c) shows the dissociation of
methanol at the ZnO facet. The methoxy group adsorbs at the Zn site while the H adsorbs at Oy, site.
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(b)
Figure 6.5: When 2 molecules of methanol are placed at (1011) facet. Both of them convert to formaldehyde

and desorb from the surface. (a) shows the side view of 2 formaldehyde formed on the surface. (b) shows the
top view of the slab. Here also, O-O dimers formed on the surface marked in black circles.

with four different facets of ZnO. We have explained in detail why a particular facet of ZnO favours
the dissociation of methanol by analyzing the underlying electronic structure of this facet. We
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Figure 6.6: (a) tDOS of (1011) facet. There are energy states present at the Fermi level. (b) shows Zn-
3d orbitals of the facet. (c) shows Zn-4s orbitals of the facet. For both the orbitals, the energy states are
available at the Fermi level.
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Figure 6.7: pDOS of 2p of oxygen on all the facets of ZnO investigated in previous and current work (1011).
It is evident from the plot that oxygen of (1011) facet has empty states above the Fermi level. It signifies the
unsaturation of oxygen on this facet and their easy availability for abstracting two hydrogens from MeOH.

report that the availability of non-zero energy states near the Fermi level enhances the reactivity of
a facet. Moreover, at stepped facets, dissociation of MeOH was thermodynamically the most stable
outcome compared to flat facets, where molecular adsorption was the most favourable. Following
our understanding, in the present work, non-zero energy states are available at the Fermi level,

enhancing the reactivity of the (1011) facet. Fig.6.6 shows the density of states plot for the (101)
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facet. The tDOS plot is shown in Fig.6.6-(a), where the non-zero energy states are present at the
Fermi level. Similarly, Fig.6.6-(b) and (c) show the projected density of states of 3d and 4s of Zn
atom of the surface layer with non-zero energy states at Fermi level. We also compared the nature
of oxygen on the surface in all the facets of ZnO investigated in this thesis. We also plotted pDOS
of 2p of oxygen on all facets as shown in Fig.6.7. It is evident from the pDOS plot that 2p peak
of oxygen of (1011) has energy states available at Fermi and after Fermi level, which indicates the
presence of empty states.

The formation of formaldehyde at ZnO is particular to this facet. As discussed in chapter 5,
Al is the active site in ZnAl,O, facet for dissociation of methanol; however, due to its strong
affinity with oxygen, the desorption of formaldehyde is not favourable. Zn is the active site where
methanol dissociates to formaldehyde in the presence of active oxygen species with desorption of
formaldehyde, indicating this as an optimum catalyst that would adsorb not only the reactant but
also favour desorption of the product. Taking insights from our theoretical results, we designed
an experiment to study the interaction of methanol at ZnO. The following section will discuss the

experimental results to validate our predictions.

6.3.2 Experimental results

Catalyst characterization

XRD analysis:
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Figure 6.8: XRD pattern of as-synthesized ZnO. The most prominent peak is (1011).
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The ZnO nanoparticles are prepared by the precipitation method. The XRD pattern for ZnO
shows sharp peaks and is shown in Fig.6.8. The sharpness of XRD peaks is ascribed to the syn-
thesized material consisting of nano-scale particles. Sharp peaks at 31.73°, 34.45°, 36.16°, 47.45°,
56.49°, 62.84°, 66.35°, 68.1°, 69.2°, 72.05°, and 77.13° corresponding to the following lattice
planes (hkl) of wurtzite polycrystalline structure of ZnO are (1010), (0002), (1011), (1012), (1120),
(1013), (2020), (1122), (2021), (0004), and (2022), respectively (JCPDS card No. 36-1451). The
spectrum does not contain any characteristic peak except ZnO peaks, which corroborates towards
purity of the synthesized material. D = 0.89) / § cosf where 0.89 is Scherrer’s constant, \ is
the wavelength of X-rays, 6 is Bragg’s diffraction angle, and (3 is the full width at half-maximum
(FWHM) of the diffraction peak corresponding to the plane. The calculated particle size is found
to be 22 nm, by considering the FWHM of an intense peak located at 36.16° which attributed to
(1011) plane.

Figure 6.9: SEM images of ZnO nanoparticles at (a) 10 pm and (b) 3 pum resolution. The image shows
irregular and triangular shaped ZnO nanoparticles. (c) and (d) shows EDX analysis of ZnO nanoparticles.

Scanning electron microscopy (SEM) analysis:
SEM and energy dispersive X-ray (EDX) analysis are carried out to understand the morphology
and elemental composition of synthesized ZnO nanoparticles. The SEM images of synthesized

Zn0 nanoparticles are recorded at 10m and 3pm resolution, as shown in Fig.6.9-(a) and Fig.6.9-
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(b) respectively. The ZnO nanoparticles are found to be irregular in size and triangular-shaped,
which is in line with the previous literature. '®® We also observed the formation of clusters in the
nanoparticles due to the agglomeration of atoms. EDX analysis represents zinc (74.96%) and
oxygen (25.04%) elements. This attributes to the absence of impurity in the synthesized ZnO

nanoparticles.

Catalytic activity:

To investigate the interaction of methanol with ZnO nanoparticles, we performed the reaction at
ambient conditions (i.e. RT and atmospheric pressure). The reaction mixture is analyzed after
an hour using FTIR and HPLC. Our theoretical results show the formation of formaldehyde as a
product of MeOH interaction with ZnO. And hence we have compared our reaction mixture with
standard formaldehyde in both FTIR and HPLC.(considering our expected outcome as formalde-

hyde)

FTIR analysis:

To analyze the products formed, we recorded the FTIR spectra of reaction mixtures at O min. (af-
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Figure 6.10: FTIR spectrum of standard methanol, standard formaldehyde, reaction mixture at 0 minute,
reaction mixture at 1 h is shown. (a) shows the peak of carbonyl corresponds to 1647 cm™' which coincide
with standard formaldehyde. (b) shows two tiny peaks appearing at 2913 and 2973 cm™! in the reaction
mixture at 0 min and 1 h. These peaks correspond to C-H vibrations in formaldehyde.

ter the addition of catalyst in methanol) and 1 h. We have compared this data with pure methanol
and formaldehyde spectrum. The FTIR spectra of standard methanol, standard formaldehyde, and

reaction mixture at O min and 1 h are shown in Fig.6.10. IR spectra of pure methanol show var-

1

ious vibrational peaks such as bending vibrations of Me-O-H at 1447 cm™", stretching vibrations

of Me-O-H at 3338 cm™!, stretching vibration of C-O at 1020-1112 cm~! and stretching vibra-
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tions of C-H at 2830 and 2941 cm™! (refer Fig.6.10-(a)). The IR spectra of the reaction mixture
at 0 min show the emergence of a peak at 1647 cm~! (blue colour peak in Fig.6.10-(a)), which
attributes to carbonyl peak in formaldehyde (pink coloured peak in Fig.6.10-(a)). We also observed

the presence of two tiny peaks at 2913 and 2979 cm™!

, which corresponds to the C-H peak in
formaldehyde.(refer Fig.6.10-(b)) The peaks for C-O and C-H vibrations increase in 1h reaction
mixture, which signifies the further conversion of methanol to formaldehyde (as shown in green

coloured peak in Fig.6.10-(a)).

HPLC analysis:
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Figure 6.11: HPLC results for authentic samples with the known concentration of (a) methanol and (b)
formaldehyde. (c) HPLC result recorded for reaction mixture with ZnO catalyst at 1 h. The results show that
only two peaks of methanol (reactant) and formaldehyde (product) signify 100% selectivity.

Further, we performed HPLC analysis to validate the presence of formaldehyde as a product
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in the reaction mixture. The reactant (methanol) and the expected outcome (formaldehyde) with
known concentration and reaction mixture (at 1 h) are subjected to the HPLC set-up at identical
conditions. The results are shown in Fig.6.11. It is evident from Fig.6.11 that a new peak appears
(apart from methanol) in the reaction mixture at 1 h as shown in Fig.6.11 new peak coincides with
the standard formaldehyde peak in Fig.6.11-(b). Interestingly, there are no other peaks for side
products which indicate 100% selectivity for formaldehyde.

A fundamental understanding of structures and properties of materials is essential for material
design. DFT plays a crucial role in describing the structure-property relationship of a material at
the electronic level, which helps understand a catalyst’s reactivity. The experimental validation of
theoretically predicted results is in trends recently. Designing and discovering catalyst advised by
computation is an emerging field of materials science. In this work, we explored the (1011) facet
of ZnO for interaction with methanol by employing periodic DFT. We suggested that at this facet,
MeOH spontaneously converts to formaldehyde. We further validated our predicted results with

experiments and observed formaldehyde formation from methanol at ambient conditions.

6.4 Conclusions

Methanol can be converted to formaldehyde either by partial oxidation or by dehydrogenation. In
this work, we investigated the interaction of methanol with ZnO by theoretical and experimental
approaches. We observed spontaneous conversion of methanol to formaldehyde on (1011) facet.
Not only does formaldehyde form, but it also desorbs from the surface. Formation of formaldehyde
is thermodynamically the most favourable outcome at (1011) facet. The presence of non-zero states
at the Fermi level explains the greater reactivity of this facet. By carefully understanding our theo-
retical results, we designed an experiment to study the interaction of methanol with ZnO at RT and
atmospheric pressure. The FTIR and HPLC both evident the formation of formaldehyde as a prod-
uct of this reaction. Also, there is no peak other than formaldehyde in the reaction mixture, which
indicates 100% selectivity of formaldehyde at ambient conditions. The theoretical investigation

followed by experimental validation paves a very efficient way towards designing of catalyst.
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Chapter 7

Electronic fingerprints for various Zn based

systems

7.1 Motivation

Continuous efforts are being put in to design more environmentally benign catalysts than the ex-
isting ones. The rational designing of a catalyst would demand understanding the interaction of a
molecule with different facets and distilling out the essential factors leading to desired products.
In all our previous chapters, we have discussed in detail about the interaction of several Zn-based
catalytic systems with methanol molecule. We have observed reasonably different interactions
of the same Zn and O elements in different environments (Zn, O-Zn, ZnO, and ZnAl;O,) with
methanol molecule. Not only different systems but also different facets in the same system shows
significantly different interaction with methanol.

As discussed in Tab.7.1, the two major outcomes of interaction of methanol with these several
Zn-based systems observed are, adsorption (physisorption or chemisorption) or spontaneous dis-
sociation. We want to investigate the underlying electronic structure to understand the rationality
behind these interactions. In this work, we analyze all the surfaces studied so far to determine the
correlation between the electronic structure of bare facets and the outcome of MeOH adsorption.
The ultimate goal of any DFT-based computation is to understand the results in terms of underly-
ing electronic structure, derive trends, and gain predictive power. This work is an attempt in that

direction.
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Table 7.1: Energetically most stable interaction of MeOH with different Zn based systems are shown. Ph-
ysisorption is the only outcome for different facets of metallic Zn whereas weak to strong chemisorption is
observed for oxygen preadsorbed Zn surfaces. On ZnO and ZnAl>O,, spontaneous dissociation of methanol
is the energetically most stable outcome on every facet except ZnO-(1120) facet.

systems/facets (1010)/(220) (1011)/(311) (1013) (1120) (1122)
Zn physisorption  physisorption  physisorption
weak weak strong
O-Zn
chemisorption  chemisorption  chemisorption
710 strong formation of Dissociation strong Dissociation
n
chemisorption formaldehyde  of O-H bond chemisorption of O-H bond
Dissociation ~ Dissociation of
ZHA1204

of O-H bond O-H and C-H bond

Table 7.2: Interaction energy of methanol on different Zn-based systems are reported in the table. Black
numbers depict the energy of metallic Zn and O-Zn systems. Blue and red coloured numbers represent the
interaction of methanol at ZnO and ZnAl, Oy facets, respectively. Adsorption of methanol on these different
systems triggers surface reconstruction, which reflects in the interaction energy. WR (with reconstruction)
stands for energy with the impact of reconstruction. However, in order to homogenize the energies, we have
eliminated the reconstruction effect from the interaction as demonstrated by WOR (without reconstruction).

systems/facets (1010)/220 (1011)/311 (1013) (1120) (1122)
WR -4.09 -1.36 -0.66
7Zn
WOR -0.77 -0.69 -0.68
WR -3.26 -0.72 -1.01
O-Zn
WOR -0.78 -0.60 -1.13
WR -1.58 -7.95 -3.88 -1.24 -6.24
7Zn0O
WOR -1.90 -4.83 -2.91 -1.40 -3.38
WR -1.81 -4.14
ZHA1204
WOR -2.47 -4.91

7.2 Results and discussion

In previous chapters, we discussed the interaction of methanol with several facets of Zn, O-Zn,
Zn0, and ZnAl,O4. We have investigated different flat and step facets of all the systems for their

interaction with methanol. We observed that on the metallic Zn system, only the physisorption of
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methanol takes place. On the O-Zn system, we also observed chemisorption at the step surface
and physisorption on flat facets. However, as the concentration of oxygen increases, i.e. in the
case of ZnO, we observed chemisorption as well as spontaneous dissociation of methanol on the
surfaces of ZnO. Also, at (1011) facet, methanol spontaneously converts to formaldehyde. These
results were validated by experiments and demonstrated that methanol converts to formaldehyde
at ZnO nanoparticles at ambient conditions with 100% selectivity. On other flat facets, molec-
ular adsorption is most favourable, while dissociation of MeOH is thermodynamically the most
favourable outcome at step facets. The activity of metal oxides can be altered by modifying their
structure. ZnO and Al;Oj3 are both used as industrial catalysts for methanol synthesis. In chapter
5, we discussed the interaction of methanol with (220) and (311) facets of ZnAl>,O,. We observed
molecular adsorption and dissociation of methanol on these facets. Depending upon the adsorption
site, MeOH interacts differently with ZnAl,O,4. We reported that lesser coordinated surface oxygen

atoms actively participate in methanol dissociation.

Table 7.3: Mulliken charges on surface zinc atoms of Zn, O-Zn, ZnO, and ZnAlsOy4. For Zn and O-Zn,
the charges are shown in black, whereas for ZnO and ZnAl,Oy4, the charges are represented in blue and
red, respectively. Charges for the facets where dissociation of MeOH occurs are shown in bold numbers.
Transfer of electron from metal to oxygen is evident from the effective charges on Zn.

systems/facets (1010)/220 (1011)/311 (1013) (1120) (1122)
Zn 0.05 0.12 0.19(0.14)
O-Zn 0.49 0.61 0.50
Zn0O 0.85 1.04 0.96(0.64) 0.96 0.81
ZnAl,Oy 1.52 1.53(1.58)

We observe that upon changing the environment of Zn and O in a series of different systems
(Zn, O-Zn, ZnO, and ZnAl,0,), the interaction of methanol changes from adsorption to dissocia-
tion of O-H as well as C-H bond. To understand this variation, we analyzed different parameters
such as interaction energy, Mulliken charges, and distance between MeOH and surface metal and/or
oxygen atoms for all the facets of all these systems. The interaction energy of methanol’s thermo-
dynamically most stable configuration on various facets of Zn-based systems is noted in Tab.7.2.
The interaction energy for each system is computed by including and excluding the surface re-
construction energy and described as WR and WOR, respectively. The black numbers represent
methanol’s interaction energy with Zn and O-Zn surfaces, while blue and red numbers indicate
Zn0 and ZnAl,O, surfaces, respectively. The numbers in bold signify the dissociation of methanol
as the thermodynamically most stable outcome on that facet. It is clear from the interaction ener-
gies (computed for both the WR and WOR) of Tab.7.2 that the presence of oxygen facilitates the
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Table 7.4: Mulliken charges on surface oxygen atoms of O-Zn(black color), ZnO(blue color), and
ZnAlsOy(red color). The shortest distance between oxygen and surface atom (BL) is also shown

systems/facets  property (1010)/220 (1011)/311 (1013) (1120) (1122)
charge(e -0.74 -0.81 -1.38
071 go( )
BL(A) 1.93 1.89 1.88
charge(e) -0.79 -0.68 -0.82(-0.89) -0.89 -0.85
Zn0O .
BL(A) 1.77 1.85 1.94(1.87) 1.90 1.82

charge(e) -1.03(-1.07) -1.00(-1.11;-1.17
ZnALO, ge(e) ( ) ( )

BL(A)  1.82(1.74)  1.77(1.93; 1.85)

adsorption of MeOH on the step facet of O-Zn. We do not observe any correlation between the
interaction energy (WR) and the outcome of the interaction. However, the extent of reconstruction
varies from facet to facet. Furthermore, upon normalization of the energies by excluding the impact
of reconstruction (WOR), there is a one-to-one correlation between interaction energies (WOR) and
the outcome of MeOH. Dissociation is always associated with lower interaction energy than molec-
ular adsorption. Also, irrespective of the outcome, methanol interaction is more favoured on the
ZnO and ZnAl,O, facets than Zn and O-Zn.

Next, we note effective charges on surface zinc and oxygen atoms for all the facets investigated
in Tab.7.3 and Tab.7.4, respectively. The numbers in black depict Zn and O-Zn systems, whereas
the blue and red numbers indicate ZnO and ZnAl;O, systems. It is clear from Tab.7.3 that with
increasing oxygen content, Zn becomes more positive, indicating electron transfer from metal to
oxygen. Similarly, as seen from Tab.7.4, charge gained by oxygen atoms varies from -0.68 for
ZnO(1011) to -1.38 for O-Zn(1013). However, we do not see any correlation between the charge
on surface zinc/oxygen and the outcome of the interaction i.e. adsorption or dissociation of MeOH.

Further, we compare pDOS for O-2p of O-Zn, ZnO, and ZnAl,O, for flat and step facets as
shown in Fig.7.1-(a) and (b), respectively. The reference pDOS for 2p of O,/ .0p is plotted in
each figure as a grey curve. Depending on the environment, the pDOS exhibit subtle variation
which influences the outcome of the interaction of MeOH with that facet. Two flat facets [(1010)
and (1011)] and step facets of ZnO with non zero pDOS at Fermi favours dissociation of MeOH.
Whereas for the (1120) facet, there are no states at the Fermi level, and this is the facet of ZnO
with the chemisorption of MeOH as the only outcome. For both step facets of ZnO (see (ii) of
Fig.7.1-(b)) significantly low number of O-2p states are present near Fermi. However, for both
these stepped facets, Zn-4s states are present at Fermi (shown in Fig.7.3-(b)-(ii1)) and overlaps

with 2p states of Op;.0pn, Which accounts for the spontaneous dissociation of MeOH on these
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(a) O-2p of flat facets (b) O-2p of step facets
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Figure 7.1: pDOS of 2p of O in different systems (i) oxygen preadsorbed zinc (0-Zn), (ii) metal oxide (ZnO),
(iii) mixed metal oxide (ZnAly0y). (a) shows flat facets, while (b) represents stepped facets. 2p of oxygen of
methanol is plotted in grey colour for reference.

facets. This site-specific signature of pDOS is also observed in the tDOS plot, which reflects the
underlying electronic structure of the entire facet. The tDOS plots of flat and step facets of all
systems are shown in Fig.7.2-(a) and (b), respectively.

The following system we will discuss is a mixed metal oxide, ZnAl,O4. For ZnAl,O,4, on
(220) and (311) facets dissociation of MeOH is the favoured outcome. Al acts as the active site
for methanol adsorption in these cases because of its greater affinity for oxygen than Zn. Surface
oxygen atoms have variations in their coordination with Zn and Al atoms. The difference in the
coordination of these oxygen atoms also reflects in their pDOS plots as seen in Fig.7.1-(a) and (b)-
iii. These different ‘types’ of oxygen atoms on the surface are denoted based on their coordination
with Al and Zn atoms, respectively. For example, the label 220-O3 in Fig.7.1-a-(ii1) represents the
pDOS of the oxygen atom, which is coordinated with 3 Al atoms. Interestingly, when MeOH is
placed near the oxygen atoms having non-zero states at the Fermi, they undergo dissociation. In

contrast, if MeOH is placed near oxygen atoms that do not have Fermi states, they are chemisorbed.
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(a) tDOS: Flat facets (b) tDOS: step facets
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Figure 7.2: tDOS of different systems (i) metallic Zn, (ii) oxygen preadsorbed zinc (O-Zn), (iii) metal oxide
(Zn0), (iv) mixed metal oxide (ZnAl,Oy). (a) shows flat facets, while (b) represents stepped facets.

Thus, the adsorption of MeOH in the vicinity of oxygen, which has non-zero energy states at Fermi,
is essential for dissociating methanol. However, it is not sufficient to have non-zero states at Fermi.
The orientation of methanol plays a crucial role in determining the outcome. The preferred orien-
tation is where Hys.op is inclined towards the O, ¢. Fig.7.4 represents two different orientations
of methanol on (220) facet of ZnAl,O,. The atoms displayed in blue depict those oxygen atoms
with non-zero peaks at the Fermi level, and the red ones have zero energy states at the Fermi
level. Fig.7.4-(a) and (b) show the adsorption of methanol on the same Al atom in two different
orientations, which results in adsorption and dissociation of methanol, respectively. The favoured
orientation of methanol (refer Fig.7.4-(b)) for dissociation is the one in which Hy.op is tilted to-
wards the blue-coloured oxygen atom, which has non-zero energy states at Fermi. This observation
holds for the (311) facet also. It is interesting to note that this trend is also visible in the pDOS plot
of each facet, where Al-3p is present at Fermi (Fig.7.5) and overlaps with 2p of O,/.0p, but no
Zn-4s is seen around Fermi (Fig.7.3). This signature is also clearly seen in the tDOS of ZnAl,O4
depicted in Fig.7.2-(iv).
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(a) Zn-4s: Flat facets (b) Zn-4s: step facets
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Figure 7.3: Represents pDOS of Zn-4s in various systems (i) metallic zinc (Zn), (ii) oxygen preadsorbed zinc
(O-Zn), (iii) metal oxide (Zn0O), (iv) mixed metal oxide (ZnAloOy). Figure (a) and (b) shows flat and stepped
facets of these systems, respectively.

7.3 Conclusions

The current study thoroughly examines how methanol interacts with several facets of zinc-based
materials. Different arrangement of atoms on any surface creates a unique environment, affecting
its reactivity for the incoming adsorbate species. The underlying electronic structure of a surface
perfectly captures this pattern of the changing environment. This chapter discusses the underlying
electronic structures of different catalytic systems, including Zn, O-Zn, ZnO, and ZnAl,O,, that
have been investigated for interactions with methanol in our study. By carefully analyzing the
site-specific pDOS plots of these facets, we report that the existence of energy states of oxygen,
metal, or both at or near the Fermi level has a substantial influence in the dissociation of MeOH on
that particular facet. With this knowledge, we may examine catalytic surfaces for their interactions
with incoming adsorbate species from a fresh perspective. The ultimate goal of any DFT-based

computation is to understand the results in terms of underlying electronic structure, derive trends
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Figure 7.4: The orientation of methanol on (220) facet of ZnAl3O4 are shown. The atoms in blue colour
correspond to those oxygens which have non-zero energy states at Fermi as shown in Fig.7.1-(a)-(iii) and
red are those which have zero energy states at Fermi. (a) shows the initial position of methanol where the
Hyreopr is inclined towards red oxygen atoms and results in methanol adsorption upon optimization. (b)
depicts the initial position of methanol in which Hy;.op is tilted towards blue oxygen atoms, resulting in
dissociation. It signifies that along with the presence of oxygen with a non-zero peak at Fermi, the orientation

of MeOH does play a crucial role in determining the outcome of the interaction of MeOH in a complex system
such as ZnAlyOy.
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Figure 7.5: pDOS of Al-3p in different facets of ZnAloO,4 are shown. (a) represents (220) facet, where
two inequivalent Al atoms are present on the surface. These Al atoms are distinguished based on their
coordination with the neighbouring atoms. The Al subscript represents a number of Al, Zn, and O atoms to
that Al atom. (b) shows (311) facet of ZnAlyO4. At this facet, two inequivalent Al atoms are present, which

differ in their environment. Presence of Al-3p energy states near Fermi favour dissociation of MeOH on this
facet.

and gain predictive power. The work of this thesis is an attempt in that direction.
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Chapter 8
Summary and future scope

The rational designing of a catalyst for methanol decomposition demands understanding the inter-
action of a methanol with different facets and distilling out the essential factors leading to desired
products. In this thesis, we have investigated a series of Zn-based catalysts, including pure metallic
Zn, oxygen-preadsorbed Zn, ZnO, and ZnAl,O, for their interaction with MeOH. We observed
that the change of environment of Zn in these different systems affects their catalytic activity. The
changing environment is captured in the underlying electronic structure of the catalysts. We demon-
strate a one-to-one correlation between the electronic structure of the bare facet and the outcome
of that facets interaction with MeOH. By carefully analyzing the site-specific projected density of
states of these facets, we report that the existence of energy states of oxygen, metal, or both at or
near the Fermi level has a substantial influence on the dissociation of MeOH on that particular facet.
The adsorption of MeOH in the vicinity of oxygen, which has non-zero energy states at Fermi, is
essential for dissociating methanol. However, it is not sufficient to have non-zero states at Fermi.
The orientation of methanol plays a crucial role in determining the outcome. With DFT study, we
predicted spontaneous conversion of methanol to formaldehyde, which desorbs from the surface at
(1011) facet of ZnO. Later, we validated our DFT results by the experiments and we demonstrated
the conversion of methanol to formaldehyde on the ZnO catalyst at ambient conditions.

As discussed earlier, the presence of non-zero energy states at Fermi is necessary but not suf-
ficient condition for the dissociation of methanol. There are several other factors that affect the
interaction of methanol which could be explored in detail. We have investigated families of Zn-
based catalyst for MeOH interaction and provide a rationale behind the variation in outcome of
interaction based on underlying electronic structure. This understanding could be utilized for other
classes of metals such as, Cu, Mg, Ti, etc. which are extensively used in industrial catalysts, to
investigate the interaction with methanol.

All the DFT results reported in the thesis are at OK and zero pressure, however, the real reactions

takes place conditions are certainly at higher temperature and pressure. Thus, a different theoretical
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approach like ReaxFF could be used to investigate the interaction of methanol with these systems at
desirable temperature and pressure conditions. ReaxFF is a bond-order based force field tool which
finds significant application in exploring the materials properties. ReaxFF can deal with systems
as large as 10000 atoms under industrial reaction conditions. Another tool such as microkinetic
modelling can be used to understand the reaction mechanism for methanol to formaldehyde at
the ZnO. In microkinetic modeling, the microscopic properties of catalyst obtained from DFT are
linked to the macroscopic properties of the system like turnover frequency, selectivity towards the
desired products.

Numerous factors, like the structural arrangement of surface atoms, environment of the surface
exposed to the adsorbate orientation of adsorbate, etc., are important factors that affect interaction
of surface-adsorbate. Scanning all the sites on the catalyst surface and orientation of methanol is
formidable task using DFT. Machine learning could be used to explore the chemical space and

derive trends for the surface-adsorbate interaction.
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Continuous efforts are going on to design environmentally benign catalysts than the existing
ones. The rational designing of a catalyst would demand understanding the interaction of a
molecule with different facets and distilling out the essential factors leading to desired
products. Density functional theory (DFT) is a method that describes catalytic reactions at
surfaces with the detail and accuracy required for computational results to be meaningfully
compared to experiments.

In this thesis, we have investigated various Zn-based catalysts for their interaction with
methanol (MeOH). MeOH is one of the most critical molecules being studied extensively,
and Zn-based catalysts are widely used in many industrially relevant reactions involving
MeOH. We studied the interaction of methanol with different facets of many Zn-based
systems, including pure metallic Zn, oxygen-preadsorbed Zn, ZnO, and ZnAl.O,. We
observed that the same element (Zn and O, in the present study) exhibits different catalytic
activity in different environments. The changing environment is captured in the underlying
electronic structure of the catalysts. We demonstrate the one-to-one correlation between the
electronic structure of the bare facet and the outcome of that facets interaction with MeOH.
By carefully analyzing the site-specific projected density of states of these facets, we report
that the existence of energy states of oxygen, metal, or both at or near the Fermi level has a
substantial influence on the dissociation of MeOH on that particular facet. The adsorption of
MeOH in the vicinity of oxygen, which has non-zero energy states at Fermi, is essential for
dissociating methanol. However, it is not sufficient to have non-zero states at Fermi. The
orientation of methanol plays a crucial role in determining the outcome.

The ultimate goal of any DFT-based computation is to deduce trends and gain predictive
power by understanding the results in terms of underlying electronic structure. This work
presents an attempt in that direction.



Details of the Publications Emanating from the Thesis Work

1) List of publication(s) in SCI Journal(s) (published & accepted) emanating from the

thesis work, with complete bibliographic details.

(i) Shweta Mehta, Sheena Agarwal, Nivedita Kenge, Siva Prasad Mekala, Vipul Patil, T.
Raja, and Kavita Joshi. "Mixed metal oxide: A new class of catalyst for methanol activation."

Applied Surface Science 534 (2020): 147449.

DOT: https://doi.org/10.1016/j.apsusc.2020.147449

(ii) Shweta Mehta, and Kavita Joshi. "From molecular adsorption to decomposition of
methanol on various ZnO facets: A periodic DFT study." Applied Surface Science 602
(2022): 154150.

DOI: https://doi.org/10.1016/j.apsusc.2022.154150

(ii) Shweta Mehta, and Kavita Joshi. "Electronic fingerprints for diverse interactions of

methanol with various Zn-based systems" Recently Accepted in Surface Science (2023).

DOI: https://doi.org/10.1016/j.susc.2023.122350

2) List of Papers with abstract presented (oral/poster) at national/international

conferences/seminars with complete details.

(i) Presented a poster entitled “Catching the essence of Hohenberg-Kohn’s first theorem
while recreating PES for small cluster with machine learning” at the school on Modelling
and Simulations of Materials for Energy and the Environment, during December 2018 at

JNCASR Bengaluru.

Abstract: Density functional theory (DFT) is currently one of the most accurate and yet
practical theories used to gain insight into the properties of materials. Although successful,
the computational cost required is still the main hurdle even today. In recent years, there has
been a trend of combining DFT with Machine Learning (ML) to reduce the computational
cost without compromising accuracy. Finding the right set of descriptors that are simple to
understand in terms of giving insights about the problem at hand, lies at the heart of any ML
problem. In this work, we demonstrate the use of nearest neighbor (NN) distances as
descriptors to predict the interaction energy between the cluster and an adsorbate. The model
is trained over a size range of 5 to 75 atom clusters. When the training and testing is carried
out on mutually exclusive cluster sizes, the mean absolute error (MAE) in predicting the
interaction energy is ~ 0.24 eV. MAE reduces to 0.1 eV when testing and training sets
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include information from the complete range. Furthermore, when the same set of descriptors
are tested over individual sizes, the MAE further to ~ 0.05 eV. We bring out the correlation
between dispersion in the nearest neighbor distances and variation in MAE for individual
sizes. Our detailed and extensive DFT calculations provide a rationale as to why nearest
neighbor distances work so well. Finally, we also demonstrate the transferability of the ML
model by applying the same recipe of descriptors to systems of different (N,, O,, and CO).
elements like (Najg), bimetallic systems (Al¢Gas, LisSns, and AusCus) and also different
adsorbates.
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hydrogen source. However, breaking of its O-H and/or C-H bond is required for using it as a
fuel or source of hydrogen. The edisonian approach of catalyst improvement or discovery
demands humongous lab scale experiments, which are costly and time consuming. Use of
computation offers not only flexibility but also accelerate the search by providing a platform
to carry out virtual experiments. Since the computation is based on solid foundations of
Density Functional Theory (DFT), the underlying electronic structure provides atomistic
level insights about functioning of a catalyst. In this talk, I would like to discuss about two
investigations where we implemented DFT to unravel interaction of methanol with catalyst.
In one of the study, I will be discussing about a mixed metal oxide which has been
experimentally synthesized and demonstrated for better activity of methanol. With the help of
DFT we provide rationale as to why this mixed metal oxide works better for methanol
dissociation. While in another study, we propose interaction of methanol with stepped facets
of metal oxide which has not been investigated so far.
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Abstract:Metal oxides exhibits better catalytic activity than pure metals due to the presence
of acidic and basic sites on their surface. Metal oxides are essential catalyst in synthesis of
various value added chemicals via oxidation, dehydrogenation, acid-base reactions etc.
Methanol, being a prominent hydrogen source, has a potential to replace the existing fuels.
However, conversion of methanol to any value added product, requires breaking of its O-H
and/or C-H bond. The Edisonian approach of catalyst improvement or discovery demands



humongous lab scale experiments, which are costly and time consuming. Use of computation
offers not only flexibility but also accelerate the search by providing a platform to carry out
virtual experiments. Since the computation is based on solid foundations of Density
Functional Theory (DFT), the underlying electronic structure provides atomistic level
insights about functioning of a catalyst. Here, I would like to discuss about employment of
DFT to unravel interaction of methanol with metal oxide and mixed metal oxide. Our DFT
investigations show spontaneous dissociation of O-H bond of methanol on both the surfaces.
Different facets of a catalyst exhibits different activity towards methanol. With the help of
electronic structure, we provide rationale as to why these surfaces works better for methanol
dissociation. The metal oxide surface presents spontaneous dehydrogenation of methanol to
formaldehyde. To validate the DFT results, we designed lab scale experiment on the metal
oxide, which also indicates synthesis of formaldehyde at ambient conditions.
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ARTICLE INFO ABSTRACT

Keywords: In this work, we propose a mixed metal oxide as a catalyst and demonstrate it’s ability to not only activate the
ZnAl,04 MeOH molecule upon adsorption but also dissociate O—H and one of it’'s C—H bonds. MeOH activation is
MeOH compared on two prominent facets of ZnAl,04 viz. (22 0) and (31 1). While spontaneous O—H bond dissociation
DFT

is observed on both facets, C—H bond dissociates only on the (31 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 (31 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

Spontaneous dissociation

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 O—H, C—H, and/or C—O 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
O—H or one of the C—H 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

E-mail addresses: t.raja@ncl.res.in (T. Raja), k. joshi@ncl.res.in (K. Joshi).
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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(111) 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(111) and CoPt(11 1) bimetallic surfaces
[44]. In an another interesting study, Lawrence et. al. demonstrate the
C—O0 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
(111), 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, O—H 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 (111) and (1 00), while the dissociation barriers can be
lowered significantly by surface defects, like (22 1), (110), and (321)
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 CeO, [20], MgO [42,51,64,65], Cry03
[52], Cuy0 [53], TiO, [54,55], Al,05 [18,52,56], ZnO [50,57], f-Gay03
[58], etc. Riguang et. al. highlight the role of preadsorbed oxygen on
Cu,0 (111) surface in O—H bond dissociation [53]. Their DFT based
calculations show that the O—H bond dissociation path has the lowest
activation barrier 0.28 eV. Oxygen-precovered Cu,O (111) surface
exhibits high surface reactivity towards the formation of CH;0 ™ by the
O—H bond-cleavage, and reduces the activation barrier for O—H 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 CeO, (11 0)
facet. Further, dissociation on the (1 1 0) surface of CeO, 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/Al,O5; 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
a-Al,03 (0001) in the absence of co-adsorbed H atoms, their results
for methanol adsorption on «-Cr,03 (000 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 Al,O3 surface is shown to have maximum O—H bond elongation up
to 1.02 A. 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 y-Al,O3 with Nb,Os catalysts were investigated [56]. The
conversion of methanol was reported to be enhanced due to Nb,Os
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 O—H
bond of MeOH elongates up to 1.05 A. 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
1.20eV [57]. Smith et. al. report an activation barrier of 0.39 eV for
dissociation of methanol over defect free polar ZnO(0001) surface
[501.

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 Al,O3 and ZnO to form
ZnAl,0,4. We demonstrate that activation as well as spontaneous dis-
sociation of O—H and one of it’s C—H bonds takes place on this mixed
metal oxide catalyst. Study of MeOH activation on (311) and (220)
surfaces of ZnAl,04 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 O—H bond in
MeOH. Adsorption and activation of O—H bond was observed with
varying strengths on both surfaces. (31 1) in particular proved to offer
greater catalytic activity than (2 2 0). Not only O—H but also C—H bond
dissociation was observed on (31 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]
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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 A which is in excellent agreement with the experimentally
measured lattice parameter 8.0779 A [70]. Two different facets, (22 0)
and (311) of ZnAl,04 were modeled as slab by cleaving a surface with
4 layers in 220 (31 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 (31 1) direction of the crystal, was
varied from 15 A till 25 A with the step of 2.5 A. It was found that 20 A
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 0.05eV/A on the unfixed atoms and the total
energies were converged below 10~ 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:
Eogs = Esys[cm - Esurfacc — Emotecute where Esystcm is energy of the system
when MeOH is placed on the surface, Eg,uc is energy of the bare sur-
face and E,pecule 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

ZnAl,04 is a normal spinel metal oxide with a cubic lattice and
Fd3m space group [84]. In this spinel compound, oxide ions occupy the
Wyckoff position and form a face-centered cubic sublattice where Zn*?>
ions occupy tetrahedral sites while Al** occupy octahedral sites. These
Zn*? ions are coordinated with four nearest neighbor oxygens whereas
the Al™3 jons have six oxygen atoms as their nearest neighbors in the
bulk structure. In case of ZnAl,0,, since the surface is polar, it could be
terminated in two different ways, and it has been demonstrated that
AlO, terminated surface is favored over ZnAlO, termination [85].
(220) and (31 1) are the most prominent peaks in the XRD pattern of
ZnAl,04 and hence we have chosen to study these surfaces for MeOH
adsorption [66-70].

3.1. Interaction of MeOH with ZnAl,O4 (2 2 0) surface

The (22 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 AlO, or ZnAlO,. We model
the AlO, 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, Hpy (H attached to O in MeOH) and Hey
(H attached to C in MeOH). When MeOH is placed through carbon or
Hcy 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 Hoy 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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Fig. 1. The (2 2 0) surface of ZnAl,0, with the top view and the side view. The
top-most layer of (22 0) surface consist of Al and O atoms.

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 (Ny,s), change in the angle between N,y 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 Al—Al, Al-Zn, Al-0O, Zn—O as well as

Rotation around normal Nsurf
to the surface exposes &
adsorbate to changing
surface environment
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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 E,4, O—H bond activation,
metal-Opeon (O of MeOH) distance and Hoy-Oy,y (surface oxygen)
distances in Table 1. The observation table is divided in three parts
based on the amount of activation O—H bond undergoes and adsorption
site. It was observed that the trends in the activation of the O—H bond
could be understood if we systematically investigate the nearby en-
vironment of the adsorption site. The first class comprises of cases
where the O—H bond in methanol was barely activated from 0.97 A to
0.98-1.00 A. The second class includes all cases for which the O—H
bond activation was greater than 1.00 A, i.e. between 1.01 A to 1.04 A.
An important observation made during the adsorption studies was that
irrespective of initial orientation of O—H bond, finally the bond would
orient itself such that the Hoy 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 Hoy-Oy,,s distances in Table 1. For
cases where O—H bond activation is not more than 4-5% (class I) the
distance of Oy, from Hoy is in the range of 1.74 A to 2.12 A. Whereas
for the class II cases, with an activation up to 7-9%, the distance be-
tween Hoy and Oy,s reduces to 1.52 A-1.67 A. The proximity of surface
oxygen atom and reorientation of O—H 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 O—H 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

0O-C
.~ bond
axis

Rotation around
O-C bond axis
changes
distance
between H

and O

MeOH

surface

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 Ny,;; 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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Fig. 3. The (2 20) surface of ZnAl,04 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, O—H bond activation, distance between Opy and surface metal (M) atom, and Hop-Oy,s distance for adsorption studied at
various positions as indicated in Column 1 on (22 0) (refer to Fig. 3 for site specifications).

Adsorption Eqds O—H 0—Al HMeor) = Osurface

Site Bondlengths distance distance

(eV) A) (eN) (eN)
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

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 12 and 14" positions on (2 2 0)
surface and share a common adsorption site (refer Fig. 3-b). The Al-O
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 O—H bond activation is 0.98 A (barely activated) in case
of 12th position whereas 1.02 A (moderately activated) in case of 14"
position. And this can be directly understood if we look at the
Hyeon-Osuy 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 (22 0) surface as well.
Finally, we report the case wherein O—H 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 O—H bond
in methanol over (22 0) facet of ZnAl,04. 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 O—H bond acti-
vation, the other case (position 13) represents complete dissociation of
the O—H 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
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14" position

O-H
. bondlength
¥ 1.02A

HMeOH_Osurf

distance
1.66 A

O-Al
distance
1.96 A

Moderately activated

Fig. 4. MeOH is adsorbed at the same site. At 12 position, the OH bond is barely activated whereas at 14" 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 O. Resultant methoxy group attaches to surface Al atom.

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 ZnAl,O4. 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 ZnAl,0,. Overall, it is observed that (22 0)
facet of ZnAl,0O,4 exhibits excellent catalytic activity towards an in-
coming methanol molecule. Al atoms on the surface offer activation of
O—H bond in the range of 0.98 A to 1.04 A. Complete dissociation of
O—H bond indicating spontaneous dissociation over (220) facet of
ZnAl,0,4 was also observed.

3.2. Interaction of MeOH with ZnAl,O4 (31 1) surface

(311) 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 (220), on (311) 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 (31 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 (311)
surface along with various bonds lengths in Table 2.

The same scheme for classification, as used for cases on (22 0), is
employed to analyze the adsorbed cases on (311) surface. The ad-
sorbed cases based on O—H bond activation are divided into three
classes viz. class I - bare minimum activation of O—H bond
(0.98 A-0.99 A), class II - higher activation (1.03 A-1.10 A), and class
III - adsorption on bridge/hollow sites. For (31 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 O—H bond activation and
presence of a nearby oxygen atom on surface still holds. The distance of
Oy atom from Hoy in class I ranges between 1.96 A and 2.36 A and
the corresponding O—H bond activation is in the range of
0.98 A-0.99 A (from initial 0.97 A). When the distance between O,y
and reoriented Hoy atom reduces to 1.36 A-1.58 A, a greater activation
of O—H bond, from 1.03 A to 1.10 A, is seen. For the adsorption en-
ergies, it is observed that generally the adsorption energies for class II
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Fig. 6. The (31 1) surface of ZnAl,O,4 with the top view and the side view. The
(311) surface has topmost layer composed of Zn, Al and O atoms.

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
Hoy 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 (31 1) two cases of dissociation are observed viz.
one of O—H and other of both O—H and C—H 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 11th position), it
dissociated to give away it’s H atom to a nearby surface oxygen atom as

(a)
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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 O—H bond in one case (position 11) (see Fig. 8-a), very high acti-
vation of O—H bond (O—H bond stretches to 1.10 A) in the other (po-
sition 7), and considerable activation up to 1.03 A 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 O—H bond but also
one of the C—H bonds in methanol. It was observed that the methanol
molecule first loses it’s Hoy 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 H>CO 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 O—H and C—H 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 (220) and (31 1) bare surfaces

To understand the variation in interaction of MeOH with (2 2 0) and
(311) 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

(b)

Fig. 7. (a) Initial positions of adsorbate on the surface (b) final positions of methanol upon adsorption on (31 1) facet.
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Table 2

Adsorption energies, O—H bond activation, distance between Opy and surface
metal (M) atom, and Hoy-Oy,s distance for adsorption studied at various po-
sitions as indicated in Column 1 on (311).

Adsorption Eqds O-H O—M  Hog-Osuf

Site bondlengths distance distance
(eV) A) A) A

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

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 O,,, wherein x and y are the number of Al and Zn atoms
coordinated with O respectively. Thus, O3, represents an oxygen co-
ordinated with 3 Al and 0 Zn whereas O;; 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 (O3 - blue) with slightly
more negative charge away from the Fermi energy in comparison with
the other O (Oy; - 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
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Fig. 9. pDOS plots for two types of surface oxygen atoms on (2 20) surface.
Charges on each type of oxygen atom is mentioned in the plot. Subscripts on O,
denote the coordination of O atoms, wherein x and y are the number of Al and
Zn atoms coordinated with O respectively.

4

0y ——0y

Oy
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Fig. 10. pDOS plots for three types of surface oxygen atoms on (31 1) surface.
Charges on each type of oxygen atom is mentioned in the plot. Subscripts on Oy,
denote the coordination of O atoms, wherein x and y are the number of Al and
Zn atoms coordinated with O respectively.

adsorption sites with varying strengths. On (31 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

(b)

Fig. 8. Spontaneous O—H and C—H bond breaking at 311 facet. Surface oxygen atoms are indicated as O. When the active site is Zn(Al), the resultant methoxy group

attaches to Zn(Al). The dissociated H atom attaches to surface oxygen atom ).
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Fig. 11. pDOS plots for Al atoms on (31 1) and (2 2 0) surface. Charges on each
of the Al atom is mentioned in the plot. Subscripts on Al,, denote the co-
ordination of Al atoms, wherein X, y, and z are the number of Al, Zn, and O
atoms coordinated with Al respectively.

- I 31— Zngge 311 ——  Zagy,-220

2 4 1.58e

[z

= 15

o | E;

=] Zn-bareslab e

= 6 [(311-220)

‘@

g

=l

o]

L

3 2

2

o
0 I
-8 -6 2 0

4 =,
Energy (E-Ep) eV

Fig. 12. pDOS plots for Zn atoms on (31 1) and (2 2 0) surface. Charge on each
of the Zn atom is mentioned in the plot. Subscripts on Zn,,, 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.

also turns out to be the most coordinated i.e. coordinated with two Al
and one Zn atom (O,;-green) with corresponding maximum shift away
from the Fermi energy. The other two oxygen atoms also follow the
coordination trends wherein the least coordinated O;;(in red) is the
closest to the Fermi energy followed by O;. Further, there are two kinds
of Zn atoms present on the (31 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 O—H
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 (220) and (311)
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 (22 0) vs
(8311) surface as shown in Fig. 11. The Aly4 atom on (22 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 Alyy, (in red) and Aly;s (in blue) atoms on (31 1)
surface have sharp peaks at around —6 eV. Further, it is interesting to
note that though Zngy, (in green) on (220) and Zngyy (in blue) on
(311) 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
(220) and (31 1) surface, more variation in the charge distribution is
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observed for (31 1) surface in comparison with (22 0). This variation
arises due to the step nature of (31 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 O—H bond activa-
tion, O—H bond dissociation and also C—H bond dissociation in me-
thanol. While (220) demonstrates a case of O—H bond activation,
(311) exhibits its capacity to dissociate both O—H and C—H bonds
from methanol. The O—H bond activation on (31 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, (31 1) particularly performs better than
(220). 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 O—H and C—H 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 O—H as well as C—H 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, Al,05 and ZnO towards MeOH activa-
tion. In this work, we illustrate (22 0) and (31 1) facets of ZnAl,O4 as
excellent candidates for MeOH activation. These two surfaces not only
offer significant O—H bond activation but also exhibit one case each of
O—H bond dissociation. The dissociation observed in our studies are
important as they are spontaneous. To top it, (31 1) surface undergoes
successive dissociation of one of the C—H bonds as well. In an attempt
to understand the factors that influence O—H 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 (220) 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 (11 1) or (1 1 0) planar surfaces. Our work in fact illustrates an
upper hand in terms of catalytic activity for stepped surfaces like
(311). 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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ARTICLE INFO ABSTRACT
Keywords: Methanol is an interesting and important molecule to study because of its potential to replace existing fuels.
DFT It is also a prominent hydrogen source which can be used to generate hydrogen in-situ. ZnO is widely used
Surface interactions as catalyst in synthesis of methanol from CO, at industrial scale. In this work, we demonstrate that the same
ﬁ;%H catalyst could be used for MeOH decomposition. We have investigated interaction of methanol with various flat
and stepped facets of ZnO by employing Density Functional Theory (DFT). Two flat [(1010) and (1120)] and
two stepped [(1013) and (1122)] facets are studied in detail for methanol adsorption. Chemisorption of MeOH
with varying strength is common to all four facets. Most importantly spontaneous dissociation of O-H bond
of methanol is observed on all facets except (1150). Our DFT calculations reveal that molecular adsorption
is favored on flat facets, while dissociation is favored on step facets. Also, (10T0) facet undergoes substantial
reconstruction upon MeOH adsorption. Activation of C-H bond along with strengthening of C-O bond on ZnO
facets suggest partial oxidation of methanol. With our DFT investigations, we dig deeper into the underlying
electronic structure of various facets of ZnO and provide rationale for the observed facet dependent interaction

of ZnO with MeOH.
1. Introduction for synthesis of methanol from syn gas is Cu-ZnO/Al,03. In a re-
cent computational study, Elnabawy et al. demonstrated the role of
Methanol is one of the most important chemical for industrial ZnO in industrial catalyst for methanol synthesis [37]. They reported

reactions and a primary feed-stock for energy production. Due to
easier transportation and compatibility with the existing infrastructure,
methanol attracts considerable attention. Methanol emerges as an effi-
cient means to store energy and it can also be used as a convenient fuel
[1]. It is also used in the direct methanol fuel cell (DMFC). Methanol
can also be converted to various hydrocarbons like formaldehyde,
dimethyl ether, etc. Methanol is also a promising hydrogen source

that the strong metal support interaction between Cu and ZnO favors
higher activity towards methanol synthesis. ZnO reduces and par-
tially covers the Cu surface which causes modification in the surface.
However, the active Cu sites remain unaffected leading to higher
activity of catalyst. ZnO is considered as a very active catalyst for
many reactions because of its mixed covalent and ionic bonding [38].

because of its high hydrogen content [2,3]. However, use of methanol Industrially methanol is partially oxidized to formaldehyde using two
as a source of hydrogen requires breaking of its O-H and C-H bonds with different catalyst, silver or iron-molybdenum oxides. However, the
substantial bond dissociation energies, viz. 96.1 kcal/mol and 104.6 reaction takes place at elevated temperatures in both the cases. It is as
kcal/mol respectively [4]. Over the past two decades, extensive studies high as 600°C when silver is used as catalyst whereas it drops down
of activation and decomposition of methanol on various metal surfaces to ~ 250-400°C for molybdenum catalyst. Clearly there is a room
[5-15], metal alloys [16-21], metal clusters [22-25], metal oxides [26— for improvement of the catalyst which could bring down the reaction
32], mixed metal oxides [33], and zeolites [34-36] have been carried temperature further. In an experimental study, Boisen et al. demon-

out. In general metal oxides turn out to be better catalyst for activation
of methanol due to the presence of oxygen on the surface, which acts
as an active site.

As discussed above, breaking bond of methanol is primary step to
convert it to any value added product. The industrial catalyst used

strated that optimal ammonia synthesis catalyst is not the optimal
ammonia decomposition catalyst [39]. Contrary to that, ZnO, which
is an optimal methanol synthesis catalyst exhibits excellent activity
for methanol decomposition. Vo et al. investigated the adsorption
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and decomposition of methanol on ZnO(1010) by employing DFT and
concluded that methanol strongly adsorbed on ZnO(lOTO) surface as
compared to CuCl(111), Cu(111), and Au(111) surfaces. Their results
showed that decomposition of MeOH to CH,O molecule has a barrier of
1.20 eV [40]. In another interesting study, Abedi et al. employed DFT to
understand the conditions leading to monolayer formation of methanol
on ZnO(1010) surface. They reported breaking of the O-H bond, with
a barrier of 0.5 eV, as the preferred mechanism over cleavage of C-
O bond [41]. In a combined experimental and theoretical work, Ruan
et al. used high-resolution scanning tunneling microscopy in combi-
nation with density functional theory to identify both the physi- and
chemisorbed methanol species on the non-polar ZnO(lOTO) surface. The
physisorption of methanol dominates at liquid nitrogen temperature
which transform into chemisorption upon either thermal annealing
or electron injection. Moreover, the chemisorbed methanol mostly
retains an undissociated state and tends to form one-dimensional chain
structure along the (0001) direction mediated by the intermolecu-
lar hydrogen bonding interactions [42]. A DFT study carried out by
Smith et al. demonstrated significantly lower reaction barrier (0.39
eV) towards methanol dissociation on ZnO (0001) compared to PdZn
surfaces (0.54 eV) [43]. Recently Jin et al. studied the adsorption and
reactions of CH;OH on non-polar mixed-terminated ZnO(1 OTO), polar
O terminated ZnO(0001) and Zn terminated ZnO(0001) surfaces using
high-resolution electron energy loss spectroscopy (HREELS) in con-
junction with temperature programmed desorption (TPD). They found
that for all three ZnO surfaces, methanol adsorb dissociatively at room
temperature which leads to the formation of hydroxyl and methoxy
species. Upon heating to higher temperatures (370 K and 440 K), the
dissociated and intact methanol species on ZnO(1010) predominantly
undergo molecular desorption releasing CH;OH. While on both polar
surfaces, thermal decomposition of CH3;0H occurs to produce CH,O,
H,, CO, CO,, and H,O at temperatures higher than 500 K [44].

Although ZnO is used extensively as a catalyst in many reactions,
its potential is not truly realized. To the best of our knowledge only
non-polar (IOTO) and polar (0001) facets of ZnO have been stud-
ied for methanol activation. XRD pattern shows that (1150), (10T3),
and (1 152) are also prominent facets. These facets are hardly studied
for methanol activation. In the present work, we have systematically
studied the interaction of methanol with various flat (10T0), 1 150)
and stepped surfaces (1013), (1122) by employing periodic DFT. We
report not only molecular adsorption and activation of O-H bond of
methanol on these facets but also spontaneous dissociation of its O-
H bond leading to formation of methoxy species. The quenched C-O
bond-length in methanol along with partial double bond type character
indicates onset of oxidation of methanol. We also demonstrate various
possibilities regarding interaction of MeOH with ZnO and bring out the
rationale behind the reactivity in terms of electronic structure of these
facets. Finally we would like to bring out the role of computation in
designing catalyst. DFT based computation has played a crucial role in
rational design of catalyst while understanding its catalytic activity. To
understand why different facets interact differently with MeOH, it is
indispensable to investigate the underlying electronic structure. As we
will demonstrate in the next section, our work brings out the possibility
of ZnO being a suitable catalyst for MeOH decomposition as well. We
also demonstrate that with distinguishable trends in the pDOS, charge
transfer and other computed properties, we could explain variation in
the interaction of methanol with different facets.

2. Computational details

All the calculations are carried out within the Kohn-Sham for-
malism of Density Functional Theory. Projector Augmented Wave po-
tential [45,46] is used, with Perdew Burke Ernzerhof (PBE) [47] ap-
proximation for the exchange—correlation and generalized gradient
approximation [48], as implemented in planewave, pseudopotential
based code, Vienna Ab initio Simulation Package (VASP) [49-51]. The

Applied Surface Science 602 (2022) 154150

bulk unit cell is taken from the materials project [52]. The bulk lattice
parameters upon optimization are a = 3.28 A and ¢ =5.30 A demon-
strate excellent agreement with the experimentally measured (a =
3.24 [D\, c=5.20 A) lattice parameters [53,54]. Two flat facets, (1 OTO)
and (1120) of ZnO are modeled as slabs by cleaving a surface with 3 x 3
periodicity in x and y direction with 4 layers using Quantumwise-VNL-
2017.1 [55]. Two stepped facets, (1013) and (1122) are also cleaved
by taking 3 x 1 and 2 x 2 periodicity respectively in the x and y
direction with 6 layers. In every model, bottom layer is fixed and rest
all layers and adsorbate are fully relaxed. Van der Waals corrections
are applied to account for dynamic correlations between fluctuating
charge distribution by employing Grimme method (DFT-D2) [56]. It is
observed that 20 A of vacuum is sufficient to avoid interaction between
adjacent images of planes along the z-direction. Geometry optimization
is carried out with a force cutoff of 0.01 eV/A on the unfixed atoms
and the total energies are converged below 10~ eV for each SCF cycle.
A Monkhorst-Pack grid of 3 x 2 x 1 for (1010) and 3 x 3 x 1 for
(1120) slabs is used. For both stepped surfaces, Monkhorst-Pack grid
of 2 x 2 x 1 is used. The difference in energies is less than 4meV/atom
for every system upon refining the K mesh further. Entire surface is
scanned by placing MeOH molecule at all available unique sites. To
compare the interaction of methanol at these sites, interaction energy
is calculated using the formula: E,, = E;,ym - Egprace T Emorecute)
where E ., is energy of the system when MeOH is placed on the
surface, E,,, r,.. is energy of the bare surface and E,, ., is energy of
the MeOH molecule. To understand the electronic structure of these
facets, total Density of States (tDOS) are calculated with denser k-mesh
using LOBSTER [57-60]. Mulliken charges are computed for all the
atoms on the surface.

3. Results and discussion

Bulk ZnO crystallizes in the hexagonal wurtzite structure consisting
of hexagonal Zn and O planes stacked alternately. Both oxygen and zinc
atoms are coordinated by four zinc and oxygen atoms respectively. Po-
lar ((0001) and (0001)) and non-polar ((1010), (1011), (1120), (1013),
and (1 152)) facets have prominent peaks in XRD [61,62]. In this work,
we have studied the interaction of methanol with two flat ((10?0),
(1150)) and two stepped ((10T3), (1152)) facets of ZnO. The top and
side view of all these facets are shown in Fig. SI1 and Fig. SI2. Each
layer of (1010) is divided into two sub-layers leading to various unique
sites for methanol adsorption. All these unique sites such as top of Zn,
bridge of Zn-Zn, O-O, Zn-O, and bridge positions of atoms of two sub-
layers are scanned for methanol interaction. All the sites where MeOH
is placed are shown schematically in Fig. SI3. The numbers in Fig.
SI3-(a) represent the initial positions where MeOH is placed and final
position of adsorbed methanol or dissociated methoxy group are shown
in Fig. SI3-(b). The black numbers indicate molecular adsorption while
the red numbers denote dissociated methoxy group.

Before discussing the results in detail, we would like to elaborate the
criteria adopted for labeling the interaction of methanol at various ZnO
surfaces. For all the configurations reported in this study, we described
molecular adsorption or dissociation of MeOH based on variation in
its O-H bond-length, which is 0.97 A in MeOH molecule. The ph-
ysisorption is defined as slight elongation of O-H bond, from 0.97 A to
0.98 A. On the other hand, O-H bond elongation more than 0.99 A is
associated with chemisorption of MeOH on the facet. In all cases of
O-H bond dissociation, the distance between Oy;oy and H is more
than 1.45 A (>50% of O-H bond-length). Also, the dissociated H atom
binds to the surface oxygen atom with O-H distance varying between
0.98-1.06 ;\, which infers bond formation between them. Although,
interaction energy is used to define the thermodynamic stability of
the resulting complex, it is not measure of observed bond activation.
As will be discussed later, complexes with maximum activation or
even dissociation are not always the ones with highest thermodynamic
stability.
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On the (1010) facet, methanol adsorbs either molecularly or dis-
sociatively at different sites. The interaction energy, O-H bond-length,
and Zn-Oy.oy bond-length are tabulated in Table 1. Molecular adsorp-
tion of MeOH is thermodynamically the most probable outcome at this
facet. However as seen from the Table 1, dissociation of MeOH into
methoxy is also a likely product at elevated temperatures considering
the small energy difference between these two outcomes. We report
strong chemisorption and spontaneous dissociation of O-H bond of
MeOH. A weak chemisorption is also observed, consistent with pre-
viously reported work [63], though it is not thermodynamically most
favorable outcome. At this point, it is pertinent to note that a molecule
like MeOH could be placed at the symmetry driven unique points on the
surface in various different ways. A detail account of which could be
found in our previous paper [33]. A small change in MeOH orientation
wrt surface leads to completely different result in terms of extent of O-H
bond elongation or even O-H bond dissociation. Considering this, any
study of MeOH interaction is always limited by initial configurations
one investigates and there is a dire need of formalizing a methodology
for accounting of all possibilities.

Fig. 1 shows representative conformations of MeOH upon adsorp-
tion/dissociation on this facet. A closer look at the adsorbed conforma-
tions reveal certain patterns in MeOH interaction with the facet. For
example, highly chemisorbed methanol always gets adsorbed through
oxygen (refer Fig. 1-(b)) whereas in case of physisorbed MeOH, some-
times it gets adsorb through methylic H (refer Fig. 1-(c)). Adsorption
through methylic H atom results in activation of C-H bond of MeOH.
The C-H bond elongates to 4%. Consequently, the C-O bond strengthens
(as shown in Table 1) and reduces to 1.39 A which indicates partial
oxidation of methanol. Another interesting observation is that MeOH
adsorption also leads to the surface reconstruction which results into
formation of voids as evident in all the cases. However, the extent of
reconstruction depends on the outcome i.e. chemisorption (Fig. 1-(b)
and (c)) or dissociation (Fig. 1-(d) and (e)). It was also observed that
the dissociated methoxy group can adsorb at a Zn site or at bridge
of two Zn sites. Further we investigate the interaction of MeOH with
reconstructed surface by introducing second MeOH molecule with the
most stable configuration. We placed the second molecule at various
sites in the vicinity of previously chemisorbed MeOH. This results
into two outcomes, viz. chemisorption and dissociation, depending on
availability of oxygen atom near the second molecule for abstraction
of proton of MeOH. Dissociation of O-H bond of second MeOH is
thermodynamically the most favorable outcome of this interaction (as
shown in Tab. SI1).

Another flat facet that we studied is (1120). This is a highly sym-
metric facet with less number of inequivalent sites on the surface as
shown in Fig. SI4-(a). Interestingly, when MeOH is placed on any sites
except 4th, upon optimization it gets chemisorbed at one specific site as
schematically represented in Fig. SI4-(b). The orientation of methanol
on this site is shown in Fig. SI4-(c). E,,, for methanol at this site is —1.24
eV and O-H bond of MeOH elongates to 1.02 A. Further adsorbing
the second MeOH molecule on the surface, results in chemisorption of
molecule with elongation in O-H bond up to 1.03 A. This shows that
(1120) facet does not favor dissociation of methanol due to uniformity
on the surface. Comparing adsorption of MeOH on flat facets underlines
the fact that nonuniform facet provides multiple possibilities.

Next we investigate a stepped facet (1013). Various available unique
sites, where MeOH is placed are shown in Fig. SI5-(a). Those sites where
methanol/methoxy adsorb upon optimization are shown in Fig. SI5-
(b). Interaction energy, O-H bond-length and Zn-Oy;.oy bond-length are
tabulated in Table 2. As evident from the interaction energy, dissoci-
ation of methanol is thermodynamically the most favorable outcome
on this facet. Fig. 2 shows the representative cases of chemisorption
as well as dissociation of methanol on (1013) facet. It is observed that
generally MeOH/methoxy group adsorb via its O at Zn site, but in few
cases, it adsorbs through its methylic H (refer Fig. 2-(b)). Contrary to
(1010) facet, this methylic adsorption shows higher activation of O-H
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Table 1

Interaction energy (eV), O-H bond-length A), c-0 bond-length (A), and Zn-Oy;oy bond-
length (A) for various sites on ZnO (1010) facet. All these positions are indicated in
Fig. SI3-(b). Dissociation is indicated in red color while molecular adsorption is shown
in black color.

Positions E,. O-H Cc-O0 Zn-Oppeon
(eV) BL (A) BL (A) BL (A)
4 -1.58 1.04 1.44 2.05
3 -1.52 1.03 1.44 2.06
7 -1.36 3.09 1.43 1.96
6 -1.35 4.37 1.41 1.96
5 -1.25 1.61 1.41 1.93
1 -1.08 0.98 1.45 2.11
2 -0.69 1.00 1.39 3.54
Table 2

Interaction energy (eV), O-H bond-length (A), C-O bond-length (10\), and Zn-Oy oy bond-
length (A) for various sites on ZnO (1013) facet. All these position are indicated in
Fig. SI5-(b). Dissociation of MeOH is shown in red color while molecular adsorption is
shown in black color.

Positions E,, O-H C-0 Zn-Opgeon
(eV) BL (A) BL () BL (A)
2,7 -3.88 1.57 1.44 1.88
10 -3.70 1.73 1.39 1.89
6,8 -2.87 1.46 1.43 1.90
4,5,9 -1.71 1.03 1.37 3.49
1 -1.54 0.99 1.45 217
3 -1.42 0.99 1.45 2.21
Table 3

Interaction energy (eV), O-H bond-length (&), C-O bond-length (&), and Zn-Oy;oy bond-
length (A) for various sites on ZnO (1122) facet. All these position are indicated in Fig.
SI6-(b). Dissociation is indicated in red color while molecular adsorption is shown in
black color.

Positions E,, O-H C-0 Zn-Op.on
(eV) BL (&) BL (A) BL (A)
3,9 -6.24 2.25 1.44 1.98
1,2,7,11,12 -3.10 2.04 1.44 1.98
6,8 -2.95 2.01 1.45 1.99
13 -2.86 1.94 1.45 1.98
5 -1.78 1.00 1.45 2.04
10 -1.77 0.98 1.47 2.26
4 -1.56 0.98 1.46 2.08

bond. Adsorption through methylic H leads to elongation of C-H bond
by 7% accompanied with reduction in C-O bond to 1.37 A as shown
in Table 2. Elongation in C-H bond-length along with reduction in C-
O bond-length is an evidence of partial oxidation of methanol at this
stepped facet. The dissociated methoxy group adsorbs on the surface
in two different ways, either through Op.oy (monodentate as shown
in Fig. 2-(c)) or via two atoms i.e. Oy, oy and methylic H (bidentate
as shown in Fig. 2-(d)). Interestingly, coordination number of surface
sites where MeOH/methoxy group adsorbs governs the stability of any
configuration. Due to the presence of step, extent of reconstruction
upon methanol adsorption is less on this facet as compared to (1010)
facet.

Next, we discuss another stepped facet (1122) which is more sym-
metric than (10?3) facet. Methanol is placed at all available unique sites
as shown schematically in Fig. SI6-(a) and its interaction with the ZnO
surface has been studied. In majority of the cases, irrespective of initial
positions of methanol, it diffuses to a single position upon optimization,
as indicated by red triangle in Fig. SI6-(b). Similar to the previous
stepped facet, this facet also shows two outcomes of MeOH interaction
viz. dissociation as well as chemisorption. However, dissociation is
highly favored over its molecular adsorption as evident from Table 3.
Distinct conformations of adsorption as well as dissociation of methanol
on this facet are shown in Fig. 3. A careful look at the adsorbed con-
formations reveals that depending on the sites of adsorption viz. bridge
(refer Fig. 3-(a)) or on-top site (refer Fig. 3-(b)), elongation of O-H bond
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Fig. 1. (a) side view of bare (1010) facet, (b) Chemisorbed MeOH with ~7% elongation of O-H bond, (c) chemisorbed MeOH with ~3% elongation of O-H bond, (d) dissociated
MeOH with methoxy group attached to Zn atom, and (e) dissociated MeOH with methoxy group at bridge of two Zn atoms. For clear view of adsorption of methoxy on the surface
(d) and (e) figures are enlarged. The numbers in the bracket indicates configuration with other details listed in Table 1.
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Fig. 2. Various conformers of MeOH interaction with (1013) facet. Upper panel shows chemisorption of MeOH and lower panel shows dissociation of MeOH at the facet. (a) weak
chemisorption, (b) strong chemisorption, (c) monodentate adsorption of methoxy group, and (d) bidentate adsorption of methoxy group. The numbers in the bracket indicates

configuration and the details are listed in Table 2.

of methanol differs. The dissociated cases have methoxy adsorbed at
Zn site with Zn-Oyoy bond-length (1.98 A) comparable to bulk Zn-O
bond-length. Further, second molecule also chemisorbs on the surface
with O-H bond elongation up to 1.01 A. In short, dissociation of MeOH
is thermodynamically the most favorable outcome on stepped facets
while molecular adsorption is favorable on the flat facets.

So far, we have observed that different facets of ZnO interact
differently with methanol resulting into molecular adsorption and/or
activation and/or dissociation of O-H bond. This difference in behavior
is correlated with underlying electronic structure of these facets. Coor-
dination number and Mulliken charges of surface Zn and O atoms of all
the facets are noted in Tab. SI2. For all facets but (1013), all the surface

Zn or O atoms are identical. (1013) facet has two types of Zn and O
atoms on the surface experiencing the difference in their neighboring
environment and hence Mulliken charges. It is also evident that higher
coordination of surface atoms leads to higher effective charges and
hence reduced reactivity. For example, in the case of (1120) facet, Zn
and O atoms with highest coordination and Mulliken charges do not
show dissociation of methanol. The inhibition of O-H bond breaking
of MeOH at (1120) facet could be explained by analyzing the total
density of states (tDOS) plot as shown in Fig. 4. The tDOS plot for (1120)
facet clearly shows non availability of energy states near Fermi level,
which makes it least reactive. Remaining all facets with energy states
available near Fermi level enhance reactivity of the facet and explain
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(a) Physisorbed MeOH (10%)
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(b) Chemisorbed MeOH (5%)

Bl =1.45A

Fig. 3. Upper panel shows adsorption of MeOH at (1122) facet and lower panel shows dissociation of MeOH. (a) physisorbed MeOH (b) chemisorbed MeOH (c) adsorption of
methoxy group at bridge of two Zn atoms. The enlarged figure is shown to provide a clear view of methoxy group adsorption on Zn site. The numbers in the bracket indicates

configuration and the details are listed in Table 3.
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Fig. 4. The tDOS of four facets are plotted. The inset figure shows the enlarged 1DOS near Fermi level. Only for (1120) facet tDOS is zero at Fermi.

the observed dissociation of methanol on these facets. Next we plot
projected density of states (pDOS) of surface atoms for all facets. 3d
and 4s states of surface Zn atoms are shown in Fig. 5. Zn, being a late
transition metal with fully filled 3d states lying much below the Fermi
level (refer Fig. 5-a), does not participate in reactivity. While its 4s
states, lying near the Fermi level, participate in reactivity of the surface.
It is clearly seen in Fig. 5-b that for flat facets, 4s states of surface Zn
atoms are zero near Fermi level while it is non-zero for stepped facets.
The presence of non-zero 4s states near Fermi for stepped facets favors

dissociation of MeOH, which is most favorable on these facets.

4. Conclusion

ZnO 1is considered as a very active catalyst for many reactions
because of its mixed covalent and ionic bonding. As evident from XRD,
there are various prominent facets in ZnO and only few facets have
been studied for methanol adsorption. We have carried out a systematic
study of methanol adsorption on various facets of ZnO which includes
two flat [(1010) and (1120)] and two stepped [(1013) and (1122)] sur-
faces. O-H bond dissociation is thermodynamically the most favorable
outcome on stepped facets where on chemisorption of MeOH with 7%—
10% O-H bond activation is observed on the flat facets. We also report
considerable surface reconstruction upon MeOH adsorption. However,
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Fig. 5. (a) pDOS of Zn-3d orbitals of flat and stepped facets. As expected, 3d in Zn being completely filled are much away from Fermi level. (b) Zn-4s of flat and stepped facets.
It is interesting to note that for flat facets pDOS of surface Zn atoms show unavailability of states near Fermi as opposed to case of stepped facet.

the reconstruction is lesser on the stepped surfaces compared to the flat
facets. Further, partial oxidation of MeOH is favored on ZnO facets. Our
detailed electronic structure analysis brings out the rationale behind the
surface dependent interaction of MeOH. Analysis of pDOS, tDOS along
with Mulliken charges on surface atoms explains the facet dependent
reactivity observed in case of ZnO. Facets with available empty states
near Fermi leads to O-H bond dissociation whereas absence of empty
states near Fermi leads to O-H bond activation. Considering the role of
ZnO in various reactions and importance of MeOH in the current energy
scenario we believe our study shade light on some important aspects
of interaction of ZnO with MeOH. Finally, ZnO is a known catalyst for
synthesis of MeOH. Our work opens up a possibility of ZnO as a catalyst
for MeOH dissociation as well which awaits experimental verification.
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Abstract

We have investigated various Zn-based catalysts for their interaction with methanol
(MeOH). MeOH is one of the most critical molecules being studied extensively, and Zn-
based catalysts are widely used in many industrially relevant reactions involving MeOH.
We note that the same element (Zn and O, in the present study) exhibits different catalytic
activity in different environments. The changing environment is captured in the underly-
ing electronic structure of the catalysts. In the present work, we compared the electronic
structure of Zn-based systems, i.e., ZnAlsO4 and ZnO along with oxygen preadsorbed Zn
(O-Zn) and metallic Zn. We demonstrate the one-to-one correlation between the pDOS of
the bare facet and the outcome of that facet’s interaction (i.e. either adsorption or dissocia-
tion of MeOH) with MeOH. These findings would pave the way towards the in-silico design

of catalysts.
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I. INTRODUCTION

For conversion of methanol to any value added product dissociation of its O-H
and/or C-H bond is the primary step. Considering the importance of MeOH in the
chemical industry as feedstock or fuel, its interaction with various catalysts is studied
extensively. The interaction of methanol with metal surfaces like Al[l], Si[2], Ge[3],
Fe[1], Ru[>], Rh[6], Ni[7], Pd[%], Pt[9], Cu[l0], Ag[!1], Au[l2] has been extensively
investigated using both experimental and theoretical methods. The activation bar-
rier for inert metals such as Au and Ag is very high, almost of the order of 1.5 eV,
while for Pd and Pt, it reduces to =~ 0.80 eV. However one would like to replace
precious metals by other earth abundant metals for the economical viability. This
encourages further investigations into non-precious metals for methanol dissociation.
Cu surfaces have also been studied in detail for MeOH interaction.[10, 13, 11] The
activation barrier for O-H bond dissociation of MeOH on Cu surfaces is as low as
0.38 eV. In a recent experimental study, Roey et al. demonstrated the methanol
decomposition on various Cu surfaces such as (100), (110), and (111) at ambient
conditions.[15] They observed that methanol readily decomposes to methoxy on all
these surfaces at atmospheric pressure and room temperature. They also report that
the kinetics of conversion of methanol to carbon monoxide is structure sensitive and
depends on the surface environment. Adsorption of oxygen on metal surfaces affects
their reactivity by altering geometric and electronic properties.[16-19] Oxygen binds
strongly with almost all metals and triggers surface reconstruction. This reconstruc-
tion either facilitates adsorption or blocks the active sites of catalyst. Also, the higher
electronegativity of oxygen as compared to metals leads to redistribution of charge
density on metal surfaces and hence affect their chemical reactivity.[20] Methanol de-
composition has also been investigated in the presence of preadsorbed oxygen atoms
on various metal surfaces.[21-21] Xu et al. investigated the interaction of methanol

on oxygen-preadsorbed Au(111) surface by employing DFT.[23] They report that the



activation barrier for dissociation of the O-H bond of methanol reduces to 0.41 eV,
which is one-fourth of the barrier for bare Au(111) surface (1.58 V). Similarly, Aljama
et al. demonstrated the conversion of methanol to formaldehyde at Ag(111) surface
using DFT and microkinetic modeling.[21] They observed that preadsorbed oxygen
enhances the reactivity of the Ag surface by reducing the activation barrier to 0.81
eV, which is significantly lower than the clean surface (2.85 eV). This manifests effect
of preadsorbed oxygen on metal surfaces in enhancing the MeOH decomposition. To
our knowledge, no studies report the interaction of methanol with zinc surfaces. In
the present work, we have examined the interaction of MeOH on various Zn surfaces
viz. (1010), (1011), and (1013) to demonstrate the structure-activity relationship.
Effect of oxygen adsorption on the interaction of MeOH with Zn surfaces has also
been explored in detail. The activation barrier of O-H bond dissociation significantly
reduces on preadsorbed oxygen compared to the pure metallic surface.

On the other hand, it is very well established that the metal oxides exhibit higher
catalytic activity than pure metallic surfaces due to presence of various acidic and
basic sites. Various metal oxides like MgO,[25] AlyO3,[26] GagOs3,[27] TiO4,[28]
CeOq,[29] and ZnO[30] have been extensively investigated for their interaction with
methanol. It is common to all metal oxides, that, anionic oxygen atoms favor the
dehydrogenation of MeOH by forming hydroxide with Hys.opm, while the dissociated
fragments are stabilized over cationic metal atoms. Spontaneous dissociation of
methanol is reported by Liu et al. on low index CeO2 surfaces.[29] They investigated
the interaction of methanol with (100), (110), and (111) facets of CeO5 by employing
DFT. They report that the interaction of methanol with the facet is highly dependent
on the arrangement of atoms on the facet. Spontaneous dissociation of O-H bond of
methanol takes place on the (100) and (110) facet while only molecular adsorption
at (111) facet. In our previous study, we have also discussed in detail the interaction
of methanol with ZnO [31, 32] We elaborate on the site-dependent interaction of

methanol (molecular adsorption or dissociation) on various ZnO surfaces. Further,
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we have also investigated interaction of MeOH with ZnAl,O,4.[33] Our periodic DFT
calculations demonstrated that the dissociation of methanol is energetically favorable
outcome at the ZnAl,O, facets.

Our previous work demonstrated that the composition as well as facets play a
crucial role in determining the outcome of the interaction. First, we investigated
interaction of MeOH with a mixed metal oxide like ZnAl,O, followed by metal oxide
like ZnO. In the present work, we investigate the interaction of methanol with var-
ious Zn metal surfaces as well as oxygen adsorbed Zn facets by exploiting periodic
DFT. Thus, we are reducing the complexity to understand factors associated with
a particular outcome. In these series of virtual experiments the outcomes are either
adsorption of MeOH (physisorption or chemisorption) or spontaneous dissociation of
O-H bond. It is indispensable to investigate the underlying electronic structure to un-
derstand the rationality behind these interactions. Our group’s work over the years
shows a clear-cut trend in the interaction of MeOH with Zn-based facets. In this
work, we analyze all the surfaces studied so far to determine the correlation between
the electronic structure of bare facets and the outcome of MeOH adsorption. The
ultimate goal of any DFT based computation is to understand the results in terms of
underlying electronic structure, derive trends, and gain predictive power. This work

is an attempt in that direction.

II. COMPUTATIONAL DETAILS:

All the calculations are carried out within the Kohn-Sham formalism of DFT. Pro-
jector Augmented Wave potential[34] is used, with Perdew Burke Ernzerhof (PBE) ap-
proximation for the exchange-correlation and generalized gradient approximation,[35]
as implemented in planewave, pseudopotential based code, Vienna Ab initio Simula-
tion Package (VASP).[36] The bulk unit cell is taken from the materials project.[37]
The bulk lattice parameters upon optimization are a = 2.62 A and ¢ = 5.02 A which
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are in agreement with the experimentally measured (a = 2.66 A, ¢ = 4.95 A).[38] Two
flat facets (1010) and (1011) of Zn are modeled as slab by cleaving a surface with 3x3
periodicity in x and y direction with 4 layers using Quantumwise-VNL-2017.1.[39]
The step facet (1013) is cleaved using 4x1 periodicity in x and y direction with 4
layers. Bottom layer is fixed and rest all layers and adsorbate are fully relaxed for
all surface calculations. Van der Waals corrections are applied to account dynamic
correlations between fluctuating charge distribution by employing Grimme method
(DFT-D2).[40] Tt is observed that 20 A of vacuum is sufficient to avoid interaction
between adjacent images of planes along the z-direction. Geometry optimization is
carried out with a force cutoff of 0.01 eV/A on the unfixed atoms and the total
energies are converged below 1074 eV for each SCF cycle. A Monkhorst-Pack grid of
3x2x1, 4x2x1, and 2x2x1 is used for (1010), (1011), and (1013) slabs respectively. The
difference in energies is less than 4 meV /atom upon using finer mesh. Entire surface
is scanned by placing the MeOH molecule at various available unique sites. To com-
pare the interaction of methanol at these sites, interaction energy is calculated using
the formula: Ereon/zn = Envecoryzn - (Ezn + Enmeon ) where Eyreong zn is energy
of the system when MeOH is placed on the Zn surface, Ez, is energy of the bare
surface and Ej.op is energy of the MeOH molecule. Further to investigate the effect
of oxygen adsorption on reactivity of Zn surfaces, we placed an oxygen atom on all
the facets. The interaction energy for oxygen adsorption is calculated using following
formula: Eo/zn = Eotzn - ( Ezn + 1/2 Eg2 ) where Eoy 7, is energy of the system
when oxygen atom is placed on the surface, Ez, is energy of the bare surface and Egs
is energy of the isolated Os molecule. Also, the interaction energy of methanol ad-
sorption on oxygen preadsorbed Zn surface is calculated using formula: Earcon/o-zn
= Enmecornto-zn - ( Eoyzn + Emeon ) Here, Eyeonyo—zn is the energy of system
with methanol adsorbed on oxygen preadsorbed Zn surface. To understand the site
specific adsorption pattern, the site-dependent projected Density of States (pDOS)
are calculated with denser k-mesh using LOBSTER.[11] The activation barrier for O-



H bond dissociation of methanol is computed using the climbing image-nudged elastic
band (CI-NEB) method for both clean and oxygen preadsorbed surfaces.[!2] Three
images are considered for transition state calculations using a force convergence of
0.1eV/ A. The computational details of ZnO and ZnAl,O, are discussed in detail in

our previous papers.[31-33]

III. RESULTS AND DISCUSSION

The rational design of a catalyst for any reaction requires consideration of several
parameters like material abundance, cost, the reactivity of the catalyst, reaction con-
ditions, selectivity of products, etc. Some factors, like material abundance and cost,
are out of our control. However, the catalytic properties could be altered/improved
by understanding its functionality at the atomistic level. Zn-based catalysts are ex-
tensively used in many reactions[!3—16] because of the abundance of Zn (24" in the
earth’s crust), inexpensiveness, and safe handling methods. In the present work, we
investigate the interaction of MeOH with a series of Zn-based catalysts to understand
how the environment changes the properties of a catalyst. We will be comparing
the interaction of MeOH with various facets of Zn, oxygen-preadsorbed Zn(O-Zn),
Zn0O, and finally, with ZnAl,O4 to understand the reactivity of these catalysts at the
electronic level.

We begin by discussing the interaction of methanol with different metallic Zn sur-
faces. We have modelled (1010), (1011), and (1013) facets of Zn because they exhibit
the most prominent peaks in the XRD. Top and side views of all these facets are
shown in Fig. SI-1. All these facets are scanned by placing methanol at various
inequivalent sites. Before detailed discussions, we note that the physisorption and
chemisorption of methanol is explained on the basis of O-H bond-length of methanol
upon adsorption. Physisorption of MeOH is accompanied by surface reconstruction

of the flat facets, whereas the step facet does not show any rearrangement of surface
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TABLE I: Interaction energy (Erjeor/zn/Enmeor/o-zn) (€V), O-H bond-length (A) of MeOH at various

inequivalent sites of (1010), (1011), and (1013) facets of pristine zinc (in black color) and oxygen preadsorbed Zn (in

blue color). For O-Zn, the Ogy f-Hareor bond-length is shown in parenthesis. In all the cases, irrespective of its

initial position, MeOH always diffuses on the surface and adsorb with its oxygen ontop of Zn. However, variation in

the relative orientation of MeOH with respect to surface results into observed variation in E;,:. The energetically

most favorable configuration at each facet is represented by numbers in bold.

Initial (1070) (10T1) (1073)
positions
Enveonyzn O-H Eyeonyzn O-H Erreonyzn O-H
Eyeonjo—zn BL Eneonjo—zn BL Eneon/o—zn BL
(eV) (A) (eV) (A) (eV) (A)
-3.37 0.98 -1.31 0.98 -0.67 0.99
Top
166 0.98(328) 059 0.99(1.87)  -1.01  1.05(1.49)
— — -1.26 0.98 — —
Bridge
— — 063 0.99(1.76) — —
-4.09 0.99 — — -0.57 0.98
SB
-3.26  0.99(3.48) b — 093 1.05(151)
-3.36 0.98 — — -0.64 0.99
LB
157 0.98(6.47) e — 101 1.05(149)
-3.23 0.99 -1.35 0.98 -0.64 0.99
AFH/3FH
-1.98 0.99(3.44) -0.72 0.99(1.86) -0.64 0.99(6.96)
— — -1.32 0.98 — —
Tops
- — 061 0.99(1.87) - -

atoms. We compared the nearest neighbour (NN) distances for all three bare facets

before and after methanol adsorption which provides clear evidence of reconstruction

in both flat facets as shown in Fig. SI-2. The red line represents the NN distances be-

fore MeOH adsorption, and the blue line represents the NN distances after methanol
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adsorption. There is a noticeable variation in NN distances in both flat facets, while
the surface reconstruction in the step facet is minimal. This rearrangement of surface
atoms also reflects in the lowering of interaction energy of MeOH (refer to Tab.I). In
Tab.I, we have noted the interaction energy and O-H bond-length of methanol on all
three facets of metallic Zn (in black color) and oxygen preadsorbed Zn (in blue color).
The bond-length between Ogy, -Hpyreon are shown in brackets for all facets of O-Zn.
In all the cases, irrespective of the initial position, upon optimization, methanol dif-
fuses on the surface and adsorb ontop of Zn. However, in Tab.I, we have noted the
initial position where methanol was placed to distinguish each configuration. The
energetically most stable configuration for each facet is shown in bold numbers. The
interaction energies for (1010) facets are significantly larger because, the reconstruc-
tion energies are buried in it. However, to normalize the interaction energy for all
systems, we have excluded the reconstruction energy and noted in Tab.Il as WOR.
The extent of reconstruction is significant for the (1010) facet because of its open
structure and is minimal or absent for the other two facets [(1011), (1013)]. The
reconstruction on (1010) causes the rearrangement of atoms on the surface, which
resembles that of the (1011) facet.

As discussed earlier, exposing a metal surface to oxygen alters its reactivity
considerably.[16-19] To understand the effect of oxygen adsorption on the reactivity
of zinc facets, we have adsorbed atomic oxygen on all these facets, as shown in Fig.
SI-3. The oxygen on the (1010) surface diffuses to the subsurface layer, while on the
other two facets [(1011) and (1013)], it adsorbs on the surface. Closed packing of
atoms on the (1011) and (1013) facets doesn’t favor oxygen diffusion in the subsurface
layer.

We placed MeOH at various unique sites of oxygen-preadsorbed Zn surfaces. For
pristine metallic surfaces, the MeOH physisorbed on the surface with no elongation in
the O-H bond. Oxygen adsorption causes activation of the methanol on the step facet

of O-Zn. Representative cases of MeOH adsorption on Zn and oxygen-preadsorbed
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(a) 1010 (b) 1011 (c) 1013

FIG. 1: Interaction of methanol with various facets of pristine Zn (upper panel) and oxygen preadsorbed Zn system
(lower panel). (a) represents the energetically most stable configuration of MeOH adsorption at (1010) facet.
Methanol adsorption results into substantial reconstruction at the surface. The bare facet of (1010) is shown in Fig.
SI1-(a). Surface atoms of this facet rearrange themselves and the atomic arrangement resembles to that of (1011)
facet. (b) depicts the adsorption of MeOH at (1011) facet. The extent of reconstruction upon MeOH adsorption is
much less compared to (1010). (c) Adsorption of MeOH at (1013) facet. No reconstruction is observed at this facet

upon MeOH adsorption.

Zn are shown in Fig.1 (the upper panel and lower panel represent MeOH adsorption
at pristine Zn and oxygen-preadsorbed Zn surfaces, respectively). The (1010) facet
of Zn undergoes substantial reconstruction upon adsorption of methanol as evident
from upper panel of Fig.1-(a).

Although preadsorbed oxygen enhances the catalytic activity of metal surfaces, the
reactivity depends on several other factors, such as the structural arrangement of
atoms, coordination numbers, and effective charge on surface atoms. As evident from
Tab.I, the O-H bond does not elongate on the (1010) facet of O-Zn because of the
adsorption of oxygen below the surface layer resulting into indirect interaction with

adsorbed methanol. In the case of (1011) and (1013), oxygen is present on the sur-
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FIG. 2: The activation barrier for O-H bond of MeOH at (a) (1010), (b) (1011), and (1013) facets are shown. In
case of flat facets, the activation barrier significantly reduces from clean Zn to O-assisted Zn surface, while for step

facet, it becomes negligible. Also, the thermodynamics of reaction become favorable upon oxygen adsorption.

face and hence favors the adsorption of methanol on the surface by forming hydrogen
bonds. The strength of the hydrogen bond between Oy, -Hyeon determines the
activation of methanol on the O-Zn systems. The proximity of surface oxygen and
hydrogen of MeOH results in higher activation of the O-H bond of methanol with 9%
elongation on the step (1013) facet. The O-H bond-length of methanol on the (1011)
surface of oxygen preadsorbed Zn has little elongation despite interaction with the
surface oxygen as shown in Tab.l. This can be explained by the distance between the
Osurf-Hareom. The observed activation of O-H in MeOH is directly proportional to
the distance between Oy, -Hayeon. We computed the activation barrier for dissoci-
ation of the O-H bond on all Zn surfaces and oxygen-preadsorbed Zn surfaces. The
results are depicted in Fig.2. The energy profile shows that the activation barrier
decreases for all three facets upon oxygen adsorption. The barrier for (1010) and
(1011) reduces to one-third and one-fifth respectively, while for the step facet, it be-

comes almost negligible. Change in reaction energy from positive to negative upon
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oxygen adsorption makes the reaction exothermic. The presence of oxygen on the
surface also helps in stabilizing the hydrogen dissociated from methanol by forming

the hydroxide.

(a) Zn-4s (b) Zn-4s: near Fermi
ya [ T S — 04F .\ 5w 1013 ——
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FIG. 3: (a) represents pDOS of 4s levels of pristine Zn surfaces and oxygen adsorbed Zn surfaces. Significant
variation in nature of 4s is observed upon oxygen adsorption on Zn surfaces. (b) shows the magnified 4s level near
Fermi which are marked in (a). It is clear from the figure that for stepped facets (red curve) the peak intensity
increases near Fermi while for both flat facets (blue and green curve) the peak intensity reduces near Fermi as

compared to the pristine surfaces.

The change in the underlying electronic structure upon oxygen adsorption provides
a rationale for the observed variation in the reactivity of Zn facets. The 4s levels
for Zn metal are close to Fermi and participates in reactivity. Fig.3-(a): (i) and
(ii) illustrate the site-specific pDOS of Zn-4s for bare facets of pristine and oxygen-

adsorbed surfaces, respectively. The 4s near Fermi, marked in Fig.3-(a), is enlarged
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and displayed in Fig.3-(b). The magnified plot clearly shows that for the step facet,
the intensity of 4s states increases near and at the Fermi level in the oxygen-adsorbed
facet compared to the pristine one. In contrast, the 4s intensity decreases near the
Fermi level for both the flat facets. The presence of 4s states near the Fermi level
facilitates the activation of methanol at the step facet. The pDOS of O-2p of surface
oxygen atoms in all three facets of O-Zn are shown in the Fig. SI-4. The density
of energy states near Fermi is substantially higher in the case of the (1013) facet as
compared to other two facets. This explains the observed elongation of the O-H bond
on (1013) facet and little elongation on (1011) facet. However, non-zero states at
Fermi are not the sole criteria for MeOH activation. Another crucial factor is the
presence of surface oxygen in the vicinity of Hyeon. Thus, although the 4s-pDOS
are non-zero at Fermi for (1010), the absence of surface oxygen near Hys.on results
in barely activated MeOH. In the case of (1011), although the activation of MeOH is
comparable to that of (1010), the activation barrier is considerably lower as compared
to (1010) because of surface oxygen in the vicinity of Hyeon. On the other hand, in
the case of metallic surfaces, the presence of 4s states near Fermi for flat facets do
not favour the activation of methanol in the absence of oxygen. Thus, variation in
the activity of facets of Zn and O-Zn can be correlated with the electronic structure
of the bare facets.

In our previous studies, we discussed the interaction of methanol with several
facets of ZnO.[31, 32] We have investigated different flat [(1010), (1011), (1120)]
and step [(1013), (1122)] facets of ZnO for their interaction with methanol. We
observed at (1011) facet, methanol spontaneously converts to formaldehyde. These
results were validated by experiments and demonstrated that methanol converts to
formaldehyde at ZnO nanoparticles at ambient conditions with 100% selectivity. On
other flat facets, molecular adsorption is most favorable, while dissociation of MeOH
is energetically the most favorable outcome at step facets. The activity of metal

oxides can be altered by modifying their structure. ZnO and Al,O3 are both used
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as industrial catalysts for methanol synthesis.[17] In one of the earlier studies by our
group, we investigated the interaction of methanol with (220) and (311) facets of
ZnAlyO4.[33] We observed molecular adsorption as well as dissociation of methanol
on these facets. Depending upon the site of adsorption, MeOH interacts differently
with ZnAl,O4. We reported that lesser coordinated surface oxygen atoms actively

participate in methanol dissociation.

TABLE II: Interaction energy of methanol on different Zn based systems are reported in the table. Black numbers
depict the energy of metallic Zn and O-Zn systems. Blue and red colored numbers represent interaction of methanol
at ZnO, and ZnAlxO4 facets respectively. Adsorption of methanol on these different system triggers surface
reconstruction which reflects in the interaction energy. WR (with reconstruction) stands for energy with the impact
of reconstruction. However, in order to homogenize the energies, we have eliminated the reconstruction effect from

interaction as demonstrated by WOR (without reconstruction).

systems/facets (1010)/220  (1011)/311  (1013)  (1120)  (1122)
WR -4.09 -1.36 -0.66
Zn
WOR -0.77 -0.69 -0.68
WR -3.26 -0.72 -1.01
O-Zn
WOR -0.78 -0.60 -1.13
WR -1.58 -7.95 -3.88 -1.24 -6.24
ZnO
WOR -1.90 -4.83 -2.91 -1.40 -3.38
WR -1.81 -4.14
ZIIAIQO4
WOR -2.47 -4.91

We observe that upon changing the environment of Zn and O in series of different
systems (Zn, O-Zn, ZnO, and ZnAl,O,), the interaction of methanol changes from
adsorption to dissociation of O-H as well as C-H bond. To understand this variation,
we analyzed different parameters such as interaction energy, Mulliken charges, dis-
tance between MeOH and surface metal and/or oxygen atoms for all the facets of all

these systems. The interaction energy of the energetically most stable configuration
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of methanol on various facets of Zn-based systems is noted in Tab.II. The interaction
energy for each system is computed by including and excluding the surface recon-
struction energy and described as WR and WOR respectively. The numbers in black
represent interaction energy of methanol with Zn and O-Zn surfaces, while blue and
red numbers indicate ZnO and ZnAl,O, surfaces respectively. The numbers in bold
signify dissociation of methanol as energetically most stable outcome on that facet.
It is clear from the interaction energies (computed for both the WR and WOR) of
Tab.II that the presence of oxygen facilitates the adsorption of MeOH on step facet
of O-Zn. We do not observe any correlation between the interaction energy (WR)
and outcome of the interaction. However, the extent of reconstruction varies from
facet to facet. And hence, upon normalization of the energies by excluding the im-
pact of reconstruction (WOR), there is a one-to-one correlation between interaction
energies (WOR) and outcome of MeOH. Dissociation is always associated with lower
interaction energy than the molecular adsorption. Also, irrespective of the outcome,
methanol interaction is more favored on the ZnO and ZnAl,O, facets as compared to

7Zn and O-Zn.

TABLE III: Mulliken charges on surface zinc atoms of Zn, O-Zn, ZnO, and ZnAlzO4. For Zn, and O-Zn the charges
are shown in black color, whereas for ZnO and ZnAl2Oy4, the charges are represented in blue and red color
respectively. Charges for the facets where dissociation of MeOH occurs, are shown in bold numbers. Transfer of

electron from metal to oxygen is evident from the effective charges on Zn.

systems/facets (1010) /220 (1011)/311 (1013) (1120) (1122)
Zn 0.05 0.12 0.19(0.14)
O-Zn 0.49 0.61 0.50
Zn0O 0.85 1.04 0.96(0.64) 0.96 0.81
ZnAl0, 1.52 1.53(1.58)

Next, we note effective charges on surface zinc and oxygen atoms for all the facets

investigated in Tab.IIl and Tab.IV, respectively. The numbers in black depict Zn
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TABLE IV: Mulliken charges on surface oxygen atoms of O-Zn(black color), ZnO(blue color), and ZnAl;O4(red

color). The shortest distance between oxygen and surface atom (BL) is also shown

systems/facets property  (1010)/220 (1011)/311 (1013) (1120) (1122)
charge(e) -0.74 -0.81 -1.38
0O-Zn
BL(A) 1.93 1.89 1.88
charge(e)  -0.79 -0.68 -0.82(-0.89) -0.89 -0.85
Zn0O
BL(A) 1.77 1.85 1.94(1.87)  1.90  1.82

charge(e) -1.03(-1.07) -1.00(-1.11; -1.17)
ZI]AIQ()4
BL(A)  1.82(1.74)  1.77(1.93; 1.85)

and O-Zn systems, whereas the blue and red numbers indicate ZnO and ZnAl,O4
systems. It is clear from Tab.IIl that with increasing oxygen content Zn becomes
more positive, indicating electron transfer from metal to oxygen. Similarly, as seen
from Tab.IV, charge gained by oxygen atoms varies from -0.68 for ZnO(1011) to -
1.38 for O-Zn(1013). However, we do not see any correlation between the charge on
surface zinc/oxygen and the outcome of the interaction i.e. adsorption or dissociation
of MeOH.

Next, we compare pDOS for O-2p of O-Zn, ZnO, and ZnAl,O, for flat and step
facets as shown in Fig.4-(a) and (b), respectively. The reference pDOS for 2p of
Oneon is plotted in each figure as a gray curve. Depending on the environment
the pDOS exhibit subtle variation which influences the outcome of the interaction of
MeOH with that facet. Two flat facets [(1010) and (1011)] and step facets of ZnO with
non zero pDOS at Fermi favours dissociation of MeOH. Whereas for (1120) facet, there
are no states at Fermi level and this is the facet of ZnO with chemisorption of MeOH as
the only outcome. For both step facets of ZnO (see (ii) of Fig.4-(b)) significantly low

number of O-2p states are present near Fermi. However, for both these stepped facets,
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FIG. 4: pDOS of 2p of O in different systems (i) oxygen preadsorbed zinc (O-Zn), (ii) metal oxide (ZnO), (iii) mixed

metal oxide (ZnAlaOy4). (a) shows flat facets while (b) represents stepped facets. 2p of oxygen of methanol is

plotted in gray color for reference.

Zn-4s states are present at Fermi (shown in Fig. SI-5-(b)-(iii)) and overlaps with 2p
states of Oyre.0m, which accounts for the spontaneous dissociation of MeOH on these
facets. This site specific signature of pDOS is also observed in the tDOS plot which
reflects the underlying electronic structure of the entire facet. The tDOS plots of flat
and step facets of all systems are shown in Fig.5-(a) and (b) respectively. The next
system we will discuss is a mixed metal oxide, ZnAl,O4. For ZnAl,O4, on (220) and

(311) facets dissociation of MeOH is the favoured outcome. Al acts as the active site
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FIG. 5: tDOS of different systems (i) metallic Zn, (ii) oxygen preadsorbed zinc (O-Zn), (iii) metal oxide (ZnO), (iv)
mixed metal oxide (ZnAlxOy4). (a) shows flat facets while (b) represents stepped facets.

for methanol adsorption in these cases because of its greater affinity for oxygen than
Zn. Surface oxygen atoms have variations in their coordination with Zn and Al atoms.
The difference in the coordination of these oxygen atoms also reflects in their pDOS
plots as seen in Fig.4-(a) and (b)-iii. These different ‘types’ of oxygen atoms on the
surface are denoted based on their coordination with Al and Zn atoms, respectively.
For example, the key 220-O3 in Fig.4-a-(iii) represents the pDOS of the oxygen atom,
which is coordinated with 3 Al atoms. Interestingly, when MeOH is placed near the

oxygen atoms having non-zero states at the Fermi, they undergo dissociation. In
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contrast, if MeOH is placed near oxygen atoms which do not have states at Fermi, then
they are chemisorbed. Thus, the adsorption of MeOH in the vicinity of oxygen, which
has non-zero energy states at Fermi, is essential for dissociating methanol. However,
it is not sufficient to have non-zero states at Fermi. The orientation of methanol plays
a crucial role in determining the outcome. The preferred orientation is where Hyeon
is inclined towards the Og,, . Fig.6 represents two different orientations of methanol
on (220) facet of ZnAl,O4. The atoms displayed in blue depict those oxygen atoms
with non-zero peaks at the Fermi level, and the red ones have zero energy states at the
Fermi level. Fig.6-(a) and (b) show the adsorption of methanol on the same Al atom
in two different orientations, which results in adsorption and dissociation of methanol,
respectively. The favoured orientation of methanol (refer Fig.6-(b)) for dissociation
is the one in which Hy.op is tilted towards the blue-coloured oxygen atom, which
has non-zero energy states at Fermi. This observation holds for the (311) facet also.
It is interesting to note that this trend is also visible in the pDOS plot of each facet,
where Al-3p is present at Fermi (Fig. SI-6) and overlaps with 2p of Opeon, but no
Zn-4s is seen around Fermi (Fig. SI-5). This signature is also clearly seen in the

tDOS of ZnAl,O, depicted in Fig.5-(iv).

IV. CONCLUSION

To conclude, we have demonstrated a one-to-one correlation between the availabil-
ity of DOS at the Fermi and the dissociation of MeOH by investigating the interac-
tion of MeOH with various Zn-based catalysts. To our knowledge, no studies have
been reported on the interaction of methanol with zinc surfaces. The current study
thoroughly examines how methanol interacts with zinc and oxygen-preadsorbed zinc
surfaces. Since the most prominent facets in the XRD of bulk Zn are (1010), (1011),
and (1013), we investigated these facets for interaction with methanol. Physisorption

of MeOH is a common outcome on all the facets of pristine Zn with a substantial
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FIG. 6: The orientation of methanol on (220) facet of ZnAl>O4 are shown. The atoms in blue color corresponds to

those oxygens which have non-zero energy states at Fermi as shown in Fig.4-(a)-(iii) and red are those which have
zero energy states at Fermi. (a) shows the initial position of methanol where the Hpseop is inclined towards red
oxygen atoms and results into adsorption of methanol upon optimization. (b) depicts the initial position of
methanol in which Hpseo g is tilted towards blue oxygen atoms result into dissociation. This signifies that along
with presence of oxygen with non-zero peak at Fermi, orientation of MeOH does play a crucial role in determining

the outcome of interaction of MeOH in complex system such as ZnAlaOy.

reconstruction of (1010) surface. We observed the chemisorption of MeOH on the
step facet of oxygen-preadsorbed Zn and physisorption on pristine Zn. Thus, oxygen
adsorption enhances the reactivity of the surface with methanol. Oxygen adsorption
significantly lowers the activation barrier for O-H bond dissociation, with a negligible
barrier on the step facet. The dissociation of the O-H bond also changes from being
endothermic on pristine Zn surfaces to exothermic on oxygen-preadsorbed surfaces.
Finally, we discuss the underlying electronic structures of different catalytic systems,

including Zn, O-Zn, ZnO, and ZnAl,Oy4, that have been investigated for interactions
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with methanol in our current and earlier studies. By carefully analyzing the site-
specific pDOS plots of these facets, we report that the existence of energy states of
oxygen, metal, or both at or near the Fermi level has a substantial influence on the
dissociation of MeOH on that particular facet. With this knowledge, we may examine
catalytic surfaces for their interactions with incoming adsorbate species from a fresh

perspective.
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Electronic properties of many Zn-based systems investigated for their reactivity.

pDOS of bare facets is correlated with the outcome of methanol interaction with a facet.
Dissociation of MeOH is associated with presence of energy states near the Fermi.
Adsorption (chemi/physi) is associated with absence of energy states near the Fermi.
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