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ABSTRACT

Anthropogenic processes have increased the concentration of toxic Se, As and N in
water. Oxo-anions of these species are poisonous to aquatic and terrestrial life. Current
remediation techniques have low selectivity towards their removal. Understanding the
chemistry and physics which control oxo-anion adsorption on metal oxide and the catalytic
nitrate reduction to inform improved remediation technologies can be done using Density
functional theory (DFT) calculations.

The adsorption of selenate, selenite, and arsenate was investigated on the alumina
and hematite to inform sorbent design strategies. Adsorption energies were calculated as a
function of surface structure, composition, binding motif, and pH within a hybrid implicit-
explicit solvation strategy. Correlations between surface property descriptors including
water network structure, cationic species identity, and facet and the adsorption energies of
the ions show that the surface water network controls the adsorption energy more than any
other, including the cationic species of the metal-oxide. Additionally, to achieve selectivity
for selenate over sulphate, differences in their electronic structure must be exploited, for
example by the reduction of selenate to selenite by Ti* cations.

Thermochemical or electrochemical reduction pathway to convert NOs™ to N2 or
NHs, which are benign or value-added products, respectively are examined over single
atom electrocatalysts (SAC) in Cu. The activity and selectivity for nitrate reduction is
compared with the competitive hydrogen evolution reaction (HER). Cu suppresses HER
but produces toxic NO>™ because of a high activation barrier for cleaving the second N-O
bond. SACs provide secondary sites for reaction and break traditional linear scaling
relationships. Ru-SACs selectively produce NHz because N-O bond scission is facile, and



the resulting N remains isolated on SAC sites; reacting with H* from solvating H,O to form
ammonia. Conversely, Pd-SAC form N2 because the reduced N* atoms migrate to the Cu
surface, which has a low H availability, allowing N atoms to combine to N2. This relation
between N” binding preference and reduction product is demonstrated across an array of
SAC elements.

Hence, the solvation effects on the surface critically alter the activity of adsorption
and catalysis and removal of toxic pollutant can be improved by altering the surface water-

network.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Clean water is a fundamental right necessary for the continued survival of our
ecosystem and humanity. Achieving “universal and equitable access to safe and affordable
drinking water for all” by 2030 is ranked as the sixth sustainable development global goal.!
However, the industrial revolution and climate change has led to a scarcity of clean fresh
water sources. Currently, 26% of the world’s population lacks access to clean drinking
water.?®

With the rapid decrease in clean drinking water there is a growing need for
affordable and accessible water remediation methods (Target 6.3 and 6.4 of global
sustainable goals 2030).2° The removal of anthropogenic contamination from our water
resources at affordable costs is a critical barrier to achieving set water remediation global
goals.* Past and continued mismanagement of industrial manufacturing operations, along
with agriculture and mining run off water have led high degrees of water contamination by
toxic oxo-anions pollutants like selenate (Se(V1)), selenite (Se(1V)), arsenate (As(V)) and
nitrate (NO3").48
1.1.1 Toxicity of Se and As oxo-anions

Selenium, a metalloid, occurs naturally with sulfur-containing minerals in
sedimentary and volcanic rocks.® Selenium is an essential micronutrient, important for
human health.!® Insufficient consumption of selenium, less than 55 pg/day, can lead to
Keshan disease or Kashin Bech disease which may cause osteoarthritis.®'''? Most of the
humans get their selenium requirements from food sources such as nuts, meat, fortified
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cereals, beans and lentils.® Selenium is also used in industry and agriculture for production
of glass, pigments, photovoltaic cells, fertilizers, semiconductor, and electronic devices.*
The improper disposal of these products can cause selenium to leach into ground waters,
and from there enter drinking water sources.® Selenium is toxic to humans when it is
consumed above the concentration of 140 pg/L or 0.14 ppm from drinking water.%1014
Excessive intake of selenium can cause a range of health problems, including hair loss, nail
brittleness, and gastrointestinal disturbances.'?> Long-term exposure to high levels of
selenium in water can also lead to more serious health effects such as neurological damage,
liver and kidney damage, and an increased risk of certain types of cancer.™® Figure 1.1(a)
shows the distribution of selenium reported by United States Geological Survey.® Many

areas, especially the Midwest, have much higher concentrations of Se. This can leach into

water and increase the health risk to the population living in these regions.
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Figure 1.1: Distribution of (a) Selenium and (b) Arsenic in USA reported by The United
States Geological Survey and analyzed using Hydride-generation Atomic Absorption
Spectrometry method.*®

Similarly, arsenic is naturally present in soil, minerals, and rocks.!” It is used in
industrial applications like wood preservatives, pesticides and semiconductors. This has
led to an increased concentration of arsenic in our drinking water.2 Consumption of arsenic

above 0.08 mg/L can cause abdominal pain, vomiting, diarrhea, and dehydration.*® Regular

consumption of arsenic from drinking water causes chronic health problems such as skin
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lesions, respiratory problems, diabetes, and cancer.®° Figure 1.1 shows that arsenic is also
present in much higher concentrations across the USA than recommended maximum
drinking concentrations (0.01 ppm).*81® Therefore, we need to find cost-effective
remediation methods to remove both Se and As from drinking water.

Se and As are present in water in their oxo-anion forms — selenate (Se(V1) or Se*®),
selenite (Se(1V) or Se™*), arsenate(As(V) or As*®) or arsenide(As(111) or As*®).2%?1 Selenate
and selenite are both equally toxic to humans, but selenate is more soluble in water and
hence present in larger concentrations in drinking water.?> Among As oxo-anions, arsenide
is more toxic than arsenate as arsenide binds to sulfhydryl (-SH) groups in proteins and
enzymes affecting the essential biological processes in the body.?® Arsenate, however, does
not react with the cellular molecules and is less toxic. Arsenide converts to arsenate in
aerobic conditions in water and hence higher concentration of arsenate is present in
drinking water.?*

1.1.2 Nitrate toxicity

The Industrial Revolution has increased the use of nitrogen as fertilizers, manure,
and sewage treatment.?>?® Excess nitrate rich chemicals from agricultural lands, refuse
dumps, animal feedlots, and septic tanks leach into ground water increasing the
concentration of nitrate in our ground water and other water sources.?”?® Figure 1.2 shows

the distribution of nitrate concentration in shallow water and ground water in 2015.2°
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Figure 1.2: Predicted distribution of Nitrate concentration in shallow and deeper U.S.
groundwater, reproduced from Desimone et. al. (2015).%°

°

The nitrate buildup in water systems routinely exceeds health and safety levels.” In
2017, Pennino et. al. found that the Safe Drinking Water Information System reported that
over 500 public water systems across the United Stated violated maximum contamination
limits of 10 mg nitrate N/L.*® This affected more than 1,500,000 people across the
country.®® Excess consumption of nitrate is linked to methemologlobinemia, or “blue baby
syndrome,” where the hemoglobin’s ferrous ions turn into ferric ions.31*2 Infants are most
susceptible to methomologlobinemia, which can turn skin to a bluish or gray color and
cause more serious health affects like weakness, excess heart rate, fatigue, and dizziness.?!
In adults, increased intake of nitrate is linked to thyroid disease, fatigue, weight gain, hair

loss, goiters, and colon cancer.”33



1.2 Technologies to remove toxic oxo-anions

Removal of toxic oxo-anions from water systems is currently done using advanced
water treatment technologies such as coagulation and precipitation,® ion-exchange
membranes,® chemical oxidation,® biological methods,®*3" and photo-catalysts*38.
Coagulation and precipitation is a two-step process to neutralize particles using coagulants
like aluminum sulfate, aluminum chloride, ferrous sulfate, ferric chloride, ferric chloride
sulfate, hydrated lime, magnesium carbonate, poly-aluminum sulfate chloride and
polymerized aluminum-iron blends.3*3%-42 The size of coagulated particles is increased
using polymeric materials which precipitate and remove the pollutants in the second
step.344344 Typical ion-exchangers require ion-exchange resins (functionalized porous or
gel polymer), zeolites, montmorillonite, or clay to remove toxic oxo-anions.*® Biological
methods of removing oxo-anions like phytoremediation, bioremediation, biosorption, and
biofiltration have shown great promise in removing oxo-anions.?3:374647

These technologies, however, require high start-up costs and are labor and resource
intensive. The coagulants and resins required in coagulation and ion-exchange require
frequent replacements.***® The membrane technologies still struggle with low
permeability, which requires expensive energy usage to maintain pressure across the
system, residual sludge and regeneration of resin, and unclogging of membranes.*®°
Biological process require heavy operation costs to ensure proper growth of
microorganisms like maintaining sterile bioreactors, and environmental conditions like pH,
temperature, and oxygen concentrations.?*475152 Therefore, they cannot be used for small-

scale operations in remote location or poor communities and are less likely to contribute



towards "universal and equitable access" to clean drinking water. Hence, there is a need
to find more affordable and easy-to-use water remediation techniques.
1.2.1 Adsorption of Se and As oxo-anions on metal oxides

Remediation of Se and As oxo-anions by adsorption has been widely accepted as
an effective low-cost technology.>® Adsorption can be used in under-the-sink operations
with minimum operational expertise, and hence it is deployable for low-income
populations.>® There is a range of materials which are currently researched as optimal
adsorbents to remove Se and As 0xo-anions, such as inexpensive metal-oxides, activated
carbon, animal biopolymers (e.g. hen eggshell and broiler chicken feathers), chitosan, zero-
valent iron, and other miscellaneous adsorbents.%422485458 The jdeal adsorbent for
removal applications in water remediation technology should be inexpensive, abundantly
available, effective in near-neutral pH conditions, and have high adsorption capacity.>® In
2022, Zoroufchi Benis et al. did an extensive review of selenium oxo-anions adsorption on
different adsorbents.>® They found that natural clay minerals and waste materials like
eggshells and carbon-based materials have 10 times lower adsorption capacity for selenate
and selenite removal (~ 0.3 mg/g adsorbent) compared to metal-oxide based
adsorbents.®>% A similar observation was made by Canreiro et al. (2021) in their review
of the latest trends in adsorption of arsenic oxo-anions.®

Hematite (Fe2O3) and alumina (Al203) are naturally occurring, inexpensive
adsorbents approved by the EPA for selenium and arsenic oxo-anion removal.?! They are
non-toxic, abundant, simple to use, socio-culturally acceptable, and compliant with most
local health and safety regulations.®®-%° Moreover, they can be recycled by desorbing
captured pollutants through processes like chemical-, electrochemical- or thermal-
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regeneration, making them cost effective and environmentally sustainable.>*>® However,
the adsorption capacity of hematite and alumina are dependent on the pH of the solution.%*
6 Selenate, selenite, and arsenate adsorption on alumina and hematite are affected by
changing pH conditions (Figure 1.3).%¢" The adsorption is highest in acidic conditions,
with the adsorption capacity dropping by 50% as the pH increases from 4 to 7 for all Se(V1),
Se(IV) and As(V).6"%° This means that double the metal-oxide would be needed for under-
the-sink adsorption operations at pH 7, which is ideal for drinking water, compared to pH
4. This limits the usage of hematite and alumina particles for adsorption of selenium and

arsenic oxo-anion in real world applications.’®"*
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Figure 1.3: pH on selenite and selenate adsorption on mesoporous activated alumina,
reproduced from Meher et. al. (2019).%

In naturals waters, large concentrations of background oxo-anions (e.g., phosphate,
silicate, sulfate) are present that decrease the adsorption of As and Se oxo-anions on

alumina and hematite particles.”>"* The adsorption of 200 pg/L As(V) on alumina dropped
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by 37%, 90% and 85% when 500 mg/L of sulphate, 10 mg/L of silicate and 1 mg/L of
phosphate, respectively, was present in the solution.” The concentrations of competitive
species represent the typical concentrations of solutes in the natural water bodies.
Similarly, the As(V) adsorption dropped by 10%, 80% and 60% on hematite (Fe.O3)
surface when sulphate, silicate and phosphate, respectively, were present in the solution.”
The selenate adsorption on alumina has also shown to drop by 50% upon addition of
sulphate in the solution in equal concentration.”®

Adsorption of Se and As oxo-anions can be improved by modifying the metal-oxide
surfaces. Three methods of improving adsorption energies on metal-oxide surfaces are: 1)
increasing the number of active sites by increasing surface area to mass ratio,’” 2) changing
the surface structure to increase the binding energy of the target adsorbate,’® or 3) alter the
material composition to increase the binding energy of the target adsorbate.”® Nanoparticles
of metal oxides are employed to reduce the cost of adsorption by increasing the surface
area, and thus number of adsorption sites, per mass of the adsorbent.”®’* However,
Villalobos and Pérez-Gallegos determined that surface area alone does not control sorption
performance by examining the sorption capacities of chromate anions and lead(ll) cations
on goethite.2’ They demonstrated that the exposed surface facet has a stronger correlation
with sorbent effectiveness than surface area.8! Lounsbury et al. found that the (012) facet
of Fe;O3 adsorbs 250-400 pg selenate/m? as compared to 90-200 pg/m? on the (110)
facet.”® Similarly, the adsorption capacity of As oxo-anions on activated alumina is two to
three times higher when impregnated with lanthanum,” showing the criticality of adsorbent

composition. Engineering inexpensive metal-oxides for selective oxo-anion adsorption



processes would decrease the material quantity needed and produce concentrated effluent
that can be used to recycle essential minerals and pave way to create a circular economy.
1.2.2 Catalytic Reduction of Nitrate on Metal Surfaces

Nitrate, on the other hand, is present in a larger concentration in drinking water and
needs to be reduced to other N forms like N> or NH3 to maintain the ecological N-cycle.®
Adsorption leads to production of secondary concentrated stream which involves further
steps for cleanup.2® Remediation on catalytic surfaces via the electrochemical or
thermochemical nitrate reduction reaction (NOzRR) is an emerging technology to convert
groundwater nitrate into N, or NHs.28 It is considered a green alternative against other
remediation methods as it does not use chemical reductants, produce biological waste, or a
second pollutant stream.?® Moreover, the electricity or hydrogen required for nitrate
reduction can be produced by renewable sources.

Out of the many reduction products, converting NO3z™ into either an innocuous
product such as nitrogen gas, N2, or a commercially reusable product such as NHs is of
general interest. In 2021, Wang et al. performed a comprehensive review of recent
discoveries in the nitrate reduction field to improve the activity and selectivity of the nitrate
reduction process.®* Most metal electrodes had varying degrees of selectivity towards
specific products and Turnover Frequency. Pd, Pt, Rd, and Ru have higher selectivity and
activity of the NOsRR over the surface.®® However, these metals are some of the most
expensive elements and cannot be used for affordable usage.®5-# Also, the nitrate reduction
mechanism is suppressed by the hydrogen evolution reaction, which is a critical

competitive side reaction occurring over the cathode surface.®® Nitrate reduction on
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inexpensive materials like Cu forms NO2", a toxic compound, which needs to be further
removed from the water,%%!

Alloying metal surfaces increases the activity and selectivity of the NOsRR.8%2
Past studies have tested the NO3RR on Cu-Ni and Pd-Rd alloys to increase the activity of
nitrate reduction.®%% NOsRR activity showed a volcanic relationship on alloyed material,
where the highest activity was achieved when the ‘active sites’ were dispersed among the
mostly inert metal matrix.** However, none of the systems were able to reach the NHs
production efficiency necessary for commercial use.

In recent years, single atom alloys (SAA) have emerged as a new class of catalysts
that can achieve a theoretical limit to atomic utilization and enhance the activity and
selectivity of reactions by enabling distinct reaction pathways that were not possible of
single metal structures.®®% Pd SAA in Cu, Ru SAA in Cu, and Ni SAA in Cu have shown
promising results in improving nitrate reduction to a selective product. Moreover, they also
show high selectivity to nitrate reduction compared to the HER reaction.88%>971% | jmited
information is available to understand how a single atom alloy improves nitrate reduction,
or if the limit has been reached in improving the activity and selectivity of nitrate reduction
on a single atom catalyst.

However, experimentally determining the properties of material and environmental
conditions that improve selectivity for adsorption and reduction via an Edisonian approach
is a daunting task because it relies on tedious and expensive testing of material
performances on large amounts of perfectly synthesized nanomaterial constructions
without a guarantee of success.”*"® In this dissertation, the adsorption of oxo-anions and
the catalytic reduction of nitrate for water remediation processes is investigated using ab
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initio calculations to determine how material development can be advanced to improve
adsorption processes.
1.3  Use of ab Initio Calculations to Understand and Predict Adsorption and

Catalysis

Precision a priori designs of materials for highly selective water remediation
require an understanding of the fundamental mechanisms of the remediation technique at
the metal/metal-oxide surface in the presence of solvent. Density functional theory (DFT)
has found important application in understanding oxo-anion adsorption and nitrate
reduction on heterogeneous surfaces.’8:99.101-105 gpecifically, DFT methods provide two
tools to complement and propel experimental approaches in development of selective
materials: 1) the ability to isolate individual cause and effects by focusing on processes at
the site of interaction of the studied system; and 2) the use of rapid screening approaches
to identify novel sorbent/electrode materials, predicting the most promising candidates that
could then be validated experimentally. In the past, quantum methods have been applied
primarily for explaining experimentally observed behavior. However, recent advancements
in computing power and high accuracy/low computational cost methods are bringing the
prediction of novel adsorbents closer to reality.

Two routes to DFT based design of sorbents and catalysts are: 1) brute force
materials screening or 2) descriptor identification and materials selection. Due to
limitations dictated by system size (<500-1000 atoms) and simulation time scale (either
thermodynamic states or a few femto-seconds), the DFT calculation of competitive
adsorption and reaction free energies must be completed on a specific material surface

facet, with a specific pH, ionic strength, etc.'®?® Effective screening requires rapid
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calculation of adsorption and reduction energies on hundreds to thousands of candidate
material compositions and morphologies, which is a complicated and time-consuming
process.

The development of adsorption/catalytic descriptors mostly relies on adsorption
energy and selectivity derived from the DFT calculations and identification of materials
characteristics that correlate with desired performance. For example, Corum and Mason
found that strong adsorption of As oxo-anions on Keggin Al-nanoclusters was correlated
with large local shape and electronic potential gradients. %1% With a suitable and clearly
defined descriptor, materials could be screened without detailed DFT calculation and only
candidates with most promising properties would be subjected to full DFT calculations (i.e.
adsorption energies, Gibbs free energies, spectra calculations, etc.).

Therefore, DFT has a great potential to aid in the discovery of selective oxo-anion
adsorbents and catalysts. The key areas that limit its implementation are the size of the
model system needed to adequately describe the complex heterogeneous environment and
reaction pathways, the development of efficient computational materials screening tools
for multi-phase systems, and high-quality experimental validation data. My dissertation
focuses on modelling and understanding the fundamental mechanisms of two remediation
technologies using DFT: (1) low selectivity of metal-oxides for removal of Se (and As)
oxo-anions by adsorption, and (2) low activity or selectivity of electrolytic nitrate reduction
reaction on inexpensive metal electrodes. The adsorption energies of species X on
adsorbate A us calculated as follows:

Xg+A+Egs & X.A

13



Here, Xg is the adsorbate in gas phase, X.A is the adsorbed X species on adsorbate.
The Eags (in eV) is the energy required to adsorb one X species on single site of A adsorbate.
If E is negative, the adsorption process releases energy, and the reaction is more likely to
occur. If the E is positive, the adsorption process requires additional energy, and hence the
probability of the event occurring is less. Similarly, the probability of reaction energy
occurring, for example A and B combining to form C on the surface, can be calculated
using the following equation:

A+B+E,o C

ad5< D.
—
E,dg_>0

Figure 1.4: The pictorial description of adsorption process controlled by the
thermodynamics of the adsorption energy.
These calculations are, however, performed in gas phase. Methods like the hybrid

solvent model; computational hydrogen electrode and thermodynamic Hess cycle are
employed to capture the role of solvent on metal-oxide and metal surfaces without
significantly increasing the computational cost. These models are also compared to the
experimental results found in literature. These models are tested for new materials to find
more selective surface properties for Selenate adsorption and Nitrate reduction.
1.4 Objectives

The dissertation investigated two remediation technologies adsorption of Se and As

oxo-anion on Al>O3 and Fe>O3 surfaces (Objectives 1.4.1-1.4.3) and electrochemical and

14



thermochemical nitrate reduction on Cu/Ru metal and single atom in Cu surface
(Objectives 1.4.4-1.4.6) using density functional theory. First, | focused on developing a
model to study adsorption and catalysis reaction using density functional theory that
replicates the experimental results (Objectives 1.4.1 and 1.4.4). The models were used to
search for properties and materials that can improve adsorption and catalysis. The
objectives are detailed below, and the dissertation addresses each in order.
1.4.1 Understanding the effect of surface properties that controls SeO4% adsorption
on (012) a-Al203

The development of new metal-oxide adsorbents is stymied because of the
unknown nature of surface factors that affect adsorption energies. Here, my objective was
to develop a hybrid solvent model to study the adsorption energies of selenate on the (012)
a-AlO3 surface using density functional theory to unravel the physics that controls
adsorption. The DFT predicted adsorption energies were used to calculate adsorption
isotherms as a function of pH that were compared to experimental isotherm for selenate
adsorption on alumina surface found in literature. The control for physical properties like
water network, distance between oxo-anion and surface and energy of adsorbing selenate
on anhydrous alumina on the adsorption energies was calculated to find the most
controlling factor.
1.42 Understanding the effect of single atom cationic defect sites in a-Al203 (012)
surface on selenate and sulfate adsorption

In this study, my objective was to isolate the role of cation on the adsorption of
selenate in neutral and acidic pH conditions using density functional theory calculations.
The cationic affects were investigated by substituting a single cation on the surface of
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protonated and neutral (012) Al2Os. This enabled isolation of the role of the adsorbent
cation from other surface properties like water network change and lattice structure on the
adsorption of selenate. The adsorption of selenate on single atom cationic defect sites in -
Al,O3 (012) was also compared with sulphate adsorption to find if we can selectively
remove selenate from water by changing the cation of metal-oxide surface. The DFT results
were finally delineated against nine surface properties by regressing descriptors, alone, in
pairs and as orthogonal descriptors developed by principal component analysis.
1.4.3 Adsorption of Se(VI), Se(IV) and As(V) oxo-anions on neutral (012) and (001)
hematite surfaces

This work aimed to determine the effect of surface termination and oxo-anion
cation on the adsorption on hematite surfaces. Density functional theory calculations were
used to determine the water network on [001] and [012] Fe.Os3 surfaces to determine the
number of H.O and OH molecules and H-bonds on each termination before the adsorption.
The adsorption of SeO4% was calculated on the two hematite facets to understand the
surface water structure on adsorption energy. The adsorption of SeO4%, HSeOs', HAsO4*
and H2AsO4 was calculated on the [012] Fe-terminated Fe>Os surface to investigate if
cation of oxo-anion affects the adsorption energies on hematite surface.
1.4.4 Electrochemical reduction of NOs towards NH3 production using dispersed
Ru single atom in Cu metal catalyst: an Ab-Initio Study

In this work, density functional theory calculations were performed to examine
electrolytic nitrate reduction pathways on Ru in Cu single atom alloy (SAA) catalysts
compared to the pure Cu and Ru bulk material. NO3™ reduction pathways were calculated
to NO2 and NO, N2, or NHzs. Specifically, the minimum reaction pathway was mapped for
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nitrate reduction to NO2", NO, N2 and NHsz on the Cu[111], Ru single atom in Cu[111] and
Ru[001] surfaces. The adsorption of ionic species on an electrode was calculated by
developing Hess cycle which incorporated pH and potential affects.
1.4.5 Understanding electrochemical vs. thermochemical nitrate reduction on
dispersed Pd-single atoms in Cu Metal Catalyst using density functional theory

Here the mechanism of electrochemical and thermochemical nitrate reduction was
investigated using Density Functional theory over Pd-single atom alloy dispersed in
Cu[111] to understand the differences in two remediation methods on the activity and
selectivity of the nitrate reduction. The potential and pH effects are included by considering
a Chemical Hydrogen electrode and the protonation energies of aqueous species. The Hy
pressure for thermochemical nitrate reduction is compared to electrochemical potential
using Open circuit potential (OCP) based on Nernst equation.
1.4.6 Predicting the activity and selectivity of electrocatalytic and thermochemical
nitrate reduction on single atom alloy in Cu surface

In this objective | investigated the nitrate reduction mechanism on nine single atom
substitutions in an inexpensive electrode (Cu) to predict the single atoms that have activity
and selectivity of NRR towards NHs or N2 using Density functional Theory. The reaction
energies and activation barriers on single atom catalysts are also tested against metal
properties if the single atoms also follow linear relationship between activation energies
and reaction energy as well as adsorption energies and d-band centers, like pure metal
surfaces.
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CHAPTER 2

RESEARCH METHODS

2.1  Brief review of quantum chemistry and Density Functional Theory (DFT)

| use Density Functional Theory (DFT) to calculate minimum energy configuration
for adsorption reactions, as well as meta-stable and transition states of reaction pathways
on catalytic surfaces. In this section, | briefly provide the overview of the concepts of
quantum chemistry and DFT which are important for understanding and interpreting the
results. Cramer! and other introductory DFT books are recommended for further reading.

The Schrodinger equation is the fundamental equation in quantum mechanics; it is
the “equation of motion” of quantum particles, analogous to Newton’s Law for classical
particles. The Schrddinger equation states that there exists a Hamiltonian operator (H)
which acts upon the wave-function (W) of a chemical system to return the energy of the
system (E):

HY = E¥Y eq. 2.1

Wavefunction, ¥, an eigenfunction, is by itself uninterpretable and physically
unobservable. However, the integral of ¥ with its complex conjugate V", [ WW*dx, gives
the probability of finding the particle in a region.

P(x,x + 6x) = YyY* dx eq. 2.2
The probability of finding a particle in all space is always equal to 1. Therefore, the

constraint on the wavefunction is:

P(—o0,00) = ﬂ YYrdxdydz =< yY*lp >=1 eq. 2.3
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The Hamiltonian operator considers all the energy contribution of the system. For

a simple system (i.e., no external electric or magnetic field, heavy elements etc.), the

Hamiltonian operator is the summation of kinetic and potential energies of each particle

(electrons and nuclei) of the system:

2 2 2
H= — 4h - zz Z"+Z Z 5 g 24
- TMm, nmk Tij e
Table 2.1: Variables in Equation 2.4
iand j Number of electrons
kand | Number of nuclei
h Planks constant
Me Mass of electron
Mk Mass of nucleus
2 . 0% 9% 9% Laplacian operator
Vi ax? T ay? T 0z}
e Charge of electron
Z Atomic number
Fab Distance between particle a and b
Table 2.2: Terms in Equation 2.4
B h? v2 Kinetic energy of electron
~4mm, !
L
5 —— .
3 h 2 Kinetic energy of nuclei
- 4tm,,
Z Z e?Z, The attraction of electron to nuclei
T T
e? Interelectronic repulsion
="
z e“ZyZ; Internuclear repulsion
Tk
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It is mathematically possible to calculate an analytical solution to the Schrodinger
equation describing the Hydrogen atom; however, this is not the case for systems with more
electrons, and it becomes necessary to make simplifying assumptions to reach a solution.

To reduce the number of variables in eq. 2.4, the Born-Oppenheimer
Approximation? assumes that the nuclei have fixed positions. This assumption is derived
from the fact that nuclei are slow moving particles as compared to electrons. Therefore,
the electronic Schrodinger equation is:

(Het + V) Wer(qi; qi) = EetWer(qi5 qi) eq. 2.5

The He, the Hamiltonian operator for electronic components, includes the 1%t ,3™
and 4" term of eq. 2.4. The 2" and 5" term are constants, 0 and Vn respectively. The g;
and gk are independent variables and parameters (nuclear coordinates) of electronic
wavefunction. The Ee is the ‘electronic energy’ of the system. The Hartree-product wave
function assumes that the electrons do not interact with each other:

Wyp = Y1y o Py eq. 2.6

The e-e interactions is added to every electron Hamiltonian (h;) using the mean-

field approximation:

Vi{j} = pr dr eq. 2.7

J=i
where p; is the charge density associated with electron j. Therefore,
N N
2 _ Zk .
H= Zhl Z ——V Zf+Vi{]} eq. 2.8
1 1 = i
The e-e repulsions are doubly counted in Eq. 2.8. Therefore, the final energy is

computed as:
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2
1 VARA
E= Zsi_EZf = dndn eq. 2.9
l

i%)

The problem of unknow ¥, remains, which is required to solve eq. 2.8. An initial
guess for the wave function (Y1) for molecular orbitals which are used to construct single-
electron h operators. By solving eq. 2.8 and 2.9 we get a new set of wavefunctions (V2)
which can differ from first guess. The new set W2s’ are used in the repeated cycle to solve
eq. 2.8 in an iterative ‘Self-Consistent Field (SCF)’ method until a convergence is achieved
and Wn+1 = Ph.

For the initial guess wavefunction (W1), a basis set is constructed by summing a

basis function, ¢, ; multiplied by a coefficient (c, ;). This gives us a wavefunction of each

occupied molecular orbital:

ll)i = Zcﬂ’i%"i €q210

Selecting a correct basic basis set is important for starting any quantum
calculations. For molecular simulations, gaussian functions are used as the basis functions,
which closely match atomic-like orbitals. For periodic systems, like those used in this study
(i.e., crystals, metals and metal oxides and their surfaces), Planewave basis sets are used,
which are periodic in nature and are represented by summations of sines and cosines. Even
though they lose some physicality, they are easy to operate mathematically.

The Variational Principle is used to find ground state energy of the system. The
Variational Principle states the ground state energy will always be smaller than or equal to
the energy calculated by any wavefunction (\¥):

JWHAYdx <W|H|Y >
T fwwdx T <Y¥|¥>
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The coefficients of the basis functions (c,,;) are determined by minimizing the energy with
respect to the free variables (coefficients), i.e., the point where following determinant is

Zero:

J0<e¢ > _ i< ZCu,i<Pu,i|H:| Zcu.i‘pu,i >
ou o <X cui®Puil XcuiPui >

=0 eq.2.12

The energy calculated using variational principal is always higher than the true
ground state energy of the system. This is because the energy of electron exchange and
correlation is not considered. The exchange energy can be computed by using the Slater

Determinant, which includes the spin states of the electron.

1 () - ()
Wp == 5 eq. 2.13
R LT PR W

(D) =¥ (Da(l) eq. 2.14

a(1) is the spin of electron 1 and W, (1) represent electron 1 in orbital n. Slater
Determinant adds the energy required to exchange the electrons from one orbital to another.
The electron correlation energy cannot be computed theoretically.

The Hartree-Fock Self-consistent Field method using the slater determinant is used
to calculate low energy state minus the electronic correlation energy. However, the
Hartree-Fock method is not widely used as:

(1) The computational time used to solve Hartree-Fock SCF methods increases by
power function (f(x) = x*) depending upon the number of electrons (x) in the
simulation cell. This is because Hartree-Fock Hamiltonian includes 4 electron

integral terms.
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(2) Because of the mean field theory approximation, Hartree-Fock method cannot
calculate electron correlation energy. Advance methods can be used to find it;
however, they are very computationally expensive.

This led to the development of other ab-initio methods like Density Functional
Theory to find the energy of the system using electron density. DFT is an interpretation of
Schrodinger equation in terms of electron probability density (p(r)). The early work in
Density Functional theory (DFT) can be traced back to early 1920’s when Thomas and
Fermi.2 The legitimacy of DFT as a methodology was established by Hohenberg and Kohn
in 1964 when they proved two foundational theorems:

(1) The Hohenberg-Kohn Existence theorem* which proved the presence of unique
ground state density (p(r)) corresponding to each external potential (positive
charge) (Vext) and Hamiltonian.

(2) The Hohenberg-Kohn Variational Theorem* which, similar to MO theory, states
that the minimum energy of the system can be calculated by SCF method using:

<YH|¥>=E >E, eq. 2.15
Hence, the energy of the system E[p(r)] is:

E[p(M)] = Tpilp(M] + Vae[p(M)] + Vee [p(r)] + AT [p(1)] + AVe[p(r)]  eq. 2.16
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Table 2.3: Terms in Equation 2.16

Tni[p(r)] Kinetic energy of non-interacting

electrons Z(xl’ =A% x;)
Vhelp ()] Nuclear-electron interaction nuclie

Z(xl Z In—rkl Xi)
Velp(r)] Electron-electron repulsion p(r’)
i

AT[p(r)] Correction to Kinetic energy

deriving the interacting nature of

electrons
Velp(r)] All non-classical corrections to

electron-electron repulsion

energy

The AT[p(r)] and AV, [p(r)] terms of eq. 2.16 are referred to as Exc, or ‘exchange-
correlation’ energy. Unlike HF, which is an approximation, DFT is an exact theory.
However, Exc does not have a defined form and is approximated using semi-empirical
methods.

Non-classical electron-electron interactions and their Kinetic energies are included

using exchange-correlation functionals with empirical parameters:

Exelp(r)] = f p(Mexclp(]dr eq. 2.17

Local Density approximation (LDA), Generalized gradient approximation (GGA),
Meta-GGA or Hybrid-GGA functionals include exchange correlation energy. LDA, the
simplest approximation among the three, assumes that the exchange energy depends only
on the local density. Considering only the local value of exchange assumes homogenous
electron gas and ignores the gradient change in the density. The gradient corrections are

included in GGA exchange functionals as:
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[Vp(r)|
egct o] = A x eg2[p(r)] + B X Aexc [—5— eq. 2.18

p3(r)

GGA functionals are developed to fit A and B based on fundamental laws and/or
experimental energies. The common GGA functional include PW91, PBE, BLYP. To
improve calculations, HF exact exchange is mixed into DFT functional:

Ex(P(T)) = (1 = X)Ex_gea + XEexact eq. 2.19

The exchange (Hybrid GGA) brings the wavefunction closer to the true minimum
energy. However, the cost of the calculation increases from N2 to N* upon hybridizing the
exchange energy. Therefore, the choice of Exchange correlation functional is critical before
performing any calculation as it affects the computational cost (LDA < GGA < meta-GGA
< hybrid-GGA) and chemical accuracy (hybrid-GGA > meta-GGA > GGA > LDA).

Even with GGA or LDA, the N® scale has high computational cost. Pseudopotential
approximations are employed DFT to evaluate the interactions of the valence states of an
atom. By constructing a pseudopotential to match the true potential beyond a specified cut-
off radius, the potential inside the cut-off radius can be approximated for simpler
computations.® The use of crystal symmetry in periodic systems enables the reduction of
the number of plane wave basis sets required to represent the electronic charge density. In
addition, the minimum number of discrete points required in the simulation cell can be
optimized by considering the Brillouin zone and applying the reciprocal space lattice, as
prescribed by Bloch's theorem. These techniques are widely used in DFT calculations to

accurately describe the electronic structure of materials.®
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2.2  Computational set-up of metal/metal-oxide interface

| performed DFT studies in this dissertation using a generalized gradient
approximation functional (Perdew-Burke Ernzerhof - PBE)’, and the projected-augmented
wave (PAW) method as implemented in the Vienna Ab initio Simulation Program
(VASP).2® | used PAW pseudopotentials’® to reduce the computational cost of the
calculations and explicitly describe the 1s orbital of H atoms, 2s and 2p orbitals of O & N
atoms, 3s and 3p orbitals of Al & S atoms, and 3d and 4s orbitals of Sc, Ti, V, Cr, Mn, Fe,
Co, Ni & Cu atoms, 4s and 4p orbitals of Ga, Se & As atoms, 4d and 5s orbitals of Mo, Ru
& Pd atoms, 5s and 5p orbitals of In atom and 6s and 5d orbitals of Pt, Au & W atoms.
DFT-D3 correction account for non-local van der Waals (vdW) interactions based on the
method of Grimme et. al.!!

| used periodic boundary calculations to calculate adsorption and reaction pathways
using an infinite slab in 2 dimensions separated by vacuum space to represent metal or
metal-oxide surfaces. The slabs considered here are more than four atomic layers thick. |
used the pymatgen?!3 surface generator module to generate the metal and metal-oxide

interfaces (Figure 2.1).
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Figure 2.1: [012] Al.Os interface generated using pymatgen®® surface generator module
from a-Al203 crystal.

The metal and metal-oxide slabs were first relaxed with no constraint to the shape
of the simulation cell (only cell volume in constrained). The atoms in the bottom half of
the relaxed slab were fixed during reaction and adsorption energy calculations to reduce
the computational cost. Moreover, the slab maintained the crystallinity of the metal/metal-
oxide nanoparticles, reduced over-relaxation of the atoms compared to molecular models,
and provides improved accuracy in the reaction energies.!* Typically, the reaction energies
were calculated on the low surface energy facets of metal and metal oxides which have
symmetric surface sites — [012] for Al,O3 and Fe203'°*" and [111] for Cu and Pd, and [001]
Ru surface,'® However, the adsorption energies of Se and As oxo-anions on [012] and [001]
Fe»Os facets with different terminations were calculated in Chapter 5 to understand the role
of surface species on adsorption. At least 10 A vacuum space was added between periodic
surface layers. Adsorption energies are calculated on metal and metal-oxide surfaces to
confirm that the vacuum space between slabs was enough to reduce spurious interactions
between infinite slabs (Figure 2.2). The wave function was constructed from a summation

of plane waves and Brillouin zone sampling were performed for each interface until the
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energy difference was less than 0.01 eV. The objective specific parameters are detailed in

each chapter. Crystal structure representations were obtained using VESTA.°

>10 A >10 A

Fixed
atomic
layers

Figure 2.2: Standard periodic simulation cell used to calculate adsorption energies and
reaction mechanism on Metal (Cu) (left) and metal-oxide (Fe203) (right) surfaces.
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2.3 Inclusion of Van der Waals force correction in DFT calculations

Density Functional Theory averages the electron density per unit volume. This
excludes the influence of van der Waals (vdW) forces or London dispersion forces which
are caused by dipoles induced by instantaneous charge fluctuations.?® Therefore,
adsorption energies calculated on metal and metal-oxide surfaces using density functional
theory are underestimated. The inclusion of van der Waals forces can be made to the DFT

calculations by adding a dispersion correction term (Eg;s,) to a conventional DFT energy

DFT 21
Etot :

ERET-4 = EPET + Egigp eq. 2.20
These corrections are achieved by DFT-D3 method of Grimme with zero-damping
function,'! DFT-D3 method with Becke-Johnson damping function,? DFT-ulg method,?
or including nonlocal vdwW-DF functionals proposed by Dion et. al.,* Lee et. al.,® Klimes
et. al.?®%" or Peng et al.?8
The adsorption energy of selenate on the Fe;Os surface was calculated to find the
optimal van der Waals correction to use for the DFT calculations. The average time taken
for five electronic steps is multiplied by 50 steps x 250 SCF steps to find the average time
taken for structure configuration using a specific method of including the dispersion
correction term. The results of adsorption energy vs. time taken are presented in Figure 2.3.
As expected, the adsorption energy is less endothermic when dispersion calculations (0.20-
0.56 eV) are added to the adsorption energy calculations. The variation in adsorption
energy calculated using different methods is much smaller than the differences between
adsorption energies for different configurational changes and competitive species. nonlocal

vdW-DF functionals which have the least endothermic adsorption energies require 30-40
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more hours to run a single simulation. Considering that hundreds of jobs per study are run,
this would significantly increase the computational cost without significantly changing the
results of my calculations. Therefore, the DFT-D3 method of Grimme with zero-damping
function was included in all the surface energy calculations, which is easy to implement

and does not increase the computational cost of running the simulations.
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Figure 2.3: Adsorption energy and computational cost of using different Van der Waals
force correction in DFT calculations.

2.4 Inclusion of solvent effects for adsorption energy calculations

The method of including solvent effects impacts both prediction quality and
computational cost. There are two ways of including solvent effects: (a) filling vacuum
space between slabs with explicit water molecules or (b) adding an implicit polarizable
continuum dielectric of water solvents®. Incorporating water molecules in DFT calculation
incurs significant computational expenses. Additionally, the dynamic nature of water
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molecules in the solvent phase implies that even minor changes can significantly impact
the overall energy of the simulation. Conversely, implicit solvents employ a parameterized
methodology to incorporate a continuum model for solvent effects, thereby minimizing the
incorporation of solvent atoms in the simulated system. However, with implicit solvent,
the short-ranged solvent effects like hydrogen bonding are lost which may be critical for
understanding the adsorption mechanism on hydrophilic metal-oxide surfaces.

The cleaved metal-oxygen (M-O) bonds on the metal-oxide surface are substituted
with hydroxyl groups upon exposure to an aqueous environment.>° The surface hydroxyl
group protonates or deprotonates based on the pH of the solution and pKa values of surface
hydroxyl groups. (Figure 2.4). The presence of the surface hydroxyl groups creates a dense
water network comprised of hydrogen bonds that cannot be ignored when calculating
adsorption energies. Therefore, to calculate the adsorption energy of oxo-anion on metal-
oxide surfaces in chapters 3-5, | have used a Hybrid Solvent Model where only the first
highly ordered interfacial water layer is included explicitly. The solvent effects beyond the
first layer are considered by including a polarizable continuum dielectric in the vacuum

layer. The validity of this model is explained in detail in Chapter 3.
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Figure 2.4: Neutral [012] Al>Os surface with dissociated water molecules on the surface.
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2.5  Calculating adsorption energies for charged species

Water molecules adsorbed onto metal surfaces form hexagonal or pentagonal
clusters, depending on whether the surface is hexagonal closed-packed or non-hcp,
respectively.3! Incorporating these water clusters in DFT calculations would increase
computational costs twofold: by expanding the number of initial configurations required to
locate the lowest energy state and by increasing the size of the simulation cell. Since the
computation of multiple meta-stable states is required to determine the optimum reaction
mechanism for calculations performed on metal surfaces, calculating adsorption energies
would necessitate a more significant computational expenditure than determining reaction
pathways. Additionally, the periodicity over the water clusters would need to be preserved
by increasing the simulation cell size from 4x4 to 6x6. As a result, implicit and explicit
solvent effects in DFT calculations are currently disregarded in investigations of nitrate
reduction mechanisms on metal surfaces. Nonetheless, the solvation energies of adsorbing
species are included in the Hess cycle used to determine adsorption energies, which vary
as a function of pH.
2.5.1 Inclusion of potential and pH effects at electrode interface

For reactions over electrode surface, the following approach was used to include
electrochemical and pH effects in the final reaction energy and saddle point calculations in
Chapter 6-8. | calculated the Gibbs free energy for the reaction steps on metal surface
electrodes using the computation hydrogen electrode (CHE)®? to include the voltage effects

on Gibbs free energies:

GH+ + Ge— == _GHZ - eURHE eq. 221
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where Urne is applied potential with respect to the relative hydrogen electrode
(RHE) and Gnz is the free energy of gaseous Hz. The adsorption of aqueous phase charged
species are calculated using experimentally calculated solvation energies and pKa values

obtained from CRC Handbook of Chemistry and Physics®
A" ++x->A"+e” eq. 2.22

AGaqs(A7) = Gy + G- — G4~ — G, eq. 2.23

1
AGads(A_) = GA* + [E GH2 - eURHE] - [GHA - AGsol - AGprotonation] - G* eq. 2.24

AGprotonation 1S the free energy of the association of A” in solution with a proton, and
is calculated as
AGprotonation = G — 2.303kT (pK, — pH) eq. 2.25
where Kk is the Boltzmann constant, T is the temperature, and pKa is the
experimental acid dissociation constant of HA®*. The Hess cycle is explained further in
chapter 6.
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CHAPTER 3
SURFACE WATER H-BONDING NETWORK IS KEY CONTROLLER OF
SELENATE ADSORPTION ON [012] a-ALUMINA.

3.1 Abstract

Selenate adsorption onto metal oxide surfaces is a cost-effective method to remove
the toxin from drinking water systems. However, the low selectivity of metal oxides
requires frequent sorbent replacement. The design of selective adsorbents is stymied
because the surface factors controlling selenate adsorption remain unknown. We
calculate adsorption energies of selenate on the (012) a-Al2O3 surface using density
functional theory to unravel the physics that controls adsorption. Our model is validated
against experiment by correctly predicting selenate removal efficiency as a function pH.
We find that the selenate adsorption energy on the anhydrous o-Al.Oz surface is
surprisingly anti-correlated with the fully solvated adsorption energy; therefore, the direct
interaction between adsorbate and sorbent is eliminated as the controlling mechanism.
Rather, the change in number of surface hydrogen bonds after adsorption is the factor most
correlated with the adsorption energy (R?> 0.8); and is thus determined to be the factor
controlling selenate adsorption. We find that pH affects adsorption by controlling the
number of surface protons available for H-bonding to selenate. This work demonstrates
that adsorption prediction should not be made based on gas phase sorption energies and
suggests that surface engineering which increases surface protonation may be an effective

strategy for increasing selenate sorption.
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3.2 Introduction

Selenium (Se) is a reactive non-metal which causes liver and kidney damage after
prolonged exposure above 400ug/day.’?> The World Health Organization therefore
recommends that drinking water contain less than 40 pg/L of total Se,? which is present in
water as selenate (Se(VI)) and selenite (Se(1V))® oxo-anions. While selenite and selenate
are both toxic and should be removed from water, selenate (Se(V1)) is more difficult to
remove than selenite (Se(1V)) due to its more stable structure, slower reduction rates, lower
adsorption on metal-oxides and organic ligand-based composites, and similar structure to
its more prevent co-contaminant cousin — sulfate.*® Centralized water treatment facilities
decrease Se concentrations to below the exposure limit cost-effectively through processes
such as ion-exchange (US $0.06 m)?; however, such removal of Se concentrations below
epidemiological levels is challenging in decentralized systems such as wells and small
community water systems, if it is attempted at all. Other physio-chemical and biological
treatment processes such as nanofiltration, reverse osmosis, reduction on ferrihydrite, or
biological systems are often not economically feasible for use in distributed systems
because of high cost and space requirements, low conversions, low efficiency in presence
of other ions such as sulfate, phosphate and nitrate etc., fouling, post treatment
requirements etc.® Under-the-sink adsorptive ion removal provides contaminant removal
in distributed water systems while remaining low cost and easy to implement and operate,
especially when compared to the reverse osmosis alternative. °**

Aluminum, iron, manganese oxides and hydroxides and organic ligand-based
composites are promising adsorbents for removing selenium oxo-anions from soils and

water. While organic ligand-based composites such as N,N'-di(3-carboxysalicylidene)-3,4-
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diamino-5-hydroxypyrazole have high removal efficiency (up to 95.5% from tap water) for
selenite,'?14 they have not yet been tested for their performance in removing selenate from
real wastewater and in presence of other oxo-anions.>® Moreover, they require advanced
synthesis procedures and new structures must undergo extensive toxicity tests before their
use beyond laboratory scale set-ups.t” Metal-oxides, on the other hand, are already known
to be non-toxic, abundant, simple to use, socio-culturally acceptable, and compliant with
most local health and safety regulations; therefore, they are therefore rapidly deployable if
they can be made selective.®8-22 Moreover, metal oxide adsorbents can be re-cycled by
desorbing captured pollutants through processes like chemical-, electrochemical- or
thermal-regeneration.?®

Among candidate sorbents, activated alpha alumina (a-Al203) removes higher
percentages of selenium (99%) than other common adsorbents such as activated carbon
(87%) and chitin (49%).182* However, the adsorption of selenate on alumina is strongly
controlled by solution pH. At pH ~ 3, 1g/L hydrous alumina particles adsorb approximately
100% of the SeO4> from 200 ml of 1.25 mM SeQ4>.%> However, the adsorption capacity
of alumina decreases with increasing basicity of the solution until pH 9, where the
adsorption capacity is approximately 0%. While past literature has extensively documented
this trend,?®-28 investigations as to the underlying surface chemistries which give rise to
these trends are sparse. This lack of understanding limits rational sorbent design because it
is unclear what properties, e.g., materials chemistry, crystal structure or exposed facet, etc.,
control adsorption, and therefore which properties should be tuned to improve SeO4%*

adsorption.2®3!
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Experimentally unraveling the surface chemistry which enables high adsorption
capacity is difficult because many phenomena are interdependent.?3 For example,
changes in solution pH alter the protonation state of both selenate (HSeO4!" or Se04> below
or above pH 1.7), and the surface hydroxyl groups, (protonated below the ~8-9.6 pH
(point of zero charge (PZC) of a-Al,O3) and is deprotonated above it)?°. Additionally, pH
is known to change the binding mechanism of selenate on a-Al>Os, where it switches
between inner or outer sphere configurations.®*** Thus although experiments show that
adsorption decreases significantly at pH above 7, it has not yet been able to explain
why, 83 due to the extremely challenging nature of isolating individual causes and
effects.” 3% Ab-initio methods, such as Density Functional Theory (DFT), provide a route
to understand the fundamental controlling mechanisms of oxo-anion adsorption on metal-
oxide surfaces through its ability to examine experimentally non-isolatable or rare cases,
and thus delineate the extent to which individual effects and interactions contribute to oxo-
anion adsorption.

Pioneering computational studies explored the adsorption of oxo-anions on small
molecular clusters of metal oxides (generally monomers or dimers of the crystal formula
unit) in order to confirm and understand experimental finding.*® Adsorption geometries of
adsorbate-adsorbent complexes were compared to experimental data such as infrared (IR)
vibrational frequencies and extended X-ray absorption fine structure (EXAFS)
spectroscopy to understand the nature of chemical and physical bonds between adsorbate
and surface.**" They found that the DFT cluster models can accurately predict the first
and second shell interatomic distances of oxo-anion adsorbed complexes on metal-
(hydr)oxide-H2O interface.*> However, molecular clusters inherently ignore long range
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order effects such as surface solvation and band structure features such as magnetism, and
therefore incorrectly predict adsorption energies and therefore an ability to predict likely
structures and sorbent performance.*>* Periodic boundary condition slab models
overcome the lack of crystalline order of cluster models, where 2D infinite slabs of the
metal-oxide crystal represent the surface plane. This reduces over-relaxation of the atoms
and provides improved description of the sorbent and thus accuracy in the adsorption
energies.*? Despite recent efforts, periodic models have not yet achieved sufficient
accuracy to reproduce experimental adsorption trends, and therefore are not reliable for
prediction and trend extraction.

This contribution aims to develop a surface adsorption model which accurately predicts
the sorption behavior of selenate on the low energy (012) surface facet of Al,Os3 as a
function of pH, and, using this model, delineate the physics that controls selenate
adsorption using DFT calculations. | achieve accurate representation of the surface
adsorption through a hybrid explicit/implies solvation model. In depth analysis of these
results demonstrate that the H-bonding network of the surface monolayer, not the inherent
interaction between selenate and the surface, controls selenate adsorption.

3.3  Computational Methods
3.3.1 First-principle calculations

Density Functional Theory (DFT) calculations were performed using a generalized
gradient approximation functional (Perdew-Burke Ernzerhof - PBE)*, and the projected-
augmented wave (PAW) method as implemented in the Vienna Ab initio Simulation

Program (VASP).%%%! PAW pseudopotentials® were used to reduce the computational cost
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of the calculations and explicitly describe the 1s orbital of hydrogen atoms, 2s and 2p
orbitals of oxygen atoms, and 3p, 3d, 4s, and 4p orbitals of aluminum and selenium atoms.
Non-local van der Waals (vdW) interactions were accounted for through the DFT-D3
correction, based on the method of Grimme et. al.>® Implicit water solvent was included
using a polarizable continuum model with the water dielectric constant as implemented in
the VASPsol module.>* Adsorption energies were calculated between super cells
containing the same number of electrons and atoms, rather than as non-interacting species
in separate cells. This last fact was critical in achieving experimental parity. | attribute this
finding to the differences in the background compensating jellium charge imposed when
charged super cells are used.

The a-Al2O3 crystal was represented by a (012) facet slab super cell containing 2x1x3
primitive unit cells (a-Al1201g). | chose to investigate the (012) facet because it is a low
surface energy facet, the largest constituent (47%) of the gibbsite particles®>*®, and has
symmetric adsorption sites®®, simplifying DFT calculations. A 45 A polarized continuum
model implicit solvent filled the space separating the slabs. Such a large space was
necessary to remove spurious interactions between atomic layers and any desorbed species
in the solution. Desorbed selenate and water species were placed inside the implicit
continuum solvent space of the simulation cell with intermolecular distance of at least 6 A,
to minimize Van der Waals interactions but retain solvated behavior (Appendix Figure
Al).

Wave functions were constructed using summations of plane waves with energies up
to 500 eV. I found that there is only a 0.001 eV difference in adsorption energies calculated
at 500 eV and 600 eV. Atomic geometries and system energies were calculated using a
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2x2x1 gamma point centered Monkhorst-Pack k-point mesh, which showed only a 0.0001
eV difference with a 4x4x1 mesh grid. Atomic geometries were relaxed until atomic forces
were less than 0.001 eV/A. The crystal lattice constants obtained (a=b= 4.80A, c=13.09A,
0=Pp=90° and y=120°) match well with experimental results (a=b= 4.76A, c=12.99A,
0=P=90° and y=120°)"’.

HSEO06 functional®® calculations were used to validate the PBE results. | found that the
HSEO06 functional calculated adsorption energy of a SeO4? in monodentate configuration
on neutral alumina surface was only -0.085 eV more exothermic than the PBE functional.
While the difference is non-negligible, it is within the expected error of the methods and
do not invalidate the adsorption energy trends observed because the differences in
adsorption energy were approximately 10 times higher than the energy differences caused
by a change in functional. Thus, the PBE functional was used to perform all the remaining
calculations due to its significantly lower computational cost, and the already high cost of
including van der Waals, implicit solvent, and the large number of atoms and size of the
system. Density of States (DOS) and Crystal Orbital Hamilton Populations (COHP)
analysis were performed using vaspkit®® and LOBSTER®®! software respectively. Crystal

structure representations were obtained using VESTA.%?
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3.3.2 Hybrid Solvent Method

(a) t

Implicit polarizable continuum
dielectric water

L S v_
Explicit

Figure 3.1: Hybrid Solvent Model demonstrating explicit interfacial water and implicit
polarizable continuum dielectric. The gray, red, white spheres represent Al, O, H atoms,
respectively.

Proper inclusion of solvent interactions with the oxo-anion and metal oxide surface
was essential for the accurate calculation of adsorption energies. Incorporating an
appropriate solvent distribution at the interface was challenging because it required
identification of low energy configuration of highly flexible H-bonding networks. My
model, based on micro-solvation concept®®, used one explicit monolayer of water or
hydroxyl on the a-Al203 surface and a coupled polarizable continuum dielectric in the
vacuum space to account for solvation beyond first layer (Figure 3.1). This mirrors the
experimental X-ray reflectivity findings of Catalano et al. who demonstrated that after the
first highly ordered interfacial water layer on the (012) a-Al2Os surface, each addition layer

of water decays towards disordered bulk configuration with non-uniform

51



characteristics.#®® | found that the adsorption energy and structure of H,SeOs in
monodentate configuration calculated using the HSM model matched that calculated using
four explicit water layers which incurred a significantly higher cost, see Appendix Figure
A.2. Thus, the HSM model was used in the remainder of this work.

3.3.3 Adsorption energy calculation parameters
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Figure 3.2: Side view of selenate adsorbed in (a) monodentate Monomolecular (MM), (b)
bidentate monomolecular (BM) and (c) outer sphere configuration on (012) a-AlO3. Top
view of top view of (012) Al>Os surface with dissociated (d) H>O on neutral Al>Os and
(e) H3O" on protonated Al,Os. (f) Side view of (012) Al.O3 surface with dissociated H-O.
OH1, OH3 and H>0O1 represent singly coordinated OH, triply coordinated OH and single
coordinated H.O, respectively. The grey, yellow, red, white spheres represent Al, Se, O
and H atoms, respectively.

| considered both inner and outer sphere adsorption. In inner sphere adsorption the

0x0-anion’s oxygen atom bonds directly with surface Al atoms, replacing water/hydroxyl
groups. | considered seven possible inner sphere monomolecular adsorption configurations
for Se04% on (012) 0-Al,O3 surface, where each bonding oxygen of the oxo-anion replaces
one hydroxyl. These configurations included one monodentate (MM), three bidentate (BM)
and three tridentate configurations (TM). | also examined two bimolecular configurations
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(monodentate bimolecular (MB) and bidentate bimolecular (BB)). In these configurations,
two oxygens of the oxo-anion bond to the surface and replace two hydroxyl groups. All the
configurations considered are presented in Figure 3.3. | found that all the bimolecular
configurations relaxed into mono-molecular configurations (Figure 3.4). Additionally, the
tridentate adsorption configurations were highly endothermic. Hence, bimolecular, and
tridentate configurations are not further discussed in the paper. In outer sphere adsorption,
the oxo-anion does not replace the surface water layers, rather they form H-bonds with the
surface water/hydroxyl monolayer. Configurations similar to those described for inner
sphere adsorption were constructed for outer-sphere adsorption. For brevity, only the most

stable outer-sphere (Outer) configurations are discussed further.

o
=2

Figure 3.3: (a) Seven possible inner sphere monomolecular adsorption configurations for
Se04% on (012) a-Al,O3 surface: one monodentate (MM1), three bidentate (BM1, BM2,
BM3) and 3 tridentate configurations (TM1, TM2, TM3). (b) Two bimolecular
configurations (monodentate bimolecular MB and bidentate bimolecular BB) for SeO4>
on (012) a-Al203 surface.
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Figure 3.4: The relaxed configuration of HSeO4™ in Bidentate Bimolecular (BB)
configuration above the PZC — (a) before and (b) after the relaxation. The selenate shifts
to Bidentate monomolecular (BM) configuration (seen in (b)), with one Al atom with no

adsorbed species. The circle in (b) represents the bare site above surface Al. The grey,
red, white and orange balls represent Al, O, H and Se atoms respectively.

To delineate the effects of oxo-anion protonation, | included calculations of
adsorption energy of selenate in fully (H2SeOs), semi (HSeO4) and de (SeO4%) protonated
state in MM, BM and outer-sphere configuration on [012] a-Al203 surface, even though
H2SeOQs is a strong acid and not present in aqueous system.%® The protonation of selenate
as a function of pH can be calculated using pKa value of deprotonation of HSeO4 from

Santos et. al. (2015)%":

HSeO; & Se0;* pK ~1.7 eq. 3.1

H3O" molecules were added to the implicit continuum solvent space to account for the

protons donated by semi and de- protonated selenate and to maintain a consistent
simulation cell between various calculations.

The pH effects on [012] a-Al2O3 surfaces were included by altering the protonation

of the adsorbed water monolayer. Water molecules dissociatively adsorb on the [012]
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Al>O3 surface to form singly and triply coordinated hydroxyl groups, labeled OH1 and
OH3 respectively®®. As the pH decreases, the surface adsorbs protons and the previously
de-protonated OH1 groups gain a proton re-forming water, while the previously dissociated
H*s’ remain on the surface O% anions, i.e., the OH3 structures remain. The fraction of the
protonation and deprotonation of [012] Al.Os surface hydroxyl groups can be calculated

using equilibrium and following chemical reactions®®°:

H,01%%% & OH17%% + H* pK ~9.9 eq. 3.2
OH17%% & 07%5 + H* pK ~11.9 eq. 3.3
OH3%%5 & 075+ H* pK ~5.9 eq. 3.4

For my calculations, | have considered adsorption of selenate on neutral or
protonated surface in all three oxo-anion protonation states and all adsorption
configurations. The PZC for [012] a-Al203 calculated from eq. 3.2-3.4 (figure 3.3(d)) is
7.8, which closely matched the experimentally found PZC of a-Al.O3 by Peak (2006).%
The computational adsorption energy calculations were considered in absence of salt ions
present in the solution phase or at the interface. The neutral Al>Os surface has dissociated
H.0 (as OH1 and OH3) and protonated surface has HsO* (H2O1 and OH3) on the surface
(figure 3.2 (d) and (e)). Following the studies of She et. al. (2015) and Leung et. at. (2017),
| assumed that the configuration with most exothermic adsorption energy corresponds to
the experimentally observed species.*"° The adsorption energy was calculated using the
following equation:

AE = Eqas ¢ — Edesorc eq. 3.5

Where Eqg5 ¢ = E41,05.(12-y)0H (n-2)H* HySe03 % +(2-x)H3 08 +yOH~zHE, 1S the energy of

the simulated cell containing the adsorbed selenate and Eg.s =
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EAlZ03_120H__nH++Hx5€02-xaq_+(2_x)H30;q. is the energy of simulated cell before adsorption.

The variable values (n, X, y) as a function of protonation and adsorption type are listed in

Table 3.1.

Table 3.1: Variables affecting adsorption energies as function of pH and type of

adsorption.
Variables Factors affecting the variable Values
Protonated surf: 24
n Number of H" on a-AlLO, rotonated surtace
Neutral Surface 12
Fully protonated (H,SeO,) 2
X Protonation of selenate Semi protonated (HSeO, ) 1
De protonated (SeO 42_) 0
Bidentate adsorption (BM) 2
y Type of adsorption Monodentate Adsorption (MM) 1
Outer sphere adsorption (outer) 0

3.3.4 Predicted fractionation of adsorbed selenate

| predicted the percentage of selenate ions that will adsorb on Al,O3 surface as
function of pH using Gibb’s free energies of adsorption and equilibrium constants. |
assumed that the oxo-anion loses all of its aqueous phase entropy upon adsorption.
Therefore, the Gibbs free energy of adsorption is equal to

AGqgs,, = AE —TAS eq.3.6

where AE is the adsorption energy calculated using eq. 3.5 for respective n and x
variables in Table 3.2. The entropy of aqueous HSeO4s and SeOs* were taken to be 136
J/mol K and 33 J/mol K respectively.” I did not calculate the Gibbs free energy of H2SeO4
adsorption as it is not present in solution under normal pH conditions. The equilibrium

constant is calculated as
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K . = (AG) _ a
nx = SPART) T [HySeO0; *]in; —

eq.3.7

Here a is the concentration of H,Se0; * adsorbed on [Al,05.12H,0.(n —
12)H*], and [H,Se02™*];,; is the initial concentration of the different protonated oxo-

anion species in aqueous solution and is calculated using pKa value :

[HSe0; ] >

—_— .3.8
[Se0Z — ] o

1.7 =pH + log(

| assumed an initial total selenate concentration of 1M and that the surface area
sufficiently large to accommodate all selenate ions. For the purpose of predicting
adsorption, | assumed that the surface was either fully protonated or deprotonated in a

fraction equal to the pKa values:

[Al,0H]

59 = pH + IOg [Al—30] eq. 3.9
_ [AlOH,]

9.9 = pH + log [AI0H] eq.3.10
B [AlOH]

Combining the fraction of surface protonated sites, deprotonated sites, and various
selenate species, the total percent of selenate adsorbed within the limit of infinite Al2O3

surface area and non-interacting adsorbates on the alumina surface is:

% Seqqs = Z Z a X [H,Se027);,:[Al,05.12H,0. (n — 12)H*];;  eq.3.12

n=12,24 x=0,1
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3.4 Results and Discussion

In this section | first discuss the energy of selenate as a function of oxo-anion
adsorption configuration, and surface and oxo-anion protonation. Then, | demonstrate the
reliability of adsorption energy as predictor for experimental trends and discuss the effects
of structural motif and pH parameters on adsorption. Lastly, |1 examine the underlying
physics controlling selenate adsorption by correlating various physical and chemical
parameters of the calculated structures with their adsorption energies.

3.4.1 Selenate adsorption on alumina surface as function of pH

I calcuated the adsorption enenergy of selenate on a-Al.O3 as a function of
adsorption motif and protonation extent of the selenate and surface. The lowest enregy
configuration of each condition is shown in Figure 3.5a and b. Using these adsorption
energy and the pK values for protonation/deprotonation of oxo-anion and surface hydroyl
groups found in Santos et. al. (2015)%” and Sung et. al. (2011)%8 respectively, I plotted the
fraction of selenate adsorbed, using equation 3.9, as a function of pH, in Figure 3.5¢c. My
precited percent of selenate adsorbed closesly aligned with that experimentally determined
selenate adsorption of 1g/L of alumina in 0.01M ionic strength solution.?® I calculated the
adsorption of one selenate oxo-anion per 0.45 nm?, which corresponds to a loading of ~700
ng selenate/m? on a-Al,Os. Therefore, | expect that the selenate loadings on Al,O3 as a

function of pH calculated in Figure 3.5¢ should hold at least until 700 pg/m?.
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Figure 3.5: (a) and (b) Adsorption energies of selenate on the (012) Al>O3z surface as a
function of adsorbent configuration, surface protonation and oxo-anion protonation. (c)
predicted selenate adsorption as a function of pH compared to experimental selenate
removed on 1g/l of alumina at 0.01 M ionic strength (reference®). (d) Percentage of
surface species (adsorbed selenate and water) on [012] Al2Os as function pH.

Near neutral pH conditions where SeOs> dominates (pH > 4), outer-sphere
adsorption was the most stable (exothermic) configuration on both the protonated and
neutral surfaces. Therefore, selenate is expected to adsorb in outer-sphere configuration,
with higher adsorption extents at protonated surface sites. While there was only a slight
difference in adsorption energy of deprotonated selenate in different configurations, 0.38
eV between outer-sphere to bidentate configuration, the probability of adsorption occuring
in monodentate and bidentate configuration was calcuated to be 0.004 and 3.74 x 10 times
less likely than the outer-sphere configuration at room temperature respectively from the
Boltzmann equation. The predicted preference for outer sphere adsorption matched

experimental results where selenate was found to adsorb in outer sphere configuration on

Al,03.18257273 The average interatomic distance of Se-O of outer-sphere SeO4? adsorbed
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on protonated Al,Os found using my calculations (1.70 A) closely matches the
experimentally measured interatomic distance (1.64 A) from EXAFS.2>7 | analyzed the
chemical interaction between the selenate and the surface using Crystal Orbital Hamilton
Population (COHP) analysis. COHP analysis of the outer sphere SeO4? configuration
revealed that the selenate was only bound to the Al>Os through hydrogen bonds (-ICOHP
= 1.42 eV/bond to surface H’s) and that selenate Os had very small orbital overlap with
crystal’s Al species (-ICOHP = 0.06 eV/bond). This was in contrast to SeO4% in the inner
sphere configuration on protonated Al.Os, where AI-OSe bond strength (-ICOHP
=5eV/bond) was stronger than Al-OHzbond strength (-ICOHP = -4 eV/bond). However,
the Al-OSe bond strength was not enough to overcome the energy required to break
hydrogen bonds between interfacial water (-ICOHP = 0.91 eV/bond). The strong bond
strength (-ICOHP = -8.65 e¢V/bond) between Selenate’s Se and O atoms in stable
configurations confirmed that selenate reduction on the Al,Oz surface is strongly
endothermic. At low pH, beyond the normal drinking water range, selenate is present in
both semi and deprotonated state, and the surface dominated by protonated hydroxyl
groups. Under these conditions, selenate was predicted to adsorb strongly in both inner and
outer sphere configuration. Overall, | found that the most selenate was removed below pH
4, where > 98% of a-Al,O3 was covered with dissociated HsO* molecules, which also
matches experimental results (Figure 3.3d).”

There were clear relationships between the the system configurations and
adsorption energies. The relative effects of system paramters on adsorption were: surface
protonation > adsorption configuration = protonation extent of selenate. The average
adsorption energy increased by 4.41 eV from -3.15 eV exothermic for the protonated
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surface to 1.26 eV endothermic for the neutral surface. This effect was at least 3.78 eV
stronger than the other factors. The second most important factor in directing the adsorption
energy was the adsorption configuration, where the average energy of BM, MM and outer
sphere configurations were -0.63, -0.94 and -1.26 eV, respectively. The maximum
difference in energy between averages of most stable configuration (outer sphere) and least
stable configuration (Bidentate mononuclear, BM) was 0.63 eV, which was significantly
less than effect of surface charge. Changing the protonation state of selenate resulted in the
smallest change in the average adsorption energies: -0.86 eV, -0.60 eV and -1.38 eV for
H2Se04, HSeO4 and SeO472, respectively, or 0.52 eV. Interestingly, the adsorption trend as
a function of oxo-anion protonation extent was non-monotonic, unlike the other trends.

| calculated that the adsorption energy of selenate on the aluminum surface
decreased as selenate loses its protons on neutral Al2Os. In fact, no fully deprotonated
selenate was calculated to bind to the neutral surface exothermically. This finding is critical
because only deprotonated selenate is present between pH 3-9.7® On the protonated surface,
the adsorption energy relations were not linear as a function of selenate protonation and
configuration. In the BM configuration, the adsorption energy varied non-monotonically
with energies of -3.82 eV, -4.46 eV, -4.17 eV for H,SeOs, HSeO4 and SeO4?, respectively.
The opposite non-monotonic trend was observed in the MM configuration on protonated
Al>O3, where the adsorption energy changed from -3.77 eV to -1.03 eV to -4.41 eV as
selenate deprotonates.

| investigated the non-linear trends observed for inner sphere selenate adsorption
on protonated surface using Bader analysis’’. | calculated that the Se ion reduced from 6+
to a 4+ oxidation state upon adsorption in the MM H>SeO4, BM H>SeO4 and BM HSeO4
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configurations. This was consistent with the dissociation of one the four Se-O bonds seen
in inner-sphere adsorption on protonated surface (Figure 3.6). These results also predict
higher adsorption of selenite on protonated Al,O3 surface in inner-sphere configuration,
which also matches the experimental results seen by Meher et. al. (2020),%” Ji and Wang
(2019)"® and Yamani et. al. (2014).” Additionally, the density of states showed that the 4s
orbitals of Se in the MM configuration decreased in energy and became occupied when the
selenate was protonated, as seen in Figure 3.6d. This pronation dependent reduction
explained the non-monotonic adsorption behavior of the selenate adsorption energy as a

function of oxo-anion protonation.
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Figure 3.6: The geometry of (a) H2SeO4 in MM configuration (b) HSeO4 in BM
configuration on protonated Al,O3. and the Density of State plot for (c)SeO4> and (d)
H>SeO. adsorbed on protonated Alumina Surface (Al20s.nH30") in MM configuration.
The grey, red, white, and orange spheres represent Al, O, H and Se atoms, respectively.
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3.4.2 Effects of intrinsic factors on adsorption energy

| investigated the relationships between adsorption energies and the underlying
physical changes by correlating the adsorption energies with electronic and geometric
structural features (Table 3.2). These relationships could provide guidance in the search for
new adsorbent materials which have higher adsorption capabilities based on their physical
characteristics. All the physical changes considered belonged to one of the three categories:

(1) interfacial water network changes, (2) alumina-selenate interaction and (3) selenate’s

bond strain. Category 1 was considered because the adsorption of selenate disrupted the
uniform water matrix above the surface. This change was quantified by the difference of
the number of intermolecular hydrogen bonds (A(H:-O)H-bond) and intra-molecular H-O
covalent bonds (A(H-O)covalent) between water, selenate, and alumina before and after
adsorption. A positive number indicates that additional bonds form after adsorption.
Category 2, the alumina-selenate interaction, was quantified by calculating the adsorption
energy of selenate on an alumina surface in the absence of explicit and implicit solvation
(i.e., the anhydrous adsorption energy or vacuum adsorption energy) and the distance of
selenium ion from alumina surface. The former - vacuum adsorption energy - is widely
assumed to be the controlling factor and is commonly used for screening candidate
adsorbents. Category 3, adsorption induced strain within the selenate anion, was quantified
by change in Se-O bond lengths and O-Se-O bond angles.

The intrinsic factors were correlated with the adsorption energies, shown in Figure
3.7, and have the following relative impact on adsorption energy: interfacial water network
changes > alumina-selenate interaction > selenate bond strain. Of the variables

investigated, the change in number of interfacial hydrogen bonds (A(H:-O)H-bond) had the
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strongest correlation with adsorption energy, R? = 0.81. Surprisingly, not only was the
correlation between adsorption energy and anhydrous adsorption energy weak (R?=0.57),
but it was also anti-correlated. Configurations predicted to be exothermic from the
anhydrous adsorption energy were predicted to be endothermic when solvation was
properly accounted for, and vice versa. This anti-correlation has significant ramifications
for materials design as this metric is commonly used for screening sorbents. The other
factors had only a low coefficient of determination, R? < 0.50, and were not considered to
directly predict/control the adsorption energy. Therefore, | discuss in detail below the
effects of pH and configuration and their relationship with change in the interfacial water

network.
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Table 3.2: Adsorption Energy, change in hydrogen bonds and atomic distances.

Se-O
Adsorbent Adsorption Adsorption AOH AHO Se-Al  average
species Configuration  Energy (eV) bonds bonds distance bond
length
Below Point of Zero Charge
H,S¢O, Bidentate (BM) -3.82 0 8 4.66 2.27%
Monodentate
-3.77 1 4 3.72 2.11%*
(MM)
Outer sphere -0.22 0 2 5.76 1.69
HSeO,  Bidentate (BM) -4.46 1 9 3.59 2.25%
Monodentate
-1. 1 . 1.71
(MM) 03 3 3.57 7
Outer sphere -1.87 0 6 4.39 1.68
Se0,”  Bidentate (BM) 417 0 5 3 1.69
Monodentate
-4.41 1 5 3.38 1.68
(MM)
Outer sphere -4.55 0 7 4.66 1.7
Above Point of Zero Charge
H,SeO,  Bidentate (BM) 3.14 -1 3 296 1.71
Monodentate
. -1 24 1.
(MM) 0.73 0 3 69
Outer sphere -1.2 0 1 4.53 1.69
HSeO,  Bidentate (BM) 2.68 0 -2 28l 1.68
Monodentate
1.15 -1 2 34 1.68
(MM) !
outer sphere -0.3 -1 3 4.32 1.68
Se0,”  Bidentate (BM) 2.78 0 -1 281 1.68
Monodentate
1.61 -1 1 . 1.
(MM) 6 3.38 68
outer sphere 0.35 -1 2 4.95 1.68

* denotes dissociated selenate upon adsorption.
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3.4.2.1 Effect of Interfacial water network changes

The change in the bonding network of the water monolayer had the largest impact
on the adsorption energy and was itself significantly controlled by protonation effects.
Upon adsorption, the oxo-anion re-ordered the uniform water network, breaking the bonds
between the adsorbed waters and replacing them with new water-selenate bonds. The
interfacial water network consists of two types of bonds between oxygen and hydrogen
atoms: strong covalent (O-H)covalent bonds within a single molecule with bond length < 1.2
A" and weaker intermolecular hydrogen (H---O)n-bond bonds with bond length between
1.2-2.1 A", As seen in Figure 3.7a and b, the change in intermolecular hydrogen bonds
(A(H---O)H-bond) had the strongest effect on the adsorption energy. Conversely, the change
in the number of intra-molecular covalent (A(H-O)covalent) bonds did not correlate well with
adsorption energies, R?=0.38; however, the adsorption energy did exhibit stepped behavior
in response to A(H-O)covalent , Where a positive change in the number of intramolecular
covalent (A(H-O)covalent = +1) bonds resulted in exothermic adsorption and a negative
change in the number of intra-molecular covalent bonds (A(H-O)covalent = -1) resulted in
endothermic energy. For systems with no change in the number of covalent bonds (A(H-
O)covatent = 0), the adsorption energy was directly related to change in hydrogen bonds in
the system. The average energy for each step (A(H-O)covalent = +1, 0 and -1) was -3.41, -
1.07 and 1.33 eV respectively as represented by red dots in Figure 3.7b. The average
adsorption energies correlated very well (R? = 0.99) with the number of covalent bonds
made or broken.

The combined effect of interfacial water network change was calculated using the

sum of A(H-+-O)H-bond and A(H-O)covalent @S inputs (Figure 3.8). The combined interfacial
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water network changes (AHOnet) Of intermolecular covalent and intramolecular hydrogen
bonds slightly improved the relationship with adsorption energy. This finding suggested
that both bonding types are important, but that the effects of H-bond dominate, likely due
to the small change in the number of covalent bonds, and the fact that a change in the

number of H-bonds was systematic with the change in the number of covalent bonds.
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Figure 3.8: Sum of change of inter (H---O) and intra (H-O) bonds on adsorption energy.

The results of the AHOnet model agreed well with trends found between adsorption
energy and configuration as a function protonation (Figure 3.5a). This agreement was
because the number of H-bonds depend on the protonation states of the surface and
selenate. On neutral [012] a-Al2O3 surface, the surface has equal numbers of hydrogen
bonds (H---O)H-bond and covalent H-O bond before adsorption. The bond types are evenly
distributed between the two surface sites, OH1 and OH3. When selenate adsorbed in an

inner sphere configuration, it displaced either one or two OH1 moieties, depending upon
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configuration. In the fully protonated system, the selenate replaced a surface water OH1
group with a selenate OH, thus maintaining the number of hydrogen and oxygen on the
metal oxide surface. However, in the semi and de-protonated inner-sphere configurations,
the number of surface hydrogens was reduced, which decreased the overall number of
surfaces inter and intra molecular hydrogen bonds, thus making adsorption more
endothermic. In outer sphere adsorption on the neutral surface, the number of hydrogens
remained unchanged. However, the number of oxygen atoms increased, which altered the
orientation of protons, decreasing the number of H-bonds within the surface layer, and
hence decreased the adsorption energy. On protonated Al>Os, the surface had 1.5 times
more hydrogen atoms (some as protons) than surface oxygen atoms, as seen in Figure
3.2(e). The extra protons occupied sites between singly coordinated oxygen atoms and
hydrogen bonded to triply coordinated oxygen, reducing the number of intramolecular
hydrogen bonds on the surface before adsorption, as compared to the case on neutral Al>O3
surface. When selenate adsorbed in an inner-sphere configuration, it replaced H201 with
OH bonds, opening space for hydrogen bonding between selenate’s O and the surrounding
hydrogens. Upon de-protonation of selenate, the surface O to H ratio became closer 1,
which increased the number of hydrogen bonds on the surface. Hence the adsorption was
more exothermic because the adsorption configuration lost more protons from the surface.
While the calculations reported here were only for the selenate-Al>Oz system, | hypothesize
that similar arguments can be made for the high sensitivity of other oxo-anion-metal-oxide
studies on pH such as selenate and selenite on graphene oxide, selenite on mesoporous
silica,*? nitrite on Silicon dioxide® and Sulfate Adsorption on Al-Substituted Ferrihydrite
82 etc.
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Even with the combined AHOnet model, the correlation was not perfect. For
example, when H2SeQO4 adsorbed in an outer sphere configuration on the Al>O3z surface, the
number of hydrogen bonds added to the surface was +2 or +1, on the protonated or the
neutral surface, respectively, with no change in the number of covalent bonds for either pH
condition. The calculated adsorption energy was -0.22 eV and -1.22 eV on the protonated
or the neutral surface respectively, which was the opposite behavior to what was expected
from the correlations. In these cases, the average bond length of hydrogen bonds between
selenate and water molecules on the neutral surface (1.75 A) was smaller than the average
bond length on protonated surface (1.92 A). As the bond strength can be considered to be
inversely proportional to bond length, adsorption energy of outer sphere H.SeO4 decreased
as the average bond length increased. This demonstrates the fact that the strength, in
addition to the number, of H-bonds contributes to the adsorption energetics.

The strong correlation between hydrogen bonding network and adsorptions energy
also underlies the instabilities of selenate in bimolecular (MB and BB) configurations. In
these configurations, the water molecules were singly coordinated with the alumina
surface, and selenate adsorbed in a monodentate configuration replaced the singly
coordinated Al-OH bond with an Al-O-Se bond. Bimolecular adsorption reduced the
overall number of covalent OH and Al-O bonds, as a single Al-O-Se bond replaced two
Al-OH bonds. The oxo-anion also broke the uniformity of the interfacial water layer on the
surface, which required energy. Hence, the oxo-anion which was originally in a
bimolecular configuration relaxed to a monomolecular configuration to maintain the
symmetry of the water network, exposing surface Al atoms which then were able to re-
bond with desorbed water.
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3422 Effect of Alumina and selenate interaction

The pioneering research into oxo-anion adsorption on metal oxide surfaces using
density functional theory has generally focused on the interactions between the oxo-anion
and metal-oxide,2*8 as a logical hypothesis that this interaction should control the
adsorption behavior. To isolate the significance of metal-oxide-oxo-anion binding strength
in contributing to the adsorption energy, | calculated anhydrous adsorption energy of
selenate over [012] alumina surface in vacuum, i.e., without explicit waters or implicit
continuum solvent, and compared it to the adsorption energy calculated using the HSM. It
is logical to think that there should be a strong relationship, linear or otherwise, between
the two energies, however this was not the case. The relationship was in fact weakly anti-
correlated. Critically, this suggested that oxo-anion adsorption on metal oxides should not
be studied solely using un-solvated metal-oxide oxo-anion adsorption calculations because
it resulted in both quantitative and qualitative errors. Also, no correlation existed between
Se distance from a-Al>O3 surface with adsorption energy (Figure 3.7d).

35 Conclusion

In this work, | developed a surface adsorption model which accurately described
selenate adsorption on Al.Oz and delineated the effects of experimentally indistinguishable
factors such as oxo-anion configuration, protonation of oxo-anion and metal-oxide surface
on adsorption energy of selenate on the a-Al.Os (012) surface. This contribution
demonstrates a computational framework for the accurate prediction of surface adsorption
motif and pH dependances by 1) explicit inclusion of surface adsorbed water molecules

with the PZC dependent protonation, 2) at least the inclusion of implicit solvation beyond
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the first layer, 3) van der Waals’s interactions, and 4) appropriate protonation state of the
selenate molecule. Using this method, my predicted adsorption as a function of pH matches
experimental data remarkably well, unlike small molecular cluster models or models used
to studying only inner-sphere configurations.**’

Most importantly, I identified, for the first time, that selenate adsorption on (012)
a-AlxOz is controlled by changes to the H-bonding network of surface water molecules.
This finding arose from correlating adsorption energy with various chemo-physical
quantities, which revealed that only the number and strength of hydrogen bonds between
water molecules and the number of bonds between the waters and selenate were highly
correlated with adsorption energy. Moreover, the adsorption energy behavior in the
presence of water was anti-correlated with the adsorption energy in the absence of the
solvent, giving rise to qualitative and quantitative errors in predicted adsorption behavior
when using simplified anhydrous models. This finding is crucially important because many
computational methods for screening sorbents, for selenate and other compounds, ignore
surface solvation effects to increase computational speed, but now must be re-evaluated in
the light of this work. Among the experimentally controllable factors, I found that the pH-
controlled surface protonation has the most significant effect on the adsorption energy
because it directly controls the surface H-bonding network through the number of H atoms
available. This is in excellent agreement with experiments. These finding demonstrate the
criticalities of including the solvation and pH effects on interfacial water layer in modelling
adsorption behavior of oxo-anion on metal oxide surfaces. Overall, my findings suggest
that surface water structures are the critical factor in designing highly active adsorbents for
oxo-anion removal from drinking water treatment, at least for Al.O3 and probably for
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similar materials. Therefore, materials with high points of zero charge, strong water
dissociation, and high surface H concentrations should be sought for newly designed oxo-
anion sorbents.
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CHAPTER 4
UNDERSTANDING THE EFFECT OF SINGLE ATOM CATIONIC DEFECT SITES
IN ALUMINA (012) SURFACE ON ALTERING SELENATE AND SULFATE
ADSORPTION

41 Abstract

Adsorption is a promising under-the-sink selenate remediation technique for
distributed water systems. Recently it was shown that adsorption induced water network
re-arraignment control adsorption energetics on the a-Al203 (012) surface. Here, we aim
to elucidate the relative importance of the water network effects and surface cation identity
on controlling selenate and sulfate adsorption energy using density functional theory
calculations. Density functional theory (DFT) calculations predicted the adsorption
energies of selenate and sulfate on nine transition metal cations (Sc-Cu) and two alkali
metal cations (Ga and In) in the a-Al.O3 (012) surface under simulated acidic and neutral
pH conditions. We find that the water network effects had a larger impact on the adsorption
energy than the cationic identity. However, cation identity secondarily controlled
adsorption. Most cations decreased the adsorption energy weakening the overall
performance, the larger Sc and In cations enabled inner-sphere adsorption in acidic
conditions because they relaxed outward from the surface providing more space for
adsorption. Additionally, only Ti induced Se selectivity over S by reducing the adsorbing
selenate to selenite but not reducing the sulfate. Overall, this study indicates that tuning
water network structure will likely have a larger impact than tuning cation-selenate

interactions for increasing adsorbate effectiveness.
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4.2 Introduction

Selenium is an essential micronutrient for all living beings; however, there is a
narrow range between deficiency and toxicity.!® Consumption of selenium above 400
pg/day causes nausea, diarrhea, tachycardia and gastrointestinal disturbances, and induces
long-term effects like selenosis, hair loss, abnormal functioning of the nervous system,
hepatotoxicity, etc.*® Leaching of selenium from anthropogenic practices such as
agriculture irrigation, run-off from mining sites, e-waste landfills and natural reservoirs can
cause high Se concentrations in drinking water.”® Once in the water, selenium oxidizes to
its oxo-anion forms — selenate (Se(VI1) or Se04%) or selenite (Se(IV) or HSeO3), which
are equally toxic to humans.!®*? Therefore, water treatment methods are required to

decrease Se levels to below the EPA limit of 0.05 mg/L water.*®

Selenium removal methods include ion exchange, photocatalysis, coagulation,
electrocoagulation, and bioremediation.®'* These methods, however, require expensive
treatment plants, catalysts, chemical addition, or membranes and continuous management,
which are not easily or economically accessible to small communities or private wells.!*
Conversely, adsorption based removal of selenium oxo-anions on low-cost materials can
be easily implemented using under-the-sink installations for less than $0.06/m? treated
water.!® Low-cost metal-oxide nanoparticles like hematite and alumina are preferred
candidates as adsorbent materials because they are widely available in nature, safe to use

in water remediation, and can be recovered again using chemical-, or thermal-

regeneration,6-19
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Aluminum oxide (Al>O3) in activated alumina and nanocrystalline particles forms
are EPA approved for use as selenium adsorbents.?%-?* However, the adsorption capacity of
alumina for selenate is 0.16-4.45 times lower than selenite,?>?3 which is problematic since
selenate (Se(V1)) exists at higher concentrations than selenite in fresh water,1>242°
Moreover, the adsorption of oxo-anions on the alumina surface is sensitive to pH.?6?" At
pH 3, 1g of alumina in 200 ml solution adsorbs 100 % of 1.25 mM selenate from solution;
however, the adsorption decreases to almost 0% when the pH is 9.2¢ In-home operators
cannot decrease the pH of drinking water below 6 for remediation purposes as it renders
the water undrinkable;?° additionally, although acidification, treatment, then neutralizing
schemes are possible, they are too complex and expensive to implement in under-the-sink
applications. Further, selenate adsorption must compete with less toxic sulphate species in
the water, which occupies adsorption sites and thus decreases adsorption capacities.*® For
example, the adsorption capacity of aluminum oxide particles embedded in chitosan beads
decreases from adsorbing 80% of the Se in water with 1 ppm selenate to less than 10%
when 10 ppm of sulphate is present.?® The decrease in performance arises because selenate
and sulphate have similar structures and chemical properties, like pKa, and water typically
has 2-1000 times higher S concentrations than Se.'>!® Therefore, materials design

strategies are needed to increase the affinity of Se for adsorption across a range of pH.*"3-

32

In previous chapter, | examined the effects of solution pH and oxo-anion adsorption
configuration on the adsorption of selenate on (012) a-Al2O3 surface using density
functional theory calculations.®® | found that the interaction between selenate and the

surface water network is the major controller of selenate adsorption. At low pH, when the
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surface is covered with excess H*, the selenate induces the formation of additional
hydrogen bonds within the water network, and hence has more exothermic adsorption
energy. At high pH, the number of hydrogen bonds decreases when selenate adsorbs, which
leads to endothermic adsorption. Moreover, selenate preferentially adsorbed in an outer-
sphere configuration at low pH,* which explains the low selectivity of Al,Os for selenate
adsorption.'82 These findings beg two questions: 1) is the surface water network the sole
controller of selenate adsorption on metal-oxide adsorbents?** and 2) can interactions
between the oxo-anion and surface cations overcome the water network effects?*>3” The
importance of these questions is further highlighted by the recent work of Johnston and
Chrysochoou who found that the adsorption mechanism of selenate and sulfate changes
from inner-sphere to outer-sphere on naturally occurring Al substituted Fe (hydro)oxides
at higher Al concentrations.3® However, they did not discuss the cause of the changing
motif or the adsorption energies when aluminum ions are substituted into ferrihydrites.
Thus, if we are to design more selective and effective adsorbents, a delineation of the

effects of water layers and cation identity effects is required.*

To isolate the role of the adsorbent cation, i.e., AI** in Al,O3, on adsorption without
the confounding effects of various water networks, 1 used density functional theory (DFT)
to calculate the adsorption energies of selenate on single atom substitutions into the (012)
Al>03 (X -Al203) (Figure 4.1). Specifically, | examine period 4 transition metals and group
1A metal substitutions (X: Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ga and In). Past literature
provides evidence that some of the transition metal cations (Fe, Co, Ni and Mn) can be
substituted as dispersed ions in the a-phase AlO3 at the Al:X ratio of 1.9993:0.0007

without changing the mechanical properties of the materials.** However, | ignored the
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morphological variations that might occur due to the cationic substitutions to maintain a
uniform water network on the surface. To understand the role of interaction between metal-
ion and selenate on adsorption energy and mechanism, | compare the adsorption energy on
the protonated and neutral surfaces in inner and outer sphere configuration to predict if the
interaction between oxo-anion and cation overcomes the controlling effect of water
network on the Al.Oz surface. | also compare the adsorption of selenate with sulphate to
explore if X-Al203 can enable selective adsorption. Finally, | investigate the effect of
atomic properties of adsorbent material on the adsorption of selenate and sulphate to
delineate material properties that have the most significant correlations with the adsorption

energy.

Figure 4.1: Bond distances used to calculate atomic radii. The blue, gray, and red spheres
represent X, Al, and O respectively.
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4.3  Methods
4.3.1 First-principle calculations

| performed Density Functional Theory (DFT) calculations in Vienna Ab initio
Simulation Program (VASP)*#2 using spin-polarized generalized gradient approximation
functional (Perdew-Burke Ernzerhof - PBE)*. My previous work has shown that this
method predicts energies that are in good agreement with the much more expensive HSE06
hybrid density functional, therefore the less expensive PBE functional is used.®® Implicit
solvent effects and non-local van der Waals (vdW) effects are accounted for by adding
water dielectric constant in the polarizable continuum model (VASPsol module)** and
DFT-D3 correction, based on the method of Grimme et. al*®. The projected-augmented
wave (PAW)*42 pseudopotentials used in calculations explicitly describe only valence
orbitals 1s (H), 2s,2p (O), 3p,3d (Al, S), 3d,4s (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu), 3d,4s,4p
(Ga, Se) and 4d,5s,5p (In) to reduce the computational cost associated with describing the

core electrons.

The a-Al,O3 crystal was represented by the Al terminated (012) facet %® slab
supercell containing 2x2x1 primitive unit cells (0-Al1201s) separated by 45 A polarized
implicit solvent created using pymatgen*’“8, The (012) facet is the largest constituent of
gibbsite particles (47%) and has a low surface energy.*®* | obtained the crystal lattice
constants for relaxed o-Al.03 (a=b= 4.80A, c=13.09A, 0=p=90° and y=120°), which
closely match previously published experimentally results (a=b= 4.76A, c=12.99A,
0=P=90° and y=120°).° The relaxed structure was used to construct the surface. The slab

studied here is 13.5 A thick and is comprised of 8 AI** layers, containing 4 cations (Figure
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4.2). | fixed the position of bottom 4 AI** layers along with the oxygen to reduce the
computational cost and preserve the bulk crystalline effects of Al,Os nanoparticle. The
adsorption energy difference of an example SeO% on an 8-layer thick slab and 10-layer
thick slab is only 0.005 eV, which is well within chemical accuracy; thus, the less expensive

8-layer slab was used.
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Adsorbed Cell Desorbed Cell

Figure 4.2: VASP simulation cell used for calculating the adsorption of selenate on (012)
X-Al>O3 surface. Here X (represented by blue sphere) is the substituted cation. The grey,
red, white and orange balls represent Al, O, H and Se atoms respectively. The desorbed
species (2xH30" and OH in Adsorbed_Cell, 2xH3;0* and SeO4% in Desorbed_Cell) are
suspended in vacuum with intermolecular distance of at least 6 A, to represent a dilute
limit and to minimize spurious Van der Waals interactions.
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The surface was modeled by a hybrid explicit/implicit solvation. An explicit
monolayer of dissociated water is added on the top surface of Al.Oz (one H.O molecule
per surface cation), as shown in figure 4.3(a), to mimic experimentally investigated
interfacial water layer*® in neutral environment to develop micro solvation model.>? To
model the surface below the point of zero charge, an additional proton was added to the
dissociated hydroxyl group. In the vacuum above the explicit water, | included implicit
solvation to complete the solvation model. My previous results showed that this hybrid
model reproduced a full four layers of explicit water (Appendix A). Implicit continuum
solvent space in my supercell was partially filled with desorbed selenate, water species and
hydronium ions to retain charge parity upon adsorption. Intermolecular distances of at least
5 A were maintained between desorbed species and surface to eliminate Van der Waals

interactions between desorbed ions.>?

Adsorption energies were calculated between supercells containing the same
number of electrons and atoms using the hybrid solvent method (HSM), as outlined in my
previous chapter (Figure 3.2).3% In the HSM, I include an explicit water monolayer on the
Al2O3 surface and implicit water dielectric effects between a-Al.O3 slabs to mimic the
aqueous phase. Extra protons were added to the water monolayer as appropriate to
represent the surface below the point of zero charge. The HSM is necessary to (1) include
solvation effects on the surface, (2) compare adsorption energies of inner vs. outer sphere

configurations, and (3) achieve experimental parity.

To avoid the high computational cost of large unit cells with implicit solvent and

Van der Waals interactions, | initially calculated the geometries and energies of 11 different
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adsorption configurations (5 inner-sphere and 6 outer-sphere) for each surface, i.e.,
substitution and protonation state, and sorbent, i.e., Se or S, at 350 eV cut off energy and
1x1x1 gamma point centered Monkhorst-Pack k-point mesh. For all in-depth analysis, |
examined only the most exothermic geometries of the inner-sphere adsorption (1S) and
outer-sphere adsorption (OS) configurations. These configurations were re-optimized at a
higher 550 eV cut of energy and a finer 2x2x1 gamma point centered Monkhorst-Pack k-
point mesh. The difference in adsorption energy between 350eV, 1x1x1 optimization and
550 eV, 2x2x1 was less than 0.05 eV, which is small compared to the adsorption energy
difference in different configurations (> 0.4 eV). | found that there is only a 0.004 eV
difference in adsorption energies calculated at 550 eV and 600 eV and only a 0.0005 eV
difference between the 2x2x1 gamma-point centered Monkhorst-Pack k-point mesh and a
finer 4x4x1 mesh grid; therefore, the less computationally expensive 550 eV and 2x2x1
mesh parameter were used. Atomic geometries were relaxed until total energies between

two ionic steps were less than 0.001 eV.
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4.3.2 Adsorption energy calculation

Supercells containing the single atom alloy substituted (X) metal-oxide surface
(X — Al,03), adsorbed water layer >**° ((8 — y)OH™.(n — z)H™, selenate (Se0?™) and
desorbed species (2H;0" + yOH™.zH,,) were used to calculate adsorption energies. The
adsorption energy is computed by subtracting the energy of desorbed_cell
(Egesorbea_cen)from the adsorbed_cell (Eqgsorpeq cen)- The desorbed cell and adsorbed
cell have the same number of atoms and electrons, as all desorbed species are explicitly
included in solution regions of the supercell above the metal-oxide surface. Thus, all
calculated energies arise from super cells containing exactly the same number of atoms and
electrons. Example adsorbed_cell and desorbed_cell geometries are illustrated in Figure
4.2. In equations 4.1-4.3, the (.) between terms indicate bonded/adsorbed species and (+)
indicates species that are separated by at least by 5 A in the same supercell. | have
previously validated this method for calculating adsorption energies using the bare Al2O3

surface by accurately reproducing adsorption isotherms.
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Table 4.1: Adsorbed and desorbed cell (eq 1) constituents for different configurations and
protonation states used to calculate adsorption energies.

Configurati Number of atoms
Adsorbed Cell Desorbed Cell
on - - Al| O |H| Se | X
Protonated Surface
- . JAHT, X—A .8H,0.4H"
MM X — Al,0, 7H20+4H Se( 12_0238 ,0 Y 63 |110]26] 1 |1
+H,0 + 2H;0 + Se0;% + 2H;0
X
X — Al,0,.8H,0.4H*
BM |- Al,05.7H,0.4H*.Se0; +SeOZ_23+2;-I o+ |63]110/26| 1 |1
+H,0 + 2H;0* * 3
X X — Al,0,.8H,0.4H*
Outer |- Al,05.8H,0.4H*.Se0; +5802_23'+ 2;1 b+ 63 (110(26| 1 |1
+2H,0* * 3
Neutral Surface
X
X — Al,0,.8H,0
MM |- Al,05.7H,0.H*.Se0;? +580_252H20+ 63 110(22| 1 |1
+0H™ + 2H;0* * 3
X —A1203.8H20.530‘;2 X _Al2038H20
Outer 63 (110(22] 1 |1
+2H,0* + Se0;% + 2H;0%

Details for all species present in adsorbed cell and desorbed cell for all

configurations and protonation are listed in Table 4.1. | only computed adsorption energies

of fully deprotonated oxo-anions (SeOs? and SO4%) as they are only species present at pH

> 2, i.e., all environmentally relevant pHs.%%°’

For a given configuration was calculated using eq. 4.1:

Here E qs0rpea_cen 1S the energy of simulated cell containing adsorbed selenate.

AE = Eqasorbed_celt — Edesorbedce”

Eadsorbed_cell = EX—Azz03.(8—y)0H—.(n—z)H+.Seo4‘+2H3o;q +YOH ™ .zHig
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ANd Egeasorvea cen 1S the energy of simulated cell containing desorbed selenate.
Edesorved_ceu = EX—A1203.80H‘.nH++ Se0F” 4, +2H304q eq. 4.3

The variable used in eq 4.2 and 4.3 change upon the adsorption configuration (y,z), surface

protonation (n) and single atom (X) and values are listed in Table 4.2.

Table 4.2: Values of variables used in eq 4.2 and 4.3:

Factors Variables Values
Single atom impregnated on [012] a-Al,O, X Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu,
Ga, In
Surface protonation Protonated surface (PS) n 12
Neutral Surface (NS) 8
Adsorption Bidentate Bimolecular y 2
configuration (BB) z 2(PS), O(NS)
Monodentate y 1
Monomolecular (MM) z 1(PS),0(NS)
Bidentate Monomolecular y 1
(BM) z 1(PS)
Outer sphere (OS) y 0
zZ 0

In this work, | examine adsorption thermodynamics through adsorption energy lens
and neglect entropic effects. However, given a drastic difference in enthalpic adsorption
energy (on the order of -2 to 1 eV with ~0.5 eV difference between configurations), | expect
the entropic effects will only slightly modify the thermodynamics as the entropy of water
solvation is only ~ 0.1 eV.%® Moreover, the substitution of one cation for another in the
surface should not significantly affect the entropy of water on the surface, water desorption,

or oxo-anion adsorption. Therefore, because this study focuses on understanding the effect
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of cation on adsorption, | did not perform the computationally expensive entropic

calculations.

Density of States (DOS), and charge density differences were calculated using
vaspkit®®, and Crystal Orbital Overlap Populations (COOP) was calculated using

LOBSTER®®! software. Crystal structure representations were obtained using VESTA.%?
4.3.3 lonic radius calculations

| calculated the atomic radii of the single atoms embedded in the Al,O3 surface by
averaging the inter-atomic distance of the single atom with its coordinating surface O atoms
(01-04) (Figure 4.1) and subtracting the ionic radii of 0> (1.4 A).% The atomic distance
with sub-surface oxygen (O5) is not used to calculate atomic radii as this bond partially
dissociated when the dispersed atom was much larger than Al and protruded out of the
Al>O3 plane to reduce steric hindrance. | chose to use my calculated atomic radii rather

than using literature values as ionic radii changes with their oxidation state.®?

4.4 Results

I modeled the adsorption of selenate and sulphate on single atom substituted [012]
Al>O3 (X-Al,03) where | substituted one in every 8 Al atoms present on the surface to
elucidate the effects of the cation on adsorption. Substitutions included Period 4 transition
metal (Sc-Cu) and Group 1A metals (Ga, In). | found that Ti, V, Mn, Fe, Co, Ni and Cu
are spin polarized while Sc, Cr, Ga and In only have paired electrons. Only the lowest

energy spin configurations are reported in this work.
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| assume that the all substitutions are in the dilute limit, where secondary phase
formation will not occur, to elucidate the relative effects of cation-selenate interaction and
water network-selenate interactions. Experimental work has previously shown that Fe, Co,
Ni and Mn can stability substituted at low Al: X ratios (1.9993:0.0007).%° The fact that the
cations are fully relaxed demonstrates that they are at least in a local minimum. Further,
COOP analysis shows that the substitutions are strongly bond to their neighboring O anions
(Figure 4.3). | do, however, note that In, Ga, Sc, Ti, V and Cr are expected to be more
stable than the Mn, Fe, Co, Ni and Cu substitutions, as the former do not have anti-bonding

character, while the later set does have some filled anti-bonding states.
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Figure 4.3: ICOOP of X-O bond up to the Fermi Energy used to understand the stability
of metal-ion substitution. Negative ICOOP value indicated unstable bonds and positive
ICOOP value indicated stable bonds.
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Additionally, I note that several of the cations investigated here can adopt multiple
oxidation states or have preferred oxidation states which differ from the +3 charge of Al.
DOS analysis, Figure 4.4, show that Ti, V, Cr Mn, Fe, Co, and Ni induce mid-gap states
localized on the cations, while Sc, Cu, Ga and In show slightly unfilled O 2p states. The
missing O 2p state arise from the covalent nature of the metal-O bond, and the partial
localization of the bonded electron on the cation. The charge localization is further
quantified by Bader analysis in Table 4.3 and shows that the charge density on the
neighboring Os’ are modified by ~1.2-0.7 e depending on the substitution. However, even
though the oxidation state of single atom substitution is not exactly +3, the electrons are
still localized near single atoms on the neighboring O, and not transferred to the surface
water network to form +4 or other oxidation state. This additional charge on the cations
relative to Al, or the missing charge on the neighboring O atoms may alter the local point
of zero charge, and thus protonation extent at a given system pH. Therefore, | examine
both the protonated and neutral surface; I leave prediction of local protonation extents due

to substitutions to future work.
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substitution. The colored red area presents Density of state of X orbitals and black line
presents total density of states on desorbed_cell.

97



Table 4.3: Bader charge on Single atom substitution before adsorption (desorbed_cell) in
neutral and protonated surface.

protonated | Neutral

Surface | surface
Al 2.5 2.5
Sc 1.8 1.8
Ti 1.7 1.7
Vv 1.7 1.7
Cr 1.6 1.6
Mn 1.6 1.6
Fe 1.6 1.6
Co 1.3 1.3
Ni 1.2 1.2
Cu 1.2 1.2
Ga 1.7 1.7
In 1.6 1.6

| calculated the adsorption energy of selenate on the neutral (pH >7.8) and
protonated (pH <~5.5-6) Al>Oz surface, which are shown in Figure 4.5a-d. The neutral
surface is covered by 8 dissociated water molecules (Al>03.80H".8H") before adsorption,
while the protonated surface has 8 water molecules and 4 protons (Al203.4H.0.40H".8H").
The 4 extra protons on the protonated surface bond with the original surface OH" to form
H20 molecules. The protonated surface represents the system below the point of zero
charge, 7.8 28 for the (012) Al.Os surface; at environmentally relevant conditions the
surface may or may not be protonated, but the selenate and sulfate species are fully
deprotonated. All charged supercells are compensated with background jellium charge; the
large unit cells used here (~5600 A%) minimize the jellium charge in any location. The size
effects of the jellium were validated in previous chapter.® I initially screened one mono-
dentate monomolecular (MM), one bidentate molecular (BM) and three bi-dentate
bimolecular (BB) inner sphere configurations, and six outer-sphere configurations (two
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each of monodentate, bidentate and tridentate to the adsorbed waters). Exemplar MM, BM,
BB, and OS adsorption configuration on Ga-Al2O3 are shown in Figure 4.5. | do not discuss
BB adsorption energy as it was always significantly more endothermic than MM and BM
adsorption energies (Table 4.4 and 4.5). The same preference for MM, BM and OS

adsorption configurations exists for sulfate.

Table 4.4: Adsorption energies of SeO% on protonated X-Al,03

protonated MM BM BB Outer
sphere
eV eV eV eV

Al -1.49 -0.32 -1.79
Sc -1.27 -1.77 -0.57 -1.74
Ti -1.58 -1.54 -1.02 -1.82
Vv -1.51 -1.06 -0.57 -1.64
Cr -1.53 -1.50 -0.34 -1.75
Mn -0.89 -1.33 -0.24 -1.55
Fe -1.54 -1.54" -0.22 -1.48
Co -1.17 -0.99" -0.22 -1.42
Ni -0.92 -0.74" -0.21 -1.35
Cu -0.96 -1.10 -0.10 -1.37
Ga -1.54 -1.53" -0.50 -1.78
In -1.83 -0.66 -1.74

*: relaxed into MM configuration
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Table 4.5: Adsorption energies of SeO4? on neutral X-Al;Os3

Neutral MM BB Outer sphere

eV eV eV

Al 11 1.99 0.25
Sc .84 2.03 0.45
Ti .04 1.35 0.24
\Y .88 1.33 0.42
Cr 1.03 1.35 0.48
Mn 84 2.20 0.43
Fe .98 2.17 0.50
Co 1.25 2.30 0.24
Ni 1.55 1.98 0.49
Cu .95 2.12 0.44
Ga 1.12 3.12 0.44
In 1.06 3.09 0.48
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Figure 4.5: (012) X-Al,03 where X (blue) is the impregnated single Atom (Ga- in figure)
on surface in (a-b) neutral environment and (c-d) protonated environment. (a) and (c) are
side view and (b) and (d) are top view of the neutral and protonated X-Al>Os surface
respectively. Side view of selenate (SeO.?) adsorbed in (e) monodentate monomolecular
(MM), () bidentate monomolecular (BM) (g) bidentate bimolecular (BB) and (c) outer
sphere configuration (OS) on (012) a-Ga-Al2Os. The grey, orange, blue, red, white
spheres represent Al, Se, Ga(X), O and H atoms, respectively.
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4.4.1 Adsorption of selenate on single cation embedded in the [012] X-Al203
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Figure 4.6: Adsorption of SeO4> on (a) Protonated X-Al>Os surface and (b) Neutral X-
Al>03 surface. The adsorption of selenate on [012] a-Al203 in MM, BM and outer sphere

are depicted by dashed lines. BM on neutral surface relaxes in MM configuration and
hence not added in (b).

| calculated the adsorption energy of selenate on X-Al.O3 as a function of
adsorption motif and protonation state of the surface. The results, as summarized in Figure
4.6, show only the most exothermic configuration identified for the given system. | found
that the adsorption of selenate was exothermic on protonated surface and endothermic on
neutral surface for all X-Al>Os surfaces. On the neutral surface, the adsorption energies
remained similar in magnitude to the unsubstituted Al.O3 surface, and thus in most cases

did not result in a reordering of the preferred binding motif. Some cations substitutions,
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protonated In, Sc, Fe, and neutral Ti, altered the preferred binding from outer sphere to
inner-sphere adsorption. However, the adsorption in most situations was less exothermic
than on the unsubstituted Al>Os surface, thus | saw no significant positive influence by
adding dispersed single atoms. The monomolecular adsorption configurations (MM and
BM), where selenate replaced one water molecule, was always more exothermic than
bimolecular adsorption (BB), where two water molecules are replaced by single SeOs*
molecule. However, the adsorption energy did change in some cases by < £+ 0.5 eV from
the unsubstituted [012] a-Al2Os surface, usually destabilizing adsorption. In the rest of this
section, | describe the behavior of adsorption trend across period 4 transition metal
substituted and group I11A metal substituted Al>Os surface in (a) protonated and (b) neutral

environments.
44.1.1 SeQ4? adsorption on the protonated X-Al.03 (012) surface

On protonated X-Al20s, | calculated that outer sphere adsorption energies range
between -1.82 eV (Ti-Al203) and -1.32 eV (Cu-Al203) and monomolecular inner-sphere
configurations range from -1.83 eV (In-Al203) to -0.96 eV (Cu-Al>Oz). | categorize the
substitutions elements into those which prefer the inner-sphere configuration (In, Sc and
Fe) and those which prefer outer-sphere adsorption (Ti, V, Cr, Mn, Fe, Co, Cu, Ni and Ga).
The inner-sphere configuration is the energetically favored structure on In-Al.O3 (BM, -
1.83 eV), Sc-Al:03 (BM, -1.77 eV), and Fe-Al>03 (MM, -1.66 eV) as compared to outer-

sphere adsorption.
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Table 4.6: lonic radii vs. Inner-sphere adsorption of selenate on protonated X-Al;0O3
surface. The data is arranged in ascending order for ionic radius.

Al 0.51 -1.49 MM
Cr 0.58 -1.50 MM
Ga 0.59 -1.54 MM
Cu 0.62 -1.03 MM
\ 0.62 -1.51 MM
Ni 0.63 -0.92 MM
Co 0.64 -1.17 MM
Fe 0.65 -1.54 MM
Ti 0.65 -1.58 MM
Mn 0.67 -1.33 BM
Sc 0.68 -1.77 BM
In 0.76 -1.83 BM

Adsorption of SeO4> in the BM configuration on protonated In-Al,O3 (-1.83 eV)
has the most exothermic energy across all configurations and surfaces, including
unsubstituted Al,Os. | attribute the BM preference of In and Sc to distortions in its
coordination at the surface. The ionic radii of the embedded In®*" (0.76 A) and Sc®* (0.68
A) are substantially larger than that of their adjacent AI** (0.51 A); and thus, In and Sc
atoms protrude from the [012] Al2Os surface, as shown in Figure 4.7, to minimize steric
overlap with the in-plane O anions. | note that the ionic radii are calculated here using
method described in section 4.2.3 and not from literature values. The extension outward
also weakens the sub-surface X-O bond. From COOP analysis, | found that for Sc and In
the O5-X bond strength (0.02 eV/bond for Sc and 0.03 eV/bond for In, labeled in Figure
4.1) is ~50% less than the average bond strength between surface O-X (01-04)(0.07

eV/bond for Sc and 0.09 eV/bond for In) and 6% less (0.15 eV/bond between O5-Al) than
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the average bond strength for Al (0.16 eV/bond). The resulting undercoordination enables
bidentate adsorption of selenate on Sc and In cations. The radius of In is so large, and thus
so extended from the surface, that without the adsorbed water it is undercoordinated,
consequently the MM configuration on In-Al2Os is unstable and relaxes into BM
configuration, providing a more complete coordination. The formation of the BM bond
was verified through COOP analysis, which predicts two InO-Se bonds with strengths of

0.06 eV/bond.

Figure 4.7: Protrusion of the In from the protonated Al.O3 surface before adsorption. The
grey, purple, red, white spheres represent Al, In, O and H atoms, respectively.

Contrary to Sc and In, only the MM configuration of Fe-Al.O3 is more exothermic,
by -0.41 eV, than the outer-sphere configuration. This configuration is -0.04 eV more
exothermic than inner-sphere adsorption on unsubstituted Al.Os, but 0.32 eV less stable
than outer sphere adsorption on Al>O3. The e density charge transfer between Al>.O3
surface and selenate is similar when selenate adsorbs on Al.Oz and Fe-Al>O3. Therefore,

the preferential adsorption of selenate on Fe-Al>O3 in the MM configuration is due to
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weaker adsorption in the outer sphere configuration, rather than the Fe stabilizing inner-

sphere selenate adsorption.
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Figure 4.8: Difference in charge density on protonated X-Al20s relative to protonated
unsubstituted Al>O3 before adsorption of selenate. (a) X: Sc, Ti, V, Cr, Ga, In and (b)X:
Mn, Fe, Co, Ni, Cu. (c) Charge density difference between X-Al>Oz (X: Ti, V, Cr, Mn,
Co, Cu, Ni and Ga) and unsubstituted Al.Oz vs. adsorption energy of selenate adsorption
in outer-sphere.
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Selenate adsorption at the Ti, V, Cr, Mn, Co, Cu, Ni and Ga sites maintain an outer
sphere preference. In all cases except Ti the adsorption is less exothermic than
unsubstituted Al>Os (Figure 4.6). | note that the strong adsorption energy, which is on Ti-
Al>Og, is only slightly (-0.03 eV) stronger than neat Al>Os. | attribute modification of outer-
sphere adsorption energy to changes in the partial charges of the protons of the water layer.
For all substitutions, additional charge density is localized near substituted cations as
compared to unsubstituted Al>Osz (Figure 4.8(a-b)). Mn, Fe, Co, Cu and Ni induce the most
charge localization, >0.05 /A2, while Sc, Ti, V, Cr, Ga, and In induce the least. This
localization weakens the HO-X bond for V, Cr, Mn, Fe, Co, Ni and Cu (0.05-0.02 eV/bond
via COOP), as compared to higher bond strength of HO-X bond for unsubstituted Al,O3
(0.08 eV/bond) and other substitutions (0.10-0.07 eV/bond). Thus, more electron density
accumulates on the protons of water molecules near V, Cr, Mn, Co, Cu and Ni substitutions
as compared to unsubstituted Al>Os. The higher electron density, and thus reduced partial
positive charge, decreases the coulombic attraction between the protons and the O of the
selenate (Figure 4.8(c)). This weakening resulted in poorer adsorption energy of selenate
on X-Al>Oz in outer-sphere adsorption. Conversely, in the case of Ti-Al2Os, Bader analysis
indicates that the electron density is slightly lower (0.07 ) on the protons thus enabling
slightly stronger hydrogen bonding and -0.03 eV stronger adsorption on Ti-Al.O3 as

compared to unsubstituted Al20O:s.

While outer-sphere adsorption is energetically preferred for Ti, V, Cr, Mn, Co, Cu,
Ni and Ga, it was not necessarily the only stable configuration. Selenate adsorption was
also dynamically stable in the MM configuration for Cr, Fe Co, Cu. Ni, Ga, while Ti, V,

and Mn have stable MM and BM configurations. When the selenate was placed in a BM
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configuration on Cr, Fe Co, Cu, Ni, it relaxed to a MM configuration. | attribute the ability
to form BM configurations to the size of the substituted cation. The three BM binding
cations, Mn, Ti and V which have atomic radii larger than 0.6 A, (0.67 A, 0.65 A and 0.62
A respectively) bind in BM configuration, while those with smaller radii do not (Table
4.6). Inthe BM configuration, the O-Se-O bond angle decreases (91°-99°) as compared to
desorbed selenate (110°); which increases the strain on the oxo-anion. The adsorption of
selenate in BM configuration needs to compensate for both the broken X-OH bond and
increased strain of O-Se-O bond. For In and Sc, the net difference in bond strengths is
positive (0.041 eV/bond (In) and 0.001 eV/bond (Sc)); while the net difference is negative
for Ti (-0.014 eV/bond), V (-0.004 eV/bond) and Mn (-0.017 eV/bond). The altered bond
strength enables stable BM configurations for Ti and Sc and less exothermic adsorption of
selenate in BM for Mn, Ti, and V. | also observe that the protonation of adsorbed SeO4
changes to HSeO. (pulling H* from the surface) on Ti-Al.Os and Ga-Al,QOs in outer-sphere
configuration and Sc-Al>03 and Mn-Al203 in monodentate configuration. However, this

change does not show any effect on the adsorption energies.
4412 SeQ4? adsorption on neutral metals substituted [012] X-Al2Oz surface

| calculate that selenate adsorption is endothermic on all neutral X-Al>O3 surfaces.
The adsorption energies range between 0.24-0.48 eV in outer sphere configurations and
0.04-1.25 eV in MM configurations. Thus adsorption, in either MM or outer-sphere, is at
best only -0.21 eV stronger than the unsubstituted a-Al>O3 (endothermic by 0.24 eV), but
some substitutions destabilize adsorption to 0.50 eV. Ti-Al,O3 has the least endothermic

adsorption energy (0.04 eV in its MM configuration) among all the neutral X-Al>O3 and
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unsubstituted a-Al2O3 surfaces and is the only surface that prefers the MM configuration
to outer-sphere adsorption. The adsorption energies in the outer sphere configuration on
X-Al>O3 are either equal to (Ti, Co) or slightly more endothermic than (Sc, V, Cr, Mn, Fe,
Ni, Cu, Ga, In) unsubstituted Al,O3. The adsorption of selenate in a monodentate
configuration to all X-Al203 except Co-Al.03 and Ga-Al.Os3 is less endothermic than
unsubstituted o-Al20s. The Bidentate Monomolecular configuration is unstable on all
neutral surfaces, and they relax to the monodentate monomolecular configuration. The
selenate remains in fully de-protonated (SeO42") form upon adsorption on neutral X-Al,03

in all configurations.
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OH- ions. The transfer stretches the bond distance between the surface bonded O and Se to
2.5 A from the ~1.7 A between selenate’s Se and the other O atoms. These bond changes
suggest that the Se is only three-fold, rather than four-fold, quadrated after adsorption.
Thus, the Ti cation acts to reduce selenate to selenite upon adsorption in neutral surface.
The ability to reduce selenate arise from the instability of Ti in its +3-state which is present
on the Al>Ogz surface. Only after selenate adsorption, and the associated electron donation,

does the Ti cation adopt its preferred +4 state.

Further electronic analysis supports the finding that Ti reduces the adsorbing
selenate to selenite. The density of states (DOS) plot in Figure 4.9 shows that before
adsorption, Ti induces mid-gap states 0.33 eV, 0.58 eV and 0.83 eV above the Fermi level.
The highest mid-gap band is thus similar in energy to the valence band of selenate (1.08
eV above the Fermi level). Upon adsorption, the 3p orbital from Se ion is filled with the Ti
3d electron density, which now shifts to 0.04 eV above Fermi level (Figure 4.9(b)). Lastly,
the reduction and Se-O bond cleavage is further verified by Crystal Orbital Overlap
Population analysis (COOP), which shows presence of net anti-bonding orbital character
(ICOOP =-0.0033 eV/bond) between TiO-Se bond after adsorption. The bond strength of
Ti-OSe (ICOOP = 0.1038 eV/bond) after adsorption is also stronger than bond strength of
Ti-OH (ICOOP = 0.0583 eV/bond) present before adsorption. This bond strengthening is
not true for other surfaces, where the bond strength of X-OSe is always lower than the bond
strength of X-OH. Thus, the formation of a strong, reducing Ti-O bond compensates for

the water network disruption and H.O dissociation upon selenate adsorption.
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The adsorption of selenate in outer-sphere configuration results in adsorption
energy on neutral X-Al>Oz is essentially equal to, or more endothermic than unsubstituted
Al>Oz. Additionally, the range in adsorption energies for outer-sphere adsorption on neutral
X-Al>O3 surface is 0.26 eV which is the smallest of all the configurations. | attribute the
narrower range to the indirect interactions between the selenate and the substitutional
cations, via the water network which is only slightly modified by the cations. | found that
the adsorption energies of selenate in outer sphere in Co-Al;03 and Ti-Al,03 (0.24 eV) is
essentially the same as adsorption Al.Oz (0.25 eV). This is because the ionic radius of Co
(1.94 A) is the closest to ionic radii of Al (1.94 A) on the neutral surface and thus the water
network remains mostly undisturbed, while Ti is again unstable and donates 0.04 e to
selenate upon adsorption. For other species, the ionic radius is larger than 1.99 A which
cause slight adjustments in water network, and hence decrease the adsorption energy.

Measurements of the water network changes will be discussed in detail in Section 4.3.3.

Finally, 1 performed COOP analysis between the single atom substitutions and
surface O’s to (O1-04, figure 4.1) to analyze the stability of metal substitution to confirm
that the adsorption trends | observe are because of changes in surface properties and not
due to poor stability of substitution cation (Figure 4.3). | found that the adsorption energies
were not related to the stability of substitution on the Al>Os surface. Mn, Fe, Co, Ni and
Cu metal substitutions are less likely to be stable than other substitutions (In, Ga, Sc, Ti, V
and Cr) as they have some filled anti-bonding orbitals before fermi energy (ICOOP < 0
eV/bond). However, the substitutions are stable enough and do not cause dramatic changes

to the adsorption energies investigated here.
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4.4.2 Adsorption energy of sulphate on single cation embedded in the [012] X-Al203

The adsorption behavior of sulfate on Al2Os is very similar to that of selenate due
to their similar geometric and electronic structures, and pKa’s. The adsorption energies of
SeO4%* and SO4% on neutral and protonated X-Al>Os in their most relaxed (exothermic)
configurations are presented in Figure 4.10. The adsorption of these two species is
essentially identical within methodological accuracy on the protonated unsubstituted
Al,03, having adsorption energies of -1.79 eV (SO04%) and -1.79 eV (SeO4%) in the favored
outer sphere configuration. Their adsorption energies are very similar on neutral a-Al2O3
being 0.24 eV (SO+%*) and 0.25 eV (Se04*) which are both endothermic. Thus, because
there is no meaningful thermodynamic preference for one ion or the other for the
exothermic outer sphere binding, | do not predict Al,O3 to provide selenate selectivity.®*
This similarity in adsorption energy matches the experiments which shows no selectivity

for selenate.
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Figure 4.10: Adsorption of SeO4> vs. SO4* on (a) Protonated X-Al,O3 surface and (b)
Neutral X-Al>03 surface in the most exothermic configuration.

Ti is the only substitution which induces selectivity on the neutral surface. Ti
stabilizes SeO4% adsorption by 0.2 eV over SO42. All other substitutions only modified the
adsorption energy of selenate by +0.1 eV over sulfate, which is within the resolution of the
computational method. The preference of Ti substitutions for Se over S arises from the
slight differences in the electronic structures of Se and S and the position of the mid-gap
states induced by Ti. On neutral Ti-Al>Oz selenate adsorption in the MM configuration was
-1.06 eV more exothermic than unsubstituted Al>Os, because of the overlapping selenate
and Ti orbitals, which cause selenate to reduce into selenite (Figure 4.9). Reduction does
not, however, occur for sulphate as the valence bands of sulfate are 2.06 eV above Fermi

level (Figure 4.11). This finding suggests that selective adsorption of selenate over sulfate
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is possible when Se(V1) reduces to Se(IV) upon adsorption. However, the structures where
Se(VI) reduce to Se(IV) are not the energetically favorable structures, and thus selectivity

of Ti modified Al>Oz is unlikely to provide selectivity.
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Figure 4.11: Density of State plots of Sulphate on Ti-Al203 (c) before adsorption and (s)
after adsorption.

Both selenate and sulphate adsorb in BM configurations on the protonated Sc, V,
Cr, Mn and Ti-Al20s. Using Sc-Al203 as the exemplar, | calculate that it slightly prefers
S04 adsorption by -0.18 eV. This preference arises because SO4> has shorter O-S bonds
(1.52 A) than the O-Se of Se0,*(1.70 A). When the oxo-anions adsorb on Sc in BM

configuration, O-Se-O bond angle decreases (93.25°) more than O-S-O bond angle
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(98.53°) (Figure 4.12). This leads to lower bond strength of SeO bond (0.11 eV/bond) as
compared to SO bond (0.13 eV/bond). Hence, | see a preferential adsorption of SO4% on
protonated Sc-Al,O3 as compared to SeO4>". The same is accounted for the performance of
the other cations and BM configurations (Table 4.7 & 4.8). This finding suggest size
selective adsorption is possible, though not for selenate over sulfate, if we identify

materials which adsorbs oxo-anions in inner-sphere bidentate configurations.

Figure 4.12: (a) Selenate and (b) Sulphate adsorption on protonated Sc-Al2Os in inner-
sphere (BM) configuration.
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Table 4.7: Adsorption energies of SO4> on protonated X-Al,O3

protonated MM BM Outer sphere

eV eV eV
Al -1.55 -1.79
Sc -1.29 -1.95 -1.76
Ti -1.69 -1.72 -1.83
Vv -1.52 -1.25 -1.62
Cr -1.56 -1.60 -1.76
Mn -0.98 -1.43 -1.53
Fe -1.17 -1.62 -1.60
Co -1.27 -1.33 -1.50
Ni -0.89 -1.32
Cu -0.88 -1.35
Ga -1.61 -1.58 -1.78
In -1.84 -1.77

Table 4.8: Adsorption energies of SO42 on neutral X-Al,03

Neutral MM Outer sphere
eV eV

Al 1.02 0.236
Sc 0.79 0.43
Ti 0.89 0.24
\ 0.86 0.42
Cr 0.98 0.48
Mn 0.71 0.37
Fe 0.91 2.70
Co 1.23 0.24
Ni 0.88 0.46
Cu 0.92 0.42
Ga 1.12 0.43
In 1.02 0.45
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4.4.3 Factors affecting the adsorption of SeOs? and SO4% on X-Al.03

Lastly, I investigated mechanisms that control the adsorption energy of selenate and
sulphate on X-Al>0s. In my previous chapter, | found that water network controls the
adsorption of selenate on unsubstituted o-Al,03.3® The similar preference in adsorption
motifs of the substituted and neat Al>O3, albeit with slightly modified energetics, suggests
that the water network remains the primary director of adsorption thermodynamics, and
that the substitutions only secondarily modify the energetics; | detail more concreate

analysis which confirms this observation.

Table 4.9: List of variables considered for linear regression and PCA.

Variables descriptors label
Change in H-O covalent bonds A#OH a
Change in length of H-O covalent bonds AOH_length b
Change in HO bonds A#HO c
Change in length of OH bonds AHO _length d
Number of H-O covalent bonds #OH e
Length of H-O covalent bonds OH_length f
Number of HO bonds #HO g
Length of HO bonds HO_length h
lonic radii of the single atom Cation_size(X) i
Electron density present on the single atom Electron_den(X) j
Electron density present on the oxo-anion cation  Electron_density(Oxo) k

| examined 11 different variables which could control or describe the system as
outlined in Table 4.9. Broadly, they consider the effect of water network, cation size and
electron density, and configurations changes upon adsorption of selenate in the most
exothermic configurations. | examined the water network effects by quantifying two types

of water bonds, the number of intermolecular hydrogen bonds (#HO <1.2 A)® and the
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number of intra-molecular H-O covalent bonds (#OH ~ 1.2-2.5 A)%, along with surrogates
for the bond strength, namely the average bond length of hydrogen bonds (HO_length) and
H-O covalent (OH_length) bonds in the water network. The water network parameters
depend on the substitutions because the position and charge of the cation slightly modifies
the bond lengths of water networks on the surface. Moreover, on the surface, the selenate
and sulfate both interact with surface hydroxyl groups. In some instances, oxo-anion upon
adsorption on the surface takes up protons from the surface hydroxyl groups and changes
the protonation of oxo-anion (Figure 4.13). This behavior is accounted for in my regression
model and PCA analysis, where I include the change of surface water properties (including
interaction of adsorbed selenate with water) as 4 separate variables. | also investigated the
effects of cationic properties on adsorption of selenate such as ionic radii (size of X
calculated using method mentioned in Section 4.2.3) and electron density present on the
single atom imbedded in Al.Oz surface (Electron density(X), which was calculated using

Bader analysis).

\\v\__ _ / (x\\__ ‘ ..«‘J/
Figure 4.13: Selenate adsorption on protonated Sc-Al>Os in inner-sphere (MM)
configuration.
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Figure 4.14: Performance of the predicted adsorption energy of SeO4? and SO4*
adsorption on X-Al,Osfrom the linear regressions of one or two descriptors. A 1:1 line
demonstrates the ideal prediction behavior. Diagonal elements are single variables (as
outlined in Table 4.9) while off-diagonal plots show two component linear regression.

The number in the corner is the r? value of the linear regression.

| find that the water network controls the adsorption behavior, as shown by the
correlation plots in Figure 4.14 of the regression predicted energies and the DFT calculated
energy. Linear regression of the adsorption energy with each of the 11 variables showed
that the water network variables #0H and #HO have the highest correlation, achieving r

values of 0.92 and 0.90 respectively. Conversely, the cation descriptors only achieve a r?
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values of 0.00 and 0.01. | note, however, that the best performance based on r? shows highly
clustered data points. In effect, these descriptors essentially determine the protonated and
non-protonated surfaces. The water network variables which have a reasonable spread, i.e.,
OH_length and AOH, still present reasonably good correlations (0.63 and 0.54
respectively), particularly as compared to the cation descriptors. Thus, even though the
cationic size affects OH_length, it is the water network variable which describes adsorption
well, not the size. Only when cation size is combined with water network descriptors do
reasonable correlations arise (achieving r? of 0.92); however, this is still not the best overall
descriptor, which comes from the #OH and length (OH_length) of the water network

(0.94).
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Figure 4.15: (a) Strength of each variable in 3 Principal Components. (b-d) Linear

regression between Principal components and DFT calculated adsorption energy. (e)
correlation plots between different variable specified in Table 4.9

To better understand the mechanistic properties that control the adsorption
energies, | performed Principal Component Analysis (PCA) of the 11 variables described

above to identify orthogonal variables for regression. Principal component (PC) 1 is mostly
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composed of variables describing the water network and associated changes induced upon
adoption (#HO (0.46), #OH (0.44) and A#HO (0.34)) and bond strength (OH_length (0.43)
and AOH_length (0.33)), as shown in Figure 4.15a. I found that regressing the adsorption
energy against PC1 achieved an r? value of 0.8. This r? value is lower than some of the
single components because there is large spread in the data, and the data are no longer just
classified by protonation of the surface. Thus, it represents a better fit. The addition of PC2,
which is dominated by cation size (0.53), only improves the fit to an r? of 0.83. There is a
modest correlation between cation size and the intra- and inter H-bond lengths (i.e.,0.5-
0.1) as shown in Figure 4.15e. However, these length descriptors are more important in
determining the adsorption energy as they appear prominently in PC1, which explains most
of the adsorption energy. Thus, | attribute the cationic size effects to be only secondary,
where the cation size modifies the water network and the modified water network controls
the adsorption energy. Finally, PC 3 is mostly composed of the cation electron density
descriptor (0.61) and improves the r? to 0.89. The minimal correlation between the charge
density on the cation and bonding energy suggests that the charge interaction between the
cation and selenate is small; additionally, this finding suggest my consideration of non-
charged substitutions is valid for examining substitutional cationic effects. Additionally,
only in PC 3 does the descriptor for SeO4> or SeQ4? appear, and even there it contributes
similarly (0.31) to other water network descriptors contributing to PC 3 (AHO length,
0.35). The relegation of oxo-anion descriptor to a minor contributor suggests that finding
adsorbates which rely on water networks to selectively remove selenate from water is
challenging (Figure 4.16). This finding is consistent with the difficulty seen experimentally
with identifying selective sorbents.
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Figure 4.16: Principal Component Analysis of SeO4? vs. SO42" adsorption on X-Al,Os.

To further examine the relative importance of the water network and cation effects,
| repeated the PCA including only the water or cationic descriptors, the results are shown
in Figures 4.17 & 4.18. | find that the PC1-2 without the cationic descriptors fit the
calculated values as well as the full set of descriptors, having r? values of 0.83 & 0.83 (1 &
2 PC’s) and 0.8 &0.83 respectively. Conversely, the ion only descriptors were very poor
in predicting the adsorption energies with r? values of 0.01. These results further support
the conclusion that the cation affects adsorption only indirectly via modified water

networks.
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Figure 4.17: Linear regression between (a) PC1 and adsorption energy, (b) PC1 & PC2
and adsorption energy, (c) PC1, PC2, PC3 and adsorption energy with only water
network variables (a-h from Table 4.9)

Predicted Ads. Energy = 0.50 PC1 + 0.07 PC2 + 0.06 PC3 -0.58

125



2+
R2= 001,
1+ 0@"
o

DFT Ads. Energy (eV)
o

-2 -1 0 1 2
S 2-
) R2= 001,
> 1r v 3
2 o,
w OoF o
wn
©
< -r
< f
5 2
1 1 1 1 1
-2 -1 0 1 2
2..
R2= 001 ,
(e 0]
1~ te}

DFT Ads. Energy (eV)
o

1 1 1 1 1
=P -1 0 1 2

Predicted Ads. Energy (eV)

Figure 4.18: Linear regression between (a) PC1 and adsorption energy, (b) PC1 & PC2
and adsorption energy, (c) PC1, PC2, PC3 and adsorption energy with only cation effect
variables (i-k from Table 4.9)

Predicted Ads. Energy =-0.08 PC1 -0.04 PC2 -0.06 PC3 -0.58
126



45 Conclusions

| investigated adsorption of selenate and sulphate on single cations embedded in
the surface of (012) Al,Os to delineate the effects of cation identity on adsorption without
disturbing the water network on the surface. Overall, the addition of substitutional cations
did not increase the adsorption of selenate or sulfate to the surface; only Sc, In and Ti
increased the binding strength, albeit very slightly. | found that the water network exerts
the strongest effect on adsorption energy of selenate, far greater than any correlation
occurring between oxo-anion and cation. The adsorption of selenate on protonated surface
is always exothermic and adsorption of selenate on neutral surface is always endothermic.
| found that the size of cation embedded in protonated Al>Os surface controlled the
adsorption configuration of selenate through modifying the water network. Larger cations
bind selenate in bidentate configuration as they break and weaken the sublayer X-O bonds.
However, the bidentate adsorption comes with the added strain on oxo-anion as the bond
angle decreases upon adsorption which destabilizes the adsorbate.

In terms of selectivity, | found that reducing cations, like Ti, favored selenate as its
unoccupied bands are slightly lower in energy than those of sulfate, and thus are more
easily occupied. Conversely, inner-sphere bidentate adsorption induces a slight preference
towards sulphate as the angular strain experienced by sulfate is lower than selenate. |
hypothesize that cations with ionic radii larger than In that might reverse the selectivity
towards selenate. However, | cannot guarantee if the synthesis of such alloys or embedding
of larger cations might be possible without changing the morphology of the adsorbent.
Overall, I conclude that modifying and controlling the water network morphology on the

surface provides the most promising path for developing highly active selenate sorbents.
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Therefore, materials that retain extra protons on the surface around neutral pH ranges or
materials where the water network is less rigid should be sought to improve adsorption
technology for toxic oxo-anion removal.
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CHAPTER 5
FACET DEPENDENT ADSORPTION OF SELENATE, SELENITE AND ARSENATE
ON HEMATITE SURFACES
5.1 Introduction

Arsenic and Selenium are naturally occurring elements found in sulfide minerals,
sedimentary rocks, volcanic rocks and alkaline soils.>? Dissolution of rocks in water or
anthropogenic activities such as mining, industrial manufacturing, and agricultural
practices have caused As and Se accumulation in water across United states, South
America and South-East Asia.>® Consumption of water with As concentration above 10
Mg/L can cause skin lesions, skin cancer, bladder cancer, lung cancer, and other health
effects.” Low levels of arsenic in drinking water is linked to cardiovascular disease,
diabetes, and developmental effects in children.® Water rich in selenium (above 50 pg/L)
causes hair and nail brittleness, skin rashes, and damage to the nervous system when
consumed regularly.®° In extreme cases, it can cause cirrhosis of the liver or pulmonary
edema.! Therefore, the removal of high As and Se concentrations from drinking water is
crucial.

As and Se dissolve in water in form of their oxo-anions (Arsenate or As(V),
Selenate or Se(V1), and Selenite or Se(I1V)).1**? Arsenide or As(l11), another oxo-anion of
As, oxidizes to As(V) under aerobic conditions.**>'* Several remediation technologies like
coagulation and filtration,*>> adsorption,'”8 ion exchange,'®?° and reverse osmosis®* are
commonly deployed to remove As and Se oxo-anions from water. Coagulation and
filtration, ion exchange and reverse osmosis require large operation set-up, filter media,
regeneration of resin and/or generate significant wastewater, and hence are not easily

133



accessible for under-the-sink, low-income, or low-water availability communities and
well-based water systems.?22% Conversely, adsorption can be operated as an under-the-sink
technology, which does not require high cost or extensive technical expertise to operate
and does not produce wastewater streams.?*?°> Hence it is easily implemented in low-
income and rural communities.?

Activated alumina, iron oxide-based materials like ferric hydroxide, hematite and
goethite, activated carbon, zeolites, clay minerals and hybrid materials like polycyclic
aromatic hydrocarbons (PAHs) modified with metal-oxide nanoparticles (or chitosan
beads) are candidate adsorbent materials for adsorptive removal of Se and As oxo-
anions.1""1921.2729 Of these materials, metal-oxides like hematite and alumina are naturally
abundant and currently approved adsorbents.?> Moreover, hematite is stable and resistant
to chemical degradation under wide range of pH conditions like high temperatures, acidic
environments and ionic strengths, suitable for both batch and column adsorption
methods.?>%* Therefore hematite is an attractive sorbent for Se and As removal.

The hematite removal efficacy for As and Se oxo-anions depends upon water pH,
0xo0-anion concentration, the presence of competing non-toxic compounds such as sulphate
and phosphate, and the physical structure of the hematite, i.e., size and surface facet.831-3
Adsorption is more favorable under acidic conditions than neutral or alkaline ones.’ |
explained this phenomena in my previous chapters, where | found that change in water
network on the metal-oxide surface by adsorption of excess protons in acidic conditions
increase the hydrogen bonding upon oxo-anion adsorption, which increases the adsorption
capacity.3? The presence of competing species like phosphate and sulphate, which often
occur in higher concentration in water and have chemically similar structures to oxo-
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anions of As and Se, decreases the adsorption capacity because of non-competitive
adsorption seen on the metal-oxide surface.®

Morphology effects direct adsorption through several mechanisms. Increasing the
surface area by changing of adsorbent size directly increases the surface density of sites
per mass, thus increase adsorption capacity. Tang et. al. (2011), demonstrated that
synthesizing ultrafine iron oxide (a-Fe2O3) nanoparticles which has high specific surface
area of ~162 m?/g, removed 4.75 mg As(V)/ g a-Fe203.3® The adsorption capacity is at
least a 50% improvement over hematite powders commercially available at the time
(specific surface area ~ 11.2 m?/g).% However, after surface area effects have diminishing
returns. In 2016, Lounsbury et. al. investigated the increase in adsorption capacity of Se
oxo-anion on hematite nanoparticles at nanoscale by synthesizing nanoparticles with
similar size and difference surface areas.®® They found that specific surface area was not
the key determinant factor at nanoscale but rather the number of reactive sites on the
surface.®® In 2019, Lounsbury et. al. found that for nano-hematite out of different factors
such as size, shape and surface area, the crystal surface structure or facet of nanoparticle
has strongest control over the adsorption extents for selenate and selenite adsorption.*°
Moreover, [012] facet promoted selenate adsorption more strongly over selenite
adsorption.*

While these experimental studies provide insightful information on the adsorption
capacity and efficiency of an adsorbent, they do not provide a complete understanding of
the underlying mechanism of adsorption. Ab initio methods, like density functional theory
(DFT) can provide useful information in understanding the adsorption mechanism of

adsorbents and how it interacts with the adsorbate, including the nature of chemical
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bonding, the geometry of the adsorption complex, and the energetics of the adsorption
process.?®333% For example, | found that the water network on the [012] Al,O3 surface has
stronger control over the adsorption of selenate adsorption than the interaction between
selenate with the Al>Os surface without water layer in my previous chapter. Hence, selenate
preferentially adsorbs in outer-sphere configuration through hydrogen bonds on the Al2O3
surface as compared to inner-sphere adsorption.>> Moreover, DFT calculations can also
help in predicting the adsorption capacity of an adsorbent and identifying the most
favorable site properties for adsorption.*! In chapter 4, | found that water network has
stronger effect on adsorption that surface cationic species by calculating the adsorption
energies of selenate on single atom cationic defect sites in Al,O3 (012) surface.

While I have investigated the effect of adsorbent cation and pH, it remains unknow
if and how the water network on different facets controls the adsorption energies. Upon
investigating the water network change on pH dependent Al,Os surface for different
protonation states, the data was still clustered into 2 groups — adsorption on protonated and
neutral surface.®> Moreover, the role of oxo-anion types on adsorption energy is still not
completely understood. Therefore, in this study | calculate the adsorption energies of
Se(VI) oxo-anion on [012] and [001] Fe203 surface to understand the role of different water
network on adsorption energies. Similarly, | investigate the effect of properties of oxo-
anion on the adsorption by calculating the adsorption energies of Se(IV), Se(VI) and

As(IV) on [012] Fe2O3 surface.
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5.2 Methods
5.2.1 Density Functional theory calculation parameters

| conducted periodic boundary condition DFT calculations using the Vienna Ab
Initio Simulation Package (VASP) to calculate the adsorption energies of oxo-anion
adsorption on hematite facets.*>*® | employed the Perdew-Burke-Ernzerhof functional with
a Hubbard correction (PBE+U).*“® The Hubbard onsite correction term Ues Was included
on the Fe-d orbitals because the GGA functional does not adequately describe the strong
electron correlation between Fe-d electrons.*¢4” A single point self-consistent field (SCF)
study was conducted at different U values to calculate adsorption energies; the adsorption
energies where compared with a reference adsorption energy calculated using HSEO6
functional.*® Based on these calculations, a Ues of 5.15 eV best reproduced the HSE06
results. All calculations were conducted with spin polarization, several magnetic
configurations were examined; the lowest energy spin configuration consisted of
alternating double layers of spin-up and spin-down electrons perpendicular to c-axis, and
thus this spin structure is used in the rest of this work. This finding is consistent with
previous work.*® | used projector augmented wave (PAW) pseudopotentials to eliminate
the computational costs associated with calculating nonparticipating core electrons.>®5!
PAWs described the hydrogen 1s, oxygen 2s and 2p and iron, arsenic, and selenium 4s and
3d electrons explicitly. All calculations utilized a 350-eV plane-wave cutoff energy. |
conducted calculations using a I'-point centered 1 x 1 x 1 Monkhorst—Pack k-point mesh.
Implicit solvent effects and non-local van der Waals (vdW) effects are accounted for by
the polarizable continuum model (VASPsol module)®? and DFT-D3 correction based on
the method of Grimme et. al.>® Atomic geometries were relaxed until total energies between
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two ionic steps were less than 0.001 eV. Density of States (DOS) were calculated using
vaspkit,> charge density differences using Bader analysis,>® Crystal Orbital Overlap
Populations (COOP) using lobster®® and crystal structure representations were obtained
using VESTA,

5.2.2 Water network on 2 terminations of [012] and [001] hematite facets

Figure 5.: Hemaite (a) [012] ad (b) [001] facets. The brown, red spheres repregnt Fe,
and O respectively.

The hematite [012] and [001] facets are shown in Figure 1. The slabs are composed
of 24 and 32 structural units and have at least 8 layers of Fe203 with 8 and 4 surface Fe
atoms exposed on [012] and [001] surface, respectively. The surface parameters are 10.81
x 10.81 A, y = 120° for the [001] and 10.02 x 10.97 A, y = 90.23° for [012]. The slabs are
separated by at least 20 A of vacuum space filled with implicit solvent. The entire slab was
fully relaxed before freezing the cell shape and bottom four Fe*® layers and their associated
oxygen atoms for the adsorption energy calculations to reduce the computational cost and
preserve the bulk crystalline structure of the Fe2O3 nanoparticle.

To simulate the solvated surface, | used a hybrid explicit/implicit solvation model
(HSM). In the HSM, which | developed in the past study,* one layer of explicit water or

hydroxyl groups are bound to the surface while the remain water is included via implicit

water. Specifically, | added an explicit monolayer of dissociated water to the top surface
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of Fe.O3 with one OH molecule per Fe-O bond broken due to surface formation to replicate
the interfacial water layer under neutral conditions. I further constructed the interfacial
water structure by sequentially adding protons and relaxing the surface, until a neutral

surface was achieved (as shown in Figure 5.2).

Figure 5.2: Water network on neutral hematite (a)-(b) [012], (c)-(d) [001] viewed
perpendicular to x-direction (a,c) and y-direction (b,d). The number on top of surface O
(1 or 3) represents number of Fe bonded to the respective O. The brown, red, and white

spheres represent Fe, O, and H atoms respectively.
5.2.2.1 Constructing point of zero hematite surfaces using DFT calculations
| started with a hydroxyl bond capping every broken Fe-O bond of the surface of
the hematite and then relaxing the surface (Figure 5.3(b)). Subsequently, a proton was
added at surface hydroxyl groups and oxygen atoms (I-V1, Figure 5.3(b)), to find minimum
energy (most stable) water network (Figure 5.3(c-€)). This step was repeated until there
was an equal number of OH" and H* on the surface. These structures, therefore, describe

the hematite surface at the point of zero charge. The resulting surface water structure of

[012] Fe20s3 surface found here is consistent with pervious literature,®* thus suggesting
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that the sequential H* addition and relaxation method produces realistic surface water

structures.

Figure 5.3: Methodology to build water network on top of hematite surface. (a) Hematite
[001]- 1 facets with 3 broken Fe-O bonds (b) Hematite [001]- 1 facets with 3 hydroxyl
group replacing Fe-O broken bonds. (I)-(V1) indicates potential sites to add H*. (c)-(e)
relaxed configurations with H* bond on sites (IV), (V) and (V1) respectively. (d) is the

most stable configuration. This step is repeated 3 times to add 3 H* to neutralize the
surface. (f) Side-view and (g) Top-view of hematite [001] facet with a single water layer
at Point of Zero charge (neutral surface). The brown, red and white spheres represent Fe,
O and H respectively.
5.2.3 Adsorption energy calculations

I calculate the adsorption energy of three oxo-anions, with four total protonation
extents on the neutral hematite surfaces. The following oxo-anions are examined,

deprotonated Se(VI) (SeO4%), semi-protonated Se(1V) (HSeO3") and two semi-protonated
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As(V) (H2AsOs and HAsOs*) species. The protonation extents of Se(VI), Se(IV) and
As(V) were selected based on the dominant species present in the pH range associated with
drinking water, 6.5 to 8.5%62 Adsorption of oxo-anions on hematite is calculated in inner-
and outer-sphere configurations. The adsorption of oxo-anions in the inner-sphere
configuration involves replacing surface OH/H20 groups with oxo-anions. In the inner-
sphere monodentate configuration (MM) one Fe—OH/H20 group is replaced by a single
Fe—OX (X: Se/As) bond. In the inner-sphere bidentate configuration (BM) two Fe—OH"
/H20 groups are replaced by two Fe—OX bonds. In the outer-sphere configuration, the
oxo-anion adsorbs to the surface by forming hydrogen bonds with surface water layer
without displacing any Fe—OH/H,0 groups. The geometries of SeO4? absorbed in inner-
sphere monodentate, inner-sphere bidentate and outer-sphere configuration on the [001]
and [012] hematite facets are shown in Figure 5.4. The number of possible inner-sphere
and outer-sphere configurations depends upon the surface facet; all possible adsorption

configurations are detailed in Table 5.1 and 5.2 for [001] and [012] surfaces, respectively.
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re (Oé), () inne-sper monodentate
(MM) and (c) inner-sphere bidentate (BM) configuration on [012] hematite facet.
Adsorption of SeO4% in (a) outer-sphere (OS), (b) inner-sphere monodentate (MM) and
(c) inner-sphere bidentate (BM) configuration on [001] hematite facet. The brown, red,
orange, and white spheres represent Fe, O, Se and H atoms respectively.

To appropriately account for solvation and prevent errors in energy calculations
arising from the use of multiple charged super-cells, | calculate all adsorption energies
based on super cells containing all adsorbed and desorbed species, as outlined in previous
chapter.®? Specifically, | calculate an adsorption energy by subtracting the energy of
desorbed supercell (desorbed_cell), which contains the oxo-anion in the implicit solvent
space above the slab, from adsorbed supercell (adsorbed_cell), where the oxo-anion is on
the surface and all displaced water molecules reside in the implicit aqueous phase. The
energies are calculated as outlined in equation 5.1. In these calculations, all species in the
solution phase are separated by at least 4 A. In the following equations, the (.) between

terms indicates adsorbed species and (+) indicates species that are separated by implicitly

solvated “vacuum” space.

AE = Eadsorbed_cell - Edesorbed_cell eq. 5.1

142



Here E qs0rpea_cen 1S the energy of simulated cell containing adsorbed selenate.

Eadsorbed_cell = EFez O3 . surface water. oxo—anion +counter ion+displace water

ANd Egeasorvea cen 1S the energy of simulated cell containing desorbed selenate.

Edesorbed_cell = EFeZO3 . surface water + counter ion +oxo—anion
The number of adsorbed or desorbed waters, HsO", and oxo-anions used in eq 5.2 and 5.3

change upon the adsorption configuration, facet, and oxo-anion and values are listed in

Table 5.1 & 5.2.

eq.5.2

eq.5.3

Table 5.1: Species present in [001] hematite facet periodic cell and implicitly solvated

“vacuum” space in adsorbed cell and desorbed_cell in different configurations for SeO4>

Configuration Periodic slab \ desorbed OH/H20/H30*
SeO4*
Desorbed_cell Fess072.8H20.4 H".4 OH" SeOs> | 2H;0*
Fes072.8H2,0.4H*.30H" . +
MM1 Se0.2 OH 2H30
MM2-MM3 Fe“SO”'?SHeng_H AOH H.0 | 2Hs0*
Adsorbed BM1 Fe48072.7H20.iH 30H" H,0 2H:0* | OH'
_cell .Se0q4
BM2-BM3 F848072.6H20.iH 40H 2H,0 2HsO"
.Se0q
Fess072.8H20.4H*.40H" .
0S1-0S3 Se0.2 2H30
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Table 5.2: Species present in [012] hematite facet periodic cell and implicitly solvated
“vacuum” space in adsorbed_cell and desorbed_cell in different configurations for SeO4>"

. HSeOs", HAsO4% and H2AsO.".

Configuration \ Periodic slab desorbed OH/H20/H30*
Se04>
Desorbed_cell FessOo6.4H20.4H . 40H" | Se04% | 2H307
Fess096.4H20.4H*.30H" . +
MM1 Se0.> OH 2H30
Fess096.3H20.4H*.40H" +
Adsorbed MM2 .Se04* HO | 2H:0
+ -
_cell BML-BM2 Fee4096.3SH:g‘;;‘r_H .30H H,O | 2H:0* | OH
+ -
051-0S6 F664096.4H20.§1_H 40H 2H:0*
.S5e04
HSeOs
Desorbed_cell Fes4006.4H20.4H* 40H | HSeOs | H3O" | H20
Fegs096.4H,0.4H*.30H" . +
MM1 HSeOs OH Hs0 H20
Fesa0g6.3H20.4H*.40H" +
Adsorbed MM2 .HSeO3 H:O 2H0
_cell BM1-BM?2 F664096.3H20.4_H .30H 2H,0 OH H.O*
.HSeO3
i Fees096.4H,0.4H*.40H". +
0S1-0S6 HSeOs Hs0 H.O
H2AsO4
Desorbed_cell Fesa096.4H20.4 H.40H" | H2AsO4 | H3O* H.0
Fees096.4H,0.4H*.30H" i +
MM1 HzASO4 OH | HO™ | HO
Fegs096.3H20.4H*.40H" +
Adsorbed MM2 H2AsO4 HO™ | 2H0
_cell Fes2096.3H20.4H.30H" ; +
BM1-BM2 HoASOs 2H>0 OH Hs0
Fegs096.4H,0.4H*.40H" +
0S1-0S6 HoASOx HsO H20
HASO4*
Desorbed_cell FeesO96.4H20.4 H.4 OH | HAsO4? | 2H30*
FessO96.4H20.4H".30H" . +
MM1 HASO. OH 2H30
Adsorbed Fees096.3H20.4H*.40H" +
cell MM2 HASOZZ H>O 2H30
Fegs096.3H20.4H*.30H" + .
BM1-BM2 HASOZZ H>O 2H30 OH
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FeesO96.4H,0.4H*.40H"

0S1-0S6 HASO.Z

2H30"

53  Results

| first analyzed the water network on two hematite surfaces under neutral
conditions. Subsequently, | describe the adsorption of SeO4% on the [012] and [001]
hematite surfaces, elucidating the water network effect on adsorption energy. Lastly, I
discuss the adsorption of Se04?", HSeOs", HAsO4? and H2AsO4™ on [012] hematite surface
in MM, BM and OS configurations to investigate the effect of oxo-anion identity on the
adsorption energies.
5.3.1 Water network on different termination of [001] and [012] hematite facets

Table 5.3: Water network parameters on hematite surface

FesOH FeOH FeOH, | #O-H/A? O-H #H—O/A? H—O
length (A) length (A)
012 1 1 1 0.09 1.00 0.07 1.65
001 1 1 2 0.12 0.99 0.14 1.81

The water network on neutral hematite surfaces is shown in Figure 5.2. The
hematite [001] surface has three broken Fe-O bonds per surface Fe atom, while the [012]
surface has 2 broken bonds per surface Fe atom. The water density of the surface monolayer
is greater on the [001] surface, one water per 8.4 A2, than on the [012] surface, one H20
per 13.7 A2, The water molecules on both terminations partially dissociate. On the [012]
surface, half of the water molecules are dissociated (OH/H™), whereas on the [001] surface
only one third of water molecules are in the dissociated form. The H* of the dissociated
water molecules adsorbs on surface or surface-embedded triply coordinated O atoms (i.e.,
Fes0); these O anions are labeled O3 in Figure 5.2 Therefore, the surfaces have different

ratios of FesOH and FeOH (or FeOHy), and different surface water networks. The surface
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water network comprises strong intramolecular covalent bonds within individual water
molecules (O-H), characterized by bond lengths of less than 1.2 A. There are also weaker
intermolecular hydrogen bonds (H—O) with bond lengths ranging between 1.2 and 2.5 A.
The water network can be parameterized further into 4 components: (1) the number of
covalent bonds (O-H) bonds present on the surface, (2) the average bond-length of covalent
(O-H) bonds on the surface, (3) the number of weaker hydrogen bonds (H—O) present and
(4) the average bond-length of hydrogen bond present on the surface. The water network
parameters for hematite surfaces are presented in Table 5.3.

The [001] hematite facet has a much denser H-bonding water network than the
[012] facet; the increased density arises from the additional H.O molecule which binds per
surface Fe atom on the 001 surface. As shown in Table 5.3, the number of O-H covalent
bonds on the [012] surface is approximately 23% less than on the [001] surface (0.09 bonds
per A2 and 0.12 bonds per A2, respectively). The decrease in the density of intermolecular
bonds is even larger, where the [001] surface has ~0.14 H—O bonds/A2 while the [012]
surface has approximately half as many, or ~0.07 /A2. Additionally, the O-H intramolecular
bond length indicates that the [001] waters/hydroxyls are slightly stronger than on the [012]
surface (0.99 and 1.00 A, respectively). Counterintuitively, the less dense [012] surface has
shorter H—O intermolecular hydrogen bond lengths (1.65 A). The short length stems from
the higher fraction of dissociated water molecules on the [012] surface and thus the
dissociated protons are closer to the remaining hydroxyls and water forming a strong H-
bond.

The water network found here on the [012] and [001] hematite surfaces is in close
agreement with the past experimental and MD/AIMD studies perform to understand the
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water-hematite interface. Most experimental studies support the presence of both H20O and
dissociated H.O molecules on both the [001] and [012] surface.>®%3%* The orientation of
H>0/OH molecules on [012] molecule found here matches noncontact atomic force
microscopy results for HoO/OH molecules found of [012] Fe.O3 surface by Jakub et. al.
(2019).%° The H—O bond lengths of 1.5 A between FeOH, molecule and adjacent FeOH
molecule and 1.8 A between FeOH and FesOH molecule are very slightly different than
found by Jakub et. al. (2019)%° (1.6 A and 1.7 A, respectively). Filippov et. al. (2022), also
simulated the atomic surface concentration of water molecules (molecules/surface area) on
[001] facet to be 13.66 nm or one dissociated water molecule per 7.3 A2 55 However, the
water network on [001] facet remains ill- defined in literature, with several conflicting
reports of the water network structure.®®¢® Since my method produced surface networks
which matches the only well defied surfaces currently available, i.e. [012] facet, | consider
it validated; additionally these findings may clarify the [001] surface water structure.

5.3.2 Adsorption of SeO4?" on hematite surfaces

0.0

1
—
o

Adsorption energy
(eV)

20 |
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@[012]
3.0
MM BM1 0S3

Figure 5.5: Adsorption on SeO4? on [001] and [012] hematite facets.
| calculated the adsorption of selenate on neutral [012] and [001] surfaces, which

are shown in Figure 5.5. | examined three bidentate, two monodentate and three outer-
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sphere configurations on the [001] hematite surface and two bidentate, two monodentate
and six outer-sphere configurations on the [012] hematite surface. Figure 5.5 shows the
adsorption energy of the most stable MM, BM, and OS configurations. | found that the
adsorption of SeO4?" is exothermic on both [012] and [001] Fe,Os facets.

The outer sphere configuration had the most exothermic adsorption on [012]
surface, followed by the MM and BM configurations with -2.05 eV, -1.34 eV and -0.54 eV
adsorption energies, respectively. Although the MM and BM configurations are
exothermic, the difference between outer-sphere and MM configuration energies is 0.71
eV. Using Boltzmann distribution, | predict that adsorption of selenate in MM
configuration is 1.35x10*2 times as likely as the outer-sphere configuration. Therefore, |
expect selenate to adsorb in outer-sphere configuration on [012] hematite surface under
neutral conditions.

On the [001] Fe20s surface, the adsorption was also most exothermic in outer-
sphere configuration followed by MM and BM with adsorption energy of -1.38 eV, -1.21
eV and -0.47 eV, respectively. The adsorption energy difference between OS and MM
configuration was only 0.17 eV, which suggests approximately 14% of the adsorbed
selenate will adsorb in inner-sphere configuration. Although no facet specific delineation
of adsorption configuration has been reported in the literature, several studies have reported
percentage of selenate adsorbs in inner sphere and outer-sphere configurations on neutral
hematite nanoparticles with Johnston and Chrysochoou (2016) found 30% of SeOs*
adsorbed in inner-sphere configuration on Fe (hydr)oxides at pH 7. The finding of both

structures matches my prediction, with the allowance that experiment did not determine
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the surface terminations and thus relative [001] and [012] surface structures, which may
account for the differences in inner-/outer-sphere partitioning.

Comparing adsorption behavior between the two facets, adsorption on the [012]
facet is 0.67 eV more exothermic than the [001] facet. | predict that selenate will
preferentially bind to the [012] surface of hematite nanoparticles containing both facets.
Therefore, to increase inner-sphere adsorption, hematite nanoparticles with a higher
percentage on [001] facets should be synthesized. However, to develop the more adsorbent
material, a higher percentage of [012] hematite nanoparticle should be selected for selenate

adsorption as it has the highest binding strength.
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5.3.2.1

Effect of surface properties on adsorption of SeO4?> on hematite facets
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Figure 5.6: Effect of (a) change in intermolecular and intramolecular H-O bonds, (b)
anhydrous adsorption energy, (c) change in H—O bond length, and (d) charge in SeO4*
on adsorption energies of SeO4> on [001] and [012] Fe,Os surfaces.

| investigated the effect of four properties on the facet dependent adsorption
energies: (1) change in number of net intermolecular and intramolecular hydrogen bonds,
(2) adsorption energy of selenate adsorbing on anhydrous hematite surface, (3) change in
average H—O bond length present on the surface due to adsorption and (4) charge on
SeQ4? after adsorbing on hematite surface. These characteristics were chosen to examine
the degree to which different physical interactions might control adsorption, specifically:

(1) changes to the water network upon adsorption, (2) direct SeO4? interaction with the

surface, (3) change in the intramolecular water forces, and (4) charge transfer, and thus
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ionic/covalent bond formation. The relationships between the behavior characterizing
factors and adsorption energy and a linear fit R? values are presented in Figure 5.6.

Amongst the different factors, those describing the water network correlate best
with the calculated adsorption energies. The higher number of hydrogen bonds between
oxo-anion and surface increases the adsorption energy exothermically. However, the water
network is unlikely to be the only contributing factor, as R? is only 0.65. Additionally, the
adsorption energy is an anti-correlated with selenate on the anhydrous surface. Thus,
structures predicted to bind strongly without water networks actually bind weakly when
considering the water.

These finding are consistent with the previous study of SeO4? adsorption on the
[012] Al.O3z surface which demonstrated that the water network controlled adsorption, and
that anhydrous adsorption is inversely correlated with the solvated energies.®? | note that
the relationship between the change in the water network on different facets of hematite is
weaker than on the [012] Al,Os surface (R? ~ 0.81),% and thus there are additional factors
which contribute to the binding strength. The change in H—O bond length has a slightly
stronger correlation with adsorption energy than the charge on SeO4%". On [001] and [012]
surfaces, the average H—O bond length increases upon adsorbing SeOs>. However, the
average H—O bond length is 11.7% shorter on [012] surface as compared to [001] surface
after adsorption. Since shorter H—O bond lengths correlate with stronger bonds, the
overall adsorption on [012] surface is predicted to be stronger than adsorption on [001]
surface in all the three configurations, which is what is found from the adsorption energies.
On [012] surface, the H—O bond length is shorter for outer-sphere configurations (1.72
A) than MM and BM configurations (1.77 and 1.77 A). This combined with higher number
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of bonds formed in the outer-sphere configuration leads to stronger bonding in outer-sphere
than inner-sphere (MM/BM) configurations.

On [001], in the MM configuration, both the number of new bonds (5) and average
H—O bond length increase (0.09 A) are lower than outer-sphere adsorption (8, 0.11 A,
respectively). Since shorter bond lengths, i.e., stronger H—O bonds, are present on surface
after selenate adsorption in MM configuration as compared to outer-sphere configuration,
only a small difference in adsorption energy (0.18 eV) is observed between the two
configurations. In BM configuration, the number of bond increase (5) is low and the
average H—O bond length increase (0.13 A) is high. Thus, the BM configuration is less
exothermic than outer-sphere or MM adsorption. Hence, | have a lower number of weaker
H-bonds on the surface, which leads to a much larger difference (0.92 eV) in adsorption
energies in outer-sphere and BM configuration. Hence, the adsorption energy trends
observed on different facets of hematite can correlated to surface H-network
reconfiguration which includes the number of total intermolecular and intramolecular
bonds, average H—O bond lengths and change in H—O bond length upon adsorption.

5.3.3 Adsorption of oxo-anions on [012] hematite surface

| also examiend the effect of oxoanion identity on the adsorption energetics on the
[012] hematite surface. Given the stronger adsorption on the [012] surface, | restrict the
remaining discussion to this surface. | considered Se(VI1), Se(1V) and As(V). The DFT
calculated adsorption energies on the neutral [012] Fe,Os surface are presented in Figure
5.7. | found anion identity affects both the energies and structural preferences. Selenite

adsorption is the most exothermic followed by arsenate and selenate adsorption with
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energies of -2.46 eV, -2.30 eV and -2.05 eV respectively. The adsorption of doubly
deprotonated Arsenate is more exothermic by 0.34 eV than singly deprotonated state
(H2As04%) and I will, therefore, discuss the arsenate adsorption in its doubly deprotonated

state (HAsO4?).
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Figure 5.7: adsorption of Arsenate, selenite, and selenate on [012] hematite surface.
Outer sphere adsorption of all species is more exothermic than inner sphere

configurations. The difference between outer-sphere and inner-sphere (MM/BM)
adsorption is 0.40, 0.23 and 0.71 eV for HAsO4%, HSeO3? and SeO4? respectively. This
means only 1.7x107° % of HAsO4%, 1.5 x102 % of HSeOs and 1.4 x107° % of SeO4* will
adsorb in inner-sphere configuration. However, the difference between outer-sphere and
inner-sphere configuration for H2AsO4 is only 0.11 eV, i.e., 1.19% H>AsO4  is expected to
adsorb in inner-sphere configuration on [012] Fe.Os facet.
5331 Effect of oxo-anion and surface properties on adsorption energies

| compared the effect of different properties of oxo-anion and change in surface
water network on adsorption energies. | did not examine the effect of anhydrous adsorption

energy as it is anti-correlated to adsorption with water network. The results are shown in
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Figure 5.8. | found that overall, the adsorption energies are not as strongly correlated to
change in number of intermolecular and intramolecular H-O bonds. However, the water
network still correlates to effect of configurational changes on adsorption energy (highest
number of bonds corresponds to adsorption in outer-sphere and lowest number of bonds
correspond to adsorption in BM configuration). The effect of oxo-anion species is not
encapsulated with change in number of O-H bonds, change in length of O-H bonds, charge
on oxo-anion or e transfer from oxo-anion to surface upon adsorption, as seen in figure

5.8.
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Figure 5.8: Effect of (a) change in intermolecular and intramolecular H-O bonds, (b)
change in H—O bond length, (c) charge on oxo-anion and (d) electron transfer from oxo-
anion to hematite surface on adsorption energies of Se(IV), Se(VI) and As(V) on [012]
Fe>O3 surfaces. The boxed values indicate adsorption in outer-sphere configuration for
the four oxo-anions.
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| investigate the adsorption energy on [012] hematite surface by comparing the H-
bond orientation upon adsorption in outer-sphere for the four oxo-anion in Figure 5.9. Even
though SeO4? has the highest number of new intermolecular H—O bonds, the orientation
of three surface H* shifts towards oxo-anion which weakens the H—O bond network
between the surface H.O/OH molecules and hence decreases the adsorption energy. Upon
HSeOs and H2AsO4> adsorption, only two surface H* change their orientation, which
effects only half of the H,O/OH bond network on the surface. However, HAsOs* forms
intermolecular O-H bonds where one of the surface H™ and changes its orientation
perpendicular to the surface (Figure 5.9(d)). Therefore, upon adsorption in outer-sphere,
both change in H-bonds and protonation state effects the adsorption energy of HAsO4% on
[012] hematite surface. Therefore, both the net change in number of intermolecular and
intramolecular O-H bonds as well as orientational change in surface H* affect the

adsorption energies of different oxo-anion on [012] hematite surface.
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HSeOs’, (c) H2AsO4 and (d) HAsO4? in outer-sphere configuration.
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54  Conclusion

| investigated the role of facet and oxo-anion properties on adsorption on hematite
surface in neutral environment. Overall, | found that the SeO4? adsorption on different
hematite surface is affected by the change in water network due to adsorption. The
adsorption is more exothermic on [012] Fe:Os3 surface and occurs in outer-sphere
configuration as a greater number of stronger intermolecular H—O bonds form upon
selenate adsorption. However, on [001] surface higher percentage of selenate is expected
to adsorb in inner-sphere configuration as the intermolecular H—O bonds on the [001]
surface is weaker than [012] surface, and hence require lower energy to break. The
adsorption of oxo-anions is also controlled by water network on [012] hematite surface.
However, the additional effects like change in orientation of H" contribute towards change
in adsorption energy for different oxo-anion adsorptions. In terms of selectivity, selenite
has most exothermic adsorption on hematite surface and hence expected to be most
selective as compared to Arsenate and Selenate adsorption. Overall, | conclude that the
adsorption on hematite surface can occur at neutral surface and still significantly controlled
by water network. However, | need to include more parameters like H* orientations to
encapsulate the complete effect of change in water network on adsorption energies.
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CHAPTER 6

ELECTROCHEMICAL RECYCLING N FROM WASTEWATER USING DISPERSED
RU ATOM IN CU METAL CATALYST

6.1 Introduction

The constant recycling of nitrogen between earth, soil, water and atmosphere is
essential for sustaining life on this planet. However, anthropogenic activities have
disturbed the balance of this delicate cycle and depreciated environmental and human
health.! Overuse of nitrate (NO3") rich fertilizers to improve the crop yield have resulted in
leaching of nitrate in our ground water. In aquatic ecosystem, excess nitrate causes “dead
zone”, which cannot support life forms due to lack of oxygen.? If nitrogen rich water is
consumed by humans at concentrations higher than 10 mg/L, it can cause
methemoglobinemia, or “blue baby syndrome”, thyroid disease, fatigue, weight gain, hair
loss, goiters and colon cancer.®

Nitrate remediation is an important step to re-balance the nitrogen cycle.
Remediation methods such as ion exchange, reverse osmosis, electrodialysis and electro-
capacitive ion capture can be used for filtering NO3™ for water.*®> However, the product
from these processes cannot be upcycled and require additional disposal steps.
Electrocatalytic nitrate reduction (NO3RR) has gained attention as a remediation process
to rebuild a circular economy by reducing NOs™ to NHs.% The NH3 can be reused again as
crop fertilizers and industrial chemical and restore balance to nitrogen cycle. Currently,
energy intensive Haber-Bosch process is used to produce NH3 from atmospheric N2 which
contributes to >1% global CO emissions.” In contrast to the Haber-Bosch process, NOsRR

can produce NHz at room temperature at low pressure condition, without chemical
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reductants and using only renewable sources of electricity.2 NOsRR, however, is currently
not commercially viable because of low selectivity towards NH3 production, low activity
of NOs reduction and high cost of electrocatalysts like Ru.

NOsRR reduces NOs™ to NO2", NO, N2O, N2, N2H2, NH20H or NH3 or mixture of
these species depending upon electrocatalyst, reduction potential and solution pH.°
Moreover, the other side reactions with similar reduction potentials as compared to NOsRR
(0.69 V vs. reversible hydrogen electrode (RHE)) such as Hydrogen Evolution Reaction
(HER) also occur on the catalytic surface.'® HER suppresses NO3RR due to presence of
relatively lower concentration of NO3z™ (50-2000 ppm) as compared to HO and H3O*
molecules in wastewater. However, a commercial grade NOsRR should have capability of
delivering high current density (>1000mA/cm?) and high NH; selectivity (>90%).

Electrodes made of coinage metal (Cu, Ag, Au) and Platinoids (Ru, Rh, Ir, Pd and
Pt) have been extensively researched as highly active and selective cathode surfaces for
nitrate reduction respectively.®*2 Specifically, the electrocatalytic reduction kinetics of
nitrate to nitrite is highest on Cu surface, which is a critical rate limiting step towards
production of NH3.% Moreover, copper is sold only for $0.43 per mol of metal, which is a
lot cheaper than other metals (Au, Ag, Pt, Pd).'° However, the stability of Cu electrode is
pH dependent and Cu cathode deactivates in alkaline medium and Cu*? leaches into
aqueous medium in acidic medium.®*!* On the other hand, Platinoids metal electrodes
selectively reduce NOs" to single product (NHz or N2) , depending upon surface Kinetics.®
However, platinoid catalysts have low performance due to competitive HER reaction® and

are expensive metals for NOs™ remediation (> $800/mol).1°
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Metal alloys electrodes outcompetes single element electrodes in the activity and
selectivity nitrate reduction.®'® Wang et. at. found that the NO3RR activity of CusoNoso
alloys was 6-fold higher than Cu or Ni single metal electrode at OV vs. RHE because of
more favorable adsorption of NO3s™ on alloy surfaces.!” Doping Cu with 2% Fe increased
the catalytic current density to 55.6 mA/cm, 2.1 times higher than Cu material at -0.7 V vs.
HER.!® Yao et. al. (2021) developed copper phosphide on copper foam (CusP/CF)
electrode that was 98.01% selective towards N production at -1.2 V vs. Ag/AgCl.%°
However, determining activity and selectivity of infinite probable mixtures of metal-metal
alloys experimentally at different pH and potential is a daunting task.

Investigating nitrate reduction mechanism using density functional theory (DFT)
propels material discovery for improved activity and selectivity of NO3RR. In 2021, Wang
et. al. synthesized 6 times more active PtesRus7 Carbon felt supported nanoparticle as
compared to Pt nanoparticles based on initial screening done by Liu et. al. (2019) using
DFT based microkinetic model on 8 transition metal electrocatalysts (Co, Cu, Rh, Pd, Pt,
Ag, Au, and Fe).1*?% However, both Pt and Ru are expensive minerals and therefore PtsRu
cannot considered as an economical NOzRR solution. In a recent study by Chen et. al.
(2022),2* experimental results report 99% selective reduction of NO3 to NH3z with 93%
faradic efficiency and 1000 mA/cm? over Ru dispersed Cu nanowire catalyst (Figure 6.1),
higher than pure Ru and Cu surfaces. However, determining the effect of single atom on

the nitrate reduction mechanism is difficult to understand using experimental results.
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Figure 6.1: Experimental results from Feng-Yang Chen et. al.?* “(a) I-V plots and (b)
corresponding NHs Faradic efficiency (NHs FE) of Ru-CuNW (Ru-SAC), CuNW (Cu
nanowire), and RUNP (Ru nanoparticle) in 1 M KOH and 2000 ppm NOs™ electrolyte at

different potential. (c) NH3 FE of Ru-CuNW in 1 M KOH electrolyte with different
concentration of NOs™. (d) Complete nitrate removal using Ru-CuNW with initial 1 M

KOH and 2000 ppm NOs~ (equals 451.6 pg ml™* NOs—N) electrolyte at 0 V versus
RHE.”

Therefore, in this work | investigated nitrate reduction on Ru single atom catalyst
dispersed in Cu matrix (Ru-SAC) using density functional theory. The efficiency and
selectivity on all the three catalysts are strongly related to pH and electrode potential of
experimental conditions. Therefore, | developed a DFT based model to study the nitrate

reduction and simultaneous hydrogen evolution reaction and other side reactions (figure
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6.2) on Cu, Ruand Ru-SAC surface, to understand the effect of pH and potential on NOsRR

on all the three surfaces and the effect of Ru-SAC on nitrate activity and selectivity.

NOS_ D + ___________ ':' - H+(aq) + e’
1 Tt > OH*mmmp OH- ! I
NO; lr H*
NO, N?(s) > H,0* | l
: | 1
: | | Hy(aq.
\N02*+O=15_: NHS**--: 1 ! »(aq.)
| 1 |
NO l 5 I H,0 :

N2,

Figure 6.2: Mechanism of Nitrate reduction and other side reactions occurring over
electrode surface.
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6.2  Computational Methods
6.2.1 First-principle calculations

Periodic boundary condition density functional theory (DFT) calculations were
performed using the Perdew-Burke-Ernzerhof (PBE) functional, as implemented in the
Vienna Ab initio Simulation Package (VASP).?>?* The wave function was constructed
from a summation of plane waves with energies below 500 eV. There is less than a 0.01
eV difference in adsorption energies calculated at 500 eV and 600 eV cutoff energies.
Projector-augmented wave (PAW) pseudopotentials?® explicitly included the H 1s, O and
N 2s 2p, Cu 4s 3d, and Ru 5s 4d electrons.

Cu and Ru-CuNW were represented by (111) terminated slabs consisting of 4x4x6
primitive units, while Ru was represented by a (001) terminated 4x4x6 slab. These surface
terminations were chosen as they represent the low-energy surfaces.?® Additionally, these
crystal facets are equivalent since Ru is an HCP crystal structure whereas Cu is FCC
(Figure 6.3). All slabs were separated by at least 12 A of vacuum space to reduce spurious
interactions between atomic layers. The Brillouin zone was sampled with an 8x8x1 I"-point
centered Monkhorst Pack mesh for each surface which showed only a 0.01 eV difference
with a 10x10x1 mesh grid. All geometries were relaxed until forces were less than 1x103
eV/A. Transition states for surface reactions were investigated using the climbing image
nudged elastic band (NEB) method with at least five images per reaction until the residual

forces were below 0.001 eV/A.?’
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Cu [111]- top view Ru [001]- top view

Figure 6.3: Side view (a,b) and top view (c,d) of Cu[111] and Ru[001] facet.

6.2.2 Energetics of pH and potential dependent reactions

I used Computational Hydrogen Electrode (CHE)? to include the voltage affects

and calculate the Gibbs free energies of reaction involving electron transfer:
A+H*+e - AH eq.6.1
The Gibbs free energy of proton-electron pair was determined by linear free energy

dependence of electron energy at given potential:
1
GH++Ge_ =EGH2 _eURHE eq. 62

where Urne is applied potential with respect to the relative hydrogen electrode

(RHE) and Gn2 is the free energy of gaseous Ho.
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The potential also affects the activation barriers of surface hydrogenation reactions
(for e.g.,, N" + H" + & — NH"). For hydrogenation reactions, the activation barriers are
computed for using following reaction step and potential effects are included using Butler-
Volmer formalism:

GWU') = Gyy— Gy — Gy+ — G- eq. 6.3

GW)=GWU") —ane(U-U") eq. 6.4

where n is number of electrons transferred and a is the portion of the electrons

transferred at the transition state. Here I assumed a to be 0.5 as per the commonly accepted
assumption that approximately half the electrons transfer at the transition state.'!

For the adsorption and desorption of aqueous species is dependent of both reaction
potential and pH of the solution. The thermodynamic cycles (Figure 6.4) are used to
calculate the adsorption energies by using JANAF thermodynamic tables,? experimentally
calculated solvation energies and pKa values obtained from CRC Handbook of Chemistry
and Physics.® For example, the adsorption energy of NOs is calculated using

thermodynamic cycle as follows and outlined in equation 6.5-6.9:

NO3, +*—>NOs +e” eq.6.5
AGaas(NO3) = Gnog + Ge- — GNo;(l) — G, eq.6.6
BGaas(NO3) = Gros + [Gy+ + Ge-1 = [Groz,, + Gy | = G. eq.6.7

1
AGads(N0§) = GN0§ + EGHZ - eURHE] - [GHN03 - AGvap - AGprotonation] — G.eq.6.8

AGprotonation 1S the free energy of the association of NO3™ in solution with a proton, and is
calculated as

AGprotonation = G — 2.303kT (pK, — pH) eq.6.9
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where Kk is the Boltzmann constant, T is the temperature, and pKa is the experimental acid
dissociation constant of HNO3.%!

NO3 + (H* + &)

AG:—u:ls (N 05 )

HNO; ) + +

AG(NO3) AGyap

HNO5 + *

AG]:xro‘conal:ion

NO3) + H +*

Figure 6.4: Thermodynamic cycle employed to account for free energy of protonation
and solvation of NOs, which enables calculation of overall free energy of NO3
adsorption.
pH also changes the proton donor for hydrogen evolution reaction and hydration

step occurring over a cathode surface. At low pH, the aqueous solution will have surplus
H3O", which will donate H* to form Hz. This is considered here as acidic pathway for
Hydrogen evolution reaction. Similarly, excess H* from the solution will be involved in
nitrate reduction to form NHsz and other products. The pathways for acidic reactions are as

follows:
1
H++e"+*—>H*—>§H2 + * eq. 6.10

NO; +9H* +8e~ —» NH; + 3 H,0 E° = 0.88V vs RHE eq. 6.11
However, at high pH, H2O becomes the biggest proton donor for hydrogen evolution

reaction (by alkaline pathway) and hydration reactions:
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1
H20+e_+*—>H20*+e_—>H*+0H‘—>§H2+OH_+* eq. 6.12

NO; + 6H,0 +8e~ - NH; + 90H™ E°=0.69V vs.RHE eq. 6.13

6.3  Results and Discussion
6.3.1 Effect of pH and potential on NOs reduction and HER

The NO3™ adsorbs endothermically on Cu surface (+0.8 eV) at 0 pH, 0 V vs. RHE.
The adsorption energy decreases by -0.1 eV/ (U V vs. RHE) (Figure 6.5). The adsorption
energy also decreases as pH of the solution increases (E = Eo - 0.13 x pH), where Eo is
adsorption energy at pH = 0. Therefore, the adsorption of NOz™ is more exothermic at

positive potential and high pH ranges.

a
2+ 2t P
+V +pH
1t NO, |_| o 1F NO,"
% ,,w"/ v % '}\J,vr
-~ N i / g - f","’
- 0 03 > 0 NO3 y
(o)} (o)} e ————
& o) ) g
(G ol IR ¢
-1 -1
-0.2 V vs. RHE m—
—2 fo==== 0.0 V vs. RHE D | — (7) pn
we 0.2 V vs. RHE w— 14 pH

Figure 6.5: Adsorption of NO3z™ on Cu[111] surface as a function of (a) potential (V vs
RHE) at pH =0 (b) pH at OV vs. RHE.

The activity of nitrate reduction depends upon adsorption of NOs™ on the surface,
competition from HER, dissociation energy required for first N-O bond scission (NOs" >
NO2"). If NOs~ does not adsorb exothermically or energy of HER pathway suppresses NO3"
adsorption and dissociation, then the electrocatalyst will be a poor choice for nitrate

reduction. The adsorption and dissociation NO3z™ on Ru and Cu surfaces is compared with
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HER pathway at 0V vs. RHE and pH = 14 in Figure 6.6. NO3 adsorbs exothermically on
both Cu and Ru surfaces. However, the adsorption is 0.75 eV more exothermic on Ru than
Cu surface. The activation energy needed for first N-O bond scission is 0.2 eV higher than
the energy required to desorb NO3z* from the surface on Cu[111] surface. On Ru, NOs"
desorption requires 0.55 eV higher energy than dissociation. Therefore, Ru is expected to
have higher activity to reduce NOs as compared to Cu surface. The H>O adsorption is
endothermic on Cu surface and requires no energy on Ru surface. Since H20 is the main
reactant for HER, competition from HER reaction is expected to be higher on Ru surface
as compared to Cu surface. These results explain the high current density seen on Ru-
nanoparticles as compared to Cu nanowire as in figure 6.1(a). The effect of pH on HER
pathways vs. NO3z™ adsorption and dissociation on Ru-SAC are shown in Figure 6.6. HER
via acidic pathway suppresses NO3RR on Ru-SAC catalyst at 0 V vs. RHE and 0 pH.
Similar results are seen on Cu and Ru surface. Increasing pH unfavorably affects the acidic
HER pathway and hence makes the reaction endothermic. The nitrate adsorption, on the
other hand, becomes exothermic as pH increases crossing over HER reaction pathway and
becoming the dominant reaction of the cathode surface. The first step of HER alkaline
pathway (H-O adsorption) is not affected by pH or potential. In the following study, I only
consider reaction occurring at high pH (pH = 14), as nitrate reduction dominates at high

pH.
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Figure 6.6: NO3s™ adsorption and reduction vs. HER on (a) Cu[111] and (b) Ru[001] via
alkaline path at 0 V vs. RHE at pH =14. NO3™ adsorption vs. HER on Ru-SAC via acidic
and alkaline path at 0 V vs. RHE at (¢) pH = 14 and (d) pH = 0.

6.3.2 Selectivity of Nitrate reduction on Cu[111], Ru[001] and Ru-SAC

| used DFT to calculate the minimum energy pathway NO3RR as a function of
potential (V vs. RHE) at pH = 14 to understand the factors contributing to the high
selectivity over Ru-SAC compared to Cu and Ru single electrode surface. The NOsRR
reaction path on the electrode surface proceeds along the following path: (1) adsorption of
NOgz", (2) deoxygenation of N-species, (3) hydrogenation on N-species and/or N-N bond
formation and (4) desorption of reduced species. DFT calculations predict that NHs
formation is the most favorable NO3™ reaction pathway at the Ru site on Ru-SAC, because

the activation barriers along the NH3 path are much lower than the rate controlling barrier
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for the other pathways (NO2, NO, N20O and N2) (Figure 6.7). Ru-CuNW minimizes the
HER as NOs™ adsorption is 0.92 eV more favorable than H™ adsorption at the Ru site and
HER is unlikely to occur on the Cu sites due to endothermic adsorption (+0.09 eV) of H*
on Cu sites, thus requiring very negative potentials for HER to occur (Figure 6.8). Although
more negative potential increases the likelihood of NO. desorption by reducing the
desorption energy, the barrier for NO2™ release remains higher than the NHz pathway until
~-0.9 V vs. RHE. The highly dispersed and isolated Ru active site additionally acts to
restrict the NO3RR to the Ru site due to high energy (0.39 eV) required for N* to hop from
Ru-Cu sites to Cu-Cu sites, thus minimizing N2 formation with N atoms from other Ru
sites. Overall, the combination of minimal HER, highly endothermic NO_" desorption and
restricted movement of N* species on the surface lead to high NHs selectivity for Ru-

CuNW over a wide range of potentials.
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Figure 6.7: Energetics of NO3™ reduction in NHz, NO2", NO, N2O and N2 on Ru-SAC at 0
V vs. RHE at pH = 14.
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Figure 6.8: Nitrate adsorption vs. hydrogen evolution (via alkaline pathway) on Ru and
Cu sites on Ru-CuNW at 0 V vs. RHE at pH = 14.

The poorer performance of CuNW compared to Ru-CuNW is attributed to the
weaker adsorption of NOson the surface, poor ability to hydrogenate reduced N atoms,
and the sensitivity of NH3 versus NO>™ path to the potential. First, the NOs™ only weakly
binds to the Cu surface and the activation barrier for decomposition to NO2" is ~0.02 eV
higher than NO3™ desorption at 0 V vs. RHE, thus it is expected that desorption is just as
likely as further reaction (Figure 6.6). The NHj3 selectivity is highly sensitive to the slight
changes in the relative stability of NO2-NO2", NO2"-NO", and NO*-N" species caused by
pH and potential reaction conditions (Figure 6.9) which contributes to the low selectivity
at positive potentials. Moreover, H™ availability is very low because it is only available
from H20 reduction, and water adsorption is endothermic by 0.46 eV on CuNW, thus there
is limited H* for NH3 formation. In addition to N* hydrogenation, this also limits the HER

for CUNW. These three obstacles indicate poor performance of CuNW for NH3z production
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and suggest that NO2™ is the main expected product, which is in agreement with the

experimental result.
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Figure 6.9: Energetics of NO3™ reduction in NHs, NO, N2O and N2 on Cu at pH = 14.
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Unsurprisingly, the NOsRR pathway on RuNP is similar to that on Ru-CuNW
(Figure 6.10). However, there are higher number of active sites available for HER and
lower energy requirements for the adsorption of H.O molecule on RuNP as compared to
Ru-CuNW (Fig. 6.6(d)), which increases the probability of H, formation and decreases
NHs selectivity at negative potentials. Overall, RUNP is predicted to have lower NH3
production at negative potential due to an increasing N* hydrogenation activation barrier
(Figure 6.11). In summary, these results explain why Ru-CuNW has a superior
performance for NHz production via NO3RR compared to CuNW and RuNP and highlight

the importance of highly dispersed Ru in Cu matrix.

Energy (eV)

Figure 6.10: Energetics of NO3s™ reduction in NHs, NO2", NO, N2O and N2on Ru at 0 V
vs. RHE at pH = 14.
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6.4  Conclusion

In this work, | investigate electrocatalytic nitrate reduction mechanism on single
metal electrode and single atom catalyst dispersed in metal matrix using DFT as a function
of pH and potential. | found that pH has a stronger effect on the activity of nitrate reduction
as increasing basicity of solution changes the HER pathway and proton donor. pH also
controls the energy of adsorption and hydration steps of NO3RR by controlling the
concentration of H3O* and H20 ions in the solution. NOs™ preferentially absorbs on the Cu,
Ru and Ru-SAC surface as compared to H20 at high pH. However, Ru is not the ideal
catalyst because of the higher number of ‘active’ surface sites, which enables HER
reaction. On Ru-SAC, Ru sites adsorb NO3z™ and Cu sites adsorb H>O, which increases the
selective reduction of NOgz, as Cu is poor electrode for HER reaction. The localization of
nitrate species on Ru sites in Ru-SAC also preferentially favors selective reduction towards
NHs. On single metal surfaces, the potential has greater effect on selectivity of final product
as it changes the activation barriers of nitrogen hydration steps.
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CHAPTER 7
ELECTROCHEMICAL VS. THERMOCHEMICAL NITRATE REDUCTION ON PD
SINGLE ATOM SUBSTITUTED IN CU METAL

7.1 Introduction

Nitrate removal is important step is water remediation process due to high toxicity
of nitrate to aquatic and terrestrial biodiversity.! Current technologies used in water
treatment plants like ion-exchange and reverse-osmosis remove nitrate from drinking water
by forming a secondary stream of concentrated wastewater.! The disposal of the waste
stream is cumbersome and requires huge financial input to dispose.? Therefore, alternative
nitrate remediation method to reduce nitrate into benign N2 is currently explored as they

do not form waste stream and help in maintaining a sustainable N-cycle present in nature.

Nitrate reduction reaction (NRR) on a metal catalyst surface is gaining interest as a
water remediation method to remove nitrate from drinking water.® NRR reaction reduces
NOs" into other nitrogen species like N2, NHz, NO2" and NO on the catalytic surface,
depending upon the base metal and environmental conditions.”® Palladium (Pd) metal has
been heavily investigated for their efficiency as NRR catalysts as it forms N2 as most
selective product.® However, the first NO bond scission from NOs to NO; is rate limiting
step on Pd surface.® Moreover, Pd is an expensive platinoid metal which cannot be used
for developing a cost-effective water treatment process.'® Cu, on the other hand, is
inexpensive coinage metal that readily reduces NOz™ on the surface in neutral and basic pH
conditions.*"*3 However, the NRR on Cu surface is more selective towards equally toxic
NO, or HNOH products that need to be further removed from the drinking water.*

Bimetallic Pd-Cu catalysts have shown to decrease reduction time of NOz and increase the
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N selectivity of the surface.’* However, they still use high percentages of Pd which is not

suitable for water remediation process.

Nitrate reduction reactions requires a hydrogen source to remove the build of
dissociated species from reduction steps (O") from the surface and improve the cyclability
of the catalyst.® Moreover, hydrogen species combine with N-species to form meta-stable
states with lower activation barriers. Thermochemical nitrate reduction (T-NRR) uses H>
gas generated using H2O gas splitting to provide hydrogen source required for NRR.*
Whereas electrochemical nitrate reduction (E-NRR) uses direct electricity to split water or
use protons in solutions are hydrogen source and provide electrons.’® While both the
reduction methods are studied in details, there are very few studies that compare the nitrate
reduction activity on both T-NRR and E-NRR. In 2021, Wang et.al., experimentally
evaluated T-NRR and E-NRR on Pd-Ru alloy nanoparticles.®® They discovered similar
activity and selectivity trends nitrate reduction as function of hydrogen and nitrate
adsorption energies.® However, the pH of the reaction differentiated the reduction rate of

the two processes.™®

In recent study, my collaborators, Wu, Nazemi et. al. (2023) et. al., synthesized Pd
single atom alloy in Cu surface (Pd-SAA) among a series of Pd-Cu bimetallic alloys and
evaluated their performance for both T-NRR and E-NRR.!® They found that the activity
and selectivity for E-NRR was higher for nitrate reduction as compared to T-NRR.
However, some experimental differences occur while performing T-NRR and E-NRR like
pH, H> flow rate for T-NRR and potential of E-NRR makes it difficult to compare the two
processes. Therefore, here | evaluate the mechanistic differences between T-NRR and E-

NRR on Pd-SAA in Cu surface using density functional theory. First, | develop a method
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of compare the Hz flow rate in T-NRR with potential effects in E-NRR to have same energy
scale for the two processes. This is used to plot reaction plots at the experimental conditions

to investigate why E-NRR performs than T-NRR on Pd-SAA.
7.2 Density functional theory calculations.

Periodic boundary condition density functional theory (DFT) calculations were
performed using the Perdew-Burke-Ernzerhof (PBE) functional, as implemented in the
Vienna Ab initio Simulation Package (VASP).}"-*® The wave function was constructed
from a summation of plane waves with energies up to 500 eV. Projector-augmented wave
(PAW) pseudopotentials?® explicitly included the H 1s, O and N 2s 2p, Cu 4s 3d, and Pd
5s 4d electrons. Cu nanoparticles were represented by a (111) terminated slab consisting
of 4x4x5 primitive units. This surface termination was chosen, since it is the low-energy
surface.?* For representing Pd/Cu(1:100) particles, one surface Cu atom was substituted
with Pd atom from Cu (111) slab. The slabs were separated by at least 12 A of vacuum
space to reduce spurious interactions between atomic layers. The Brillouin zone was
sampled with an 8x8x1 I'-point centered Monkhorst-Pack mesh for each surface. All
geometries were relaxed until forces were less than 0.001 eV/A. Transition states for
surface reactions were calculated using the nudged elastic band (NEB)?? method with five

images per reaction. Geometric structure representations were generated using VESTA.?

| calculate the nitrate reduction in water using the proton coupled electron transfer
(PCET) method, where the substrate reacts with H.O/H" as well as an electron for both T-
NRR and E-NRR. | used the PCET method because it dominates the hydrogenation

pathway on metal clusters in the presence of protic solvents over direct hydrogenation,
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where adsorbed H atoms react to form products.?* The computational Hydrogen electrode
(CHE) (Eq. 7.1) and Butler-Volmer formalism (Eq. 7.2) were used to account for potential

effects on reaction energies and activation barriers, respectively:
GW)=G6U)—n, (U-U") eq.7.1
G =G6U)—an, (U=-U" eq.7.2
where G(U") is the free energy at 0 V vs. SHE, U is the applied voltage, ne is

number of electrons transferred times charge of the electron. a in Eq. S7.2 is the portion of

electrons transferred at the transition state, taken to be 0.5.

For T-NRR, I calculate the local potential near metal surface by inducing the so-

called Open circuit potential (OCP); which is found using Nernst equation:

., RT ([H"]
U=U + —In|—z3 eq.7.3
F H,

where R, T and F are ideal gas constant, Temperate and Faradic constant,
respectively. U’ is the standard hydrogen electrode potential. [H*] and Pu, are the
concentration of protons and pressure of Hz gas during the reaction process. | use
thermodynamic cycles to calculate the adsorption and desorption of charged species (NOz",
NO2", OH"), which include the entropic energies and solvation energies. Protonation
energies in the thermodynamic cycles are modified using Eg. S11 to include the pH effects

on the reactions:

AGprotonation = G — 2.303kT (pK, — pH) eq.7.4
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Since pH also affects the major proton donor in the system, | have considered both
H30™" and H20 as the proton source for T-NRR (pH =6) and E-NRR (pH =13) for the acidic

and alkaline reaction pathways (Eq. S12 & S13):

H;0" +X*+ e~ - XH* + H,0 (acidic path) eq.7.5

H,0+X"+e” - XH"+O0H™ (alkaline path) eq.7.6

For reactions (M-X — M + X) that do not involve proton transfer the reaction
energies are calculated using eq:
Erec = Ey + Ex — (EM—X - Esurface) eq.7.7
And the activation energy is calculated using nudged elastic band (NEB) method
with five images per reaction. The energy of most endothermic image is used to calculate
activation barrier:
Eqct pnergy = max(Ey__x) — Ey_x eq.7.8

7.3 Results

| performed DFT calculations to understand the reason behind the improved nitrate
reduction activity and N2 selectivity of Pd/Cu:100) SAA when switching from T-NRR to
E-NRR. DFT predicts that NO3™ adsorption is equally favorable on Pd; sites and on Cu NP
sites of Pd/Cu:100). After adsorption to Pd; sites, NOs~ (" denotes the adsorbed species)
dissociates into NO2" then NO" with activation barriers of 0.65 eV and 0.71 eV,
respectively. After screening multiple competitive pathways, including H-assisted and
non-H assisted deoxygenation, | found that under E-NRR, H-assisted NO deoxygenation

is preferred and occurs by hydrogenation of NO™ to HNO™ followed by subsequent cleavage
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of HNO" to N" and OH™. After N* forms, it preferentially migrates from the Pdj sites to the
surrounding Cu NP matrix, where it either reacts with another N* to form N2 or with H to
form NH” and then follows the NHs pathway. The reaction map and main N reaction

pathways for both T-NRR and E-NRR are shown in Figure 7.1.
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Figure 7.1. DFT calculations of (a) adsorption and deoxygenation of NO3™ (NO3™ —
NOs", NOs" — NO;", NO;" — NO”, NO* — HNO") for T-NRR (red) and E-NRR (black)
on the Pdj site of Pd/Cu:100) SAA. (b) HNO™ reduction on Pd; and Cu NP sites to N, and

NHj3 for E-NRR at pH = 13 using H20 as proton source. (b) HNO™ reduction on Pd1 and

Cu NP sites to N2 and NHs for T-NRR at pH = 6 using H3O" as proton source. (d) Meta-

stable points along the minimum energy path for NOs™ reduction to N2. White, blue, red,
golden, and blue-gray spheres correspond to H, N, O, Cu, and Pd atoms, respectively.

T-NRR and E-NRR operate under different pH with distinct proton sources (i.e.,
H2O or H3O"), which affects the activity and selectivity of NRR. DFT calculations
demonstrate that the higher NO3™ reduction activity of Pd/Cu(i:100) in E-NRR over T-NRR
arises from higher NOs" stabilization (Figure 7.1a). Under E-NRR, the pH in the near
surface region rises rapidly to pH 13, which increases the free energy of the dissolved NO3z~
by ~0.74 eV from the free energy at pH 6 of the T-NRR condition, and consequently
stabilizes the adsorbed nitrate species. The increased stability of adsorbed NO3" and
favorability of reaction under E-NRR condition means that NOs" dissociation (0.65 eV) is
~ 5.66x10*2 times more likely than desorption (1.4 eV), and further surface reaction of the
N species is favorable. Conversely, under T-NRR, NOs" desorption and dissociation are
equally likely, with reaction energies of 0.66 eV and 0.65 eV, respectively. Thus, the
adsorbed nitrate is just as possible to desorb into the solution as it is to dissociate under T-

NRR conditions, hindering reaction progress.

DFT calculations also predict the higher N2 selectivity of E-NRR vs. T-NRR for
Pd/Cu:100) is because of lower NO,~ desorption rates and lower N2 barriers as compared
to the NHs path (Figure 7.1b,c). Under E-NRR conditions, NO,~ desorption and NO"
deoxygenation have roughly equivalent barriers (0.74 eV), which indicates equivalent
reaction progression along each path. However, because the NO™ dissociation products are
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highly stabilized compared to the desorbed NO>", and because the barriers are essentially
equivalent, the dissociated product is the more likely result over time. The preference for
NO" arises because desorbed NO,~ could rapidly reabsorb without barrier and then
decompose. Conversely, the acidic pH conditions of T-NRR stabilizes the desorption of
NO2" by 0.12 eV/pH, making NO2" desorption slightly exothermic (-0.02 eV) at pH = 6,

and likely than overcoming the 0.71 eV barrier for NO," dissociation.

Reaction Energy (eV)

0 10 2 10 a0 0 10 P 0 a0
Figure 7.2. T-NRR on Pd/Cu(.100) SAA: (a) at pH = 6 using H3O" as proton donor; (b) at pH = 13
using H3zO" as proton donor. E-NRR on Pd/Cui:100) SAA: (C) at pH = 6 using H»O as proton
donor; (d) at pH = 13 using H20 as proton donor. (conditions).

Moreover, the slightly acidic nature of the T-NRR pathway further reduces its
selectivity to N> compared with alkaline E-NRR (Figure 7.2). Under both conditions, the

reduced N hops preferentially to Cu sites (barrier of 0.02 eV) rather than remaining fixed
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on the Pd and undergoing hydrogenation (barriers of 0.98 eV for E-NRR and 0.83 eV for
T-NRR); taken with the entropic preference for delocalization the N-N and N-H reactions
are expected to occur on Cu sites (Figure 7.1d). On the Cu sites, the N*-N" recombination
has a 0.29 eV barrier which is 0.49 eV lower than hydrogenation for E-NRR; thus, DFT
suggests a selective production of N2 gas, in agreement with the experimental results.
Moreover, the availability of H atoms from H and Hs;O*, through decoupled
electron/proton transfer, results in low activation barriers of hydrogenation steps under T-
NRR by 0.29 eV (NH" (0.60 eV), NH2" (0.74 eV), NH3" (0.85 eV) formation). Conversely,
under E-NRR, only H20 is available as the proton source, which provides fewer H atoms
and increases the activation barrier of hydrogenation steps (NH (0.78 eV), NHz" (0.89 eV),
NHs" (1.00 eV) formation). Overall, the higher pH, and H2O as the only proton source

contribute to the higher selectively towards N2 of Pd/Cui:100) in E-NRR than in T-NRR.

7.4  Conclusion

In this chapter | investigated the thermochemical vs. electrochemical nitrate
reduction reaction on Pd single atom alloy substituted in Cu surface. | used the equivalent
near surface potential in thermochemical nitrate reduction using Open circuit potential
Nernst equation, which is affected by H» pressure. | found that the activity and selectivity
of the nitrate reduction depends upon the pH and potential of the surface rather than the
electrochemical vs. thermochemical reduction pathway. During the electrochemical nitrate
reduction, there is an increase in the pH of the solution as H.O or H3zO" assistants nitrate
reduction by donating a proton and forming OH". In thermochemical nitrate reduction, the

OH formed continuous gets rebalanced by continuous pumping of H> gas.
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| found that Pd single atom in Cu surfaces decreases the activation barrier for
second NO bond scission, which improves the activity of nitrate reduction. Moreover, near
Pd single atom, the NO" hydrogenates and forms HNO™ and then N” species which
preferentially hops to Cu surface and combines with second N* to form N The
electrochemical activity is higher on single atom catalysts due to high pH, which makes
the NOz  adsorption more exothermic, and hence more likely to dissociate. In
thermochemical nitrate reduction, where the pH is around 7, the nitrate reduction energy is
same as nitrate dissociation energy and hence NRR has slow activity. Moreover, the NO2
desorption is strongly favored over dissociation at neutral pH. Therefore, higher activity
can be achieved by fine tuning pH and potential of the reaction, irrespective of the reduction
reaction set-up (thermochemical vs. electrochemical).
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CHAPTER 8
ROLE OF SINGLE ATOM ON ACTIVITY AND SELECTIVITY OF

ELECTROCHEMICAL NITRATE REDUCTION IN CU [111] SURFACE
8.1 Introduction

Anthropogenic activities including excessive fertilizer use, refuse dumps, animal
feedlots, and septic tanks have disturbed the natural N-cycle and increased the
concentration of nitrate in ground and water sources.™? This excess nitrate causes so-called
“dead zones” in aquatic ecosystems,® and renders the water undrinkable for humans and
animals. For example, consumption of water with nitrate concentrations above 10 mg of
N/ L is linked to methemologlobinemia, or “blue baby syndrome”, thyroid disease, fatigue,
weight gain, hair loss, goiters and colon cancer,*®. Therefore, nitrate remediation is a
necessary to improve ecosystem and human health.’

Nitrate remediation methods include adsorption, reduction through biological
processes, ion exchange, membrane separations including reverse osmosis, and
electrochemical nitrate reduction (NRR).8*2 Electrochemical Nitrate reduction (NRR) is a
particularly attractive remediation technology as it reduces nitrate (NO3") to commercially
useful (NHs) or benign (N2).*** Moreover, it only requires electricity to operate,
eliminating the need for chemical input or regular exchange of ion resins, adsorbents, or
membranes and produces no biological waste.

Successful implementation of NRR depends on the development of a cost-effective
electrocatalyst which is selective both to nitrate reduction, and the desired product, i.e., N2
or NHs, with no formation of more toxic NOx species such as NO2". Single metal
electrocatalysts have been well studied for their NRR efficiency. The platinoid metals, Rh,
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Ru, selectively reduce nitrate to NHs in acidic solutions. Pd selectively reduces NO2™ to N2
while Pt mainly forms NO and NH3.'>® However, they are highly active towards the
parasitic Hydrogen Evolution Reaction (HER), and thus result in low faradaic efficiencies
at the low concentration of NOz> (50-2000 ppm) in wastewater, are very expensive.*’1°
Conversely, Cu is relatively low cost and has the highest selectivity for nitrate reduction
amongst the coinage metals in basic solution while suppressing HER,?° but produces nitrite
and hydroxylamine by products, which are more toxic that the original nitrate. Tin, bismuth
can selectively reduce nitrate into N2 but only at very high potential.?*?> Moreover, the
activity and selectivity are dependent on pH, potential and plane of the crystal planes.
Bimetallic alloys have also been considered as alternative catalysts material for water
remediation technologies as they provide dual active sites that enable high activity and
selectivity towards nitrate reduction.?® Bimetallic alloys of Pt-Ir, Pt-Sn, Pt-Ru, Pd-Cu, Au-
Ag, Cu-Ni metal combinations have been synthesized and tested for nitrate reduction
selectivity and activity.?*?” Alloys provide bifunctional sites that improve the efficiency of
different steps of reaction paths. For example, Pd-Cu alloys provide different sites to first
reduce nitrate into nitrite and then convert nitrite into nitrogen gas.? Similarly, Fe/Cu and
Ni/Cu showed more than double the activity for nitrate reduction and improved selectivity
towards N and NHs respectively.?4?°

Recently, single atom alloy (SAA) catalysts have emerged as highly efficient
electrocatalysts and which disrupt the energy scaling relations present on pure metallic and
bimetallic catalytic surfaces.!”?8 For example, a NRR study by Calle-Vallejo et. al. (2013)
on different ratios of Ag/Al bimetallic catalysts found that the peak activity of nitrate
reduction occurs when Ag is present as single atom or 2 atoms on Au surface.*® Similarly,
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I recently showed that Ru in Cu SAA has high nitrate activity (93%) and selective towards
NH3 (99%) (Chen, Wu, Gupta et. al. (2022)).3' Conversely, (Wu, Nazemi, Gupta, et. al.
(2023)) Pd on Cu SAA resulted in high selectivity to N2 and outperformed all examined
Pd/Cu alloys.*> While my recent work shows promise for the use of SAA for selective
NRR, there is no clear understanding of how single atom alloys change the reaction
pathways for nitrate reduction reaction. Moreover, the existing SAA catalysts literature
still depends on platinoid metals. Thus, if we want to design more energetically and
economically effective catalysts for NRR, a comprehensive examination is required which
determines the governing mechanisms underpinning selectivity and activity single atoms
under various operating conditions (i.e., potential and pH).

To understand the SAA mechanisms that govern the selectivity and activity of
NRR, | use density functional theory (DFT) to calculate the nitrate reduction reaction
pathway to the most stable products (NO2", NHz and N2) as expected from Frost-Ebsworth
diagram.®®! | examine the competition between the nitrate reduction and hydrogen
evolution reactions on nine single atom elements (Ti, Co, Ni, Mo, Ru, Pd, In, W, Pt and
Au) representing a broad spectrum of chemical behavior embedded in the Cu (111) surface
at neutral and basic (pH = 14) environmental conditions. | chose to examine the Cu base
material because it is relatively inexpensive, highly conductive, and minimizes the
hydrogen evolution reaction. | examine both the environmentally desired pH 7 condition
and the basic condition because electrochemical reduction often increases the pH near the
electrode during operation.®* In this work | demonstrate that the d-band center of single

atom site and N preference for Cu or single atom sites dictate the overall activity and
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selectivity, respectively, and thus provide a mechanistic strategy for designing
electrocatalysts for NRR.
8.2  Methods
8.2.1 First-principle calculations

| performed spin-polarized periodic boundary density functional theory (DFT)
calculations using the Vienna Ab initio Simulation Package (VASP) to calculate the E-
NRR pathway on various catalytic surfaces. The calculations were performed using
Perdew-Burke-Ernzerhof (PBE) functional and constructed wave function summed of
plane waves with energies below 350 eV. | found only 0.02 eV difference in adsorption
energies calculated at 350 eV and 400 eV. This difference is small compared to the
observed energetic trends, which are ~5 times higher or more, that dictate catalytic
performance. Non-local van der Waals (vdW) interactions were accounted for through the
DFT-D3 correction, based on the method of Grimme et. al.® To reduce computational cost,
PAW pseudopotentials®® were used that explicitly describe the 1s orbital of H, 2s and 2p
orbitals of O & N, 3d, 4s and 4p orbitals of Ti, Fe, Ni & Cu, 4d, 5s and 5p orbitals of Mo,
Ru, Pd & In, and 5d, 6s and 6p orbitals of Pt and Au atoms. The effect of implicit solvation
is not included to limit the computational cost. The Cu (111) surface was chosen to model
catalytic surface. The SAA was modeled by replacing a Cu atom with the desired element
X, where X: Ti, W, In, Mo, Ni, Pt, Pd, Au. The Cu (111) surface was selected as it is the
lowest energy crystal surface®” and catalyzes the NRR at lower over potentials than other
facets such as (100) in basic conditions.’® Moreover, the Cu (111) has symmetric
adsorption sites which simplifies DFT calculations. A supercell of 4x4x5 primitive cells
(10.02%10.02x10.81 A) compose the surface. This structure minimizes interactions
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between the single atoms and adsorbents with their periodic images while remaining
computationally tractable. All the slabs were separated by at least 10 A of vacuum space
to reduce spurious interactions between atomic layers. | calculated less than a 0.01 eV
difference between a 10 A and a 20 A of vacuum space. Atomic geometries and system
energies were calculated using a 6x6x1 gamma point centered Monkhorst-Pack k-point
mesh, which showed only a 0.004 eV difference with a 8x8x1 mesh grid. Atomic
geometries were relaxed until atomic energies changed by less than 0.001 eV in subsequent
relaxation steps. Transition states for surface reactions were calculated using the nudged
elastic band (NEB) method with at least five images per reaction until the residual forces
were below 0.005 eV.* Density of States (DOS) were calculated using vaspkit®, electronic
charge density using Bader charge analysis® and Crystal Orbital Overlap Populations
(COOP) was calculated using LOBSTER*}*? software. Crystal structure representations
were obtained using VESTA.*3
8.2.2 Modelling Electrochemical Nitrate reduction

The NRR pathway includes adsorption and desorption of charged species and the
hydrogenation of adsorbed species by proton coupled electron transfer (PCET).** The free
energy of reactions involving ionic species cannot be calculated directly from DFT
calculations in VASP, and periodic boundary condition calculations necessarily introduces
a homogeneous background charge to maintain overall cell neutrality. This method
introduces significant error in calculated energetics when using cells of different charge.
Therefore, | calculate the DFT energies for neutral species and utilize Hess cycles and the

computational hydrogen electrode to calculate reaction energies for charged ions.
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The free energies of adsorption of ionic species including NO3z", NO2", H and OH"
(Appendix Table C.1, r1-r4) are calculated using thermodynamic Hess cycles; these cycles
enable us to directly include the effects of entropy, solvation energy, protonation energy
(including pH effects) and potential effects. My method is based on that of Calle-Vallejo
et. al.* and Liu et. al. (2019)Y. The free energy of anion A" is calculated using eq. 8.1:

AGaas(A7) = Ege + [Gy+ + Go=1 = [Gya — AGgor — AGprotonation] — E- €q.8.1

Where E, and E,- are the DFT computed enthalpies of bare surface and A* adsorbed
surface, respectively. Gy, and G, are the Gibbs free energies of desorbed species Hz and
HA, respectively, in the gas phase at 300 K, as calculated from eqg. 8.2:

Gya = Eyg — TAS eq.8.2

where Ey 4 is the DFT computed energy of HA in the gas phase, T is the temperature (300

K) and AS is the entropic contributions to the free energy obtained using JANAF

database.*® The solvation energy and protonation energy are described in eq. 8.3 and 8.4,

respectively:

AGsor = Gracg) — Graw eq.8.3

AGprotonation = Ga= + G+ — Guaq) — 2.303kT(pK, — pH) eq.8.4

Guacg) & Guaqp are the free energies of HA molecule in gas and liquid phase respectively.

The standard state (25° C, 100 kPa, 1mol/kg) energies of ion and neutral species in aqueous

solution (Gyacg), Ga-»Gy+, Graqy) are taken from the CHE handbook.*® K is the acid
dissociation constant for A" anion.

| use the computational hydrogen electrode (CHE) to equate free energy of a

proton-electron pair to the gaseous H and electrode potential (Ugyg vs. RHE) in eq. 8.1:
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2Goy- + Gy, © 2Go- + Gy o + 2Uryg eq. 8.5
where RHE is Relative hydrogen potential.*” More details on the Hess cycle for adsorption
of ionic species can be found in chapter 6.3

| calculate reaction energy of hydrogenation steps (A” + H* — AH") in nitrate
reduction (Appendix C Table C.1, r8-r18) using the proton coupled electron transfer
(PCET) method, where the substrate reacts with H,O and an electron:**
AEpcpr = Enps + Gop— — En+— Gp,0 — Ge- eq.8.6
| used the PCET method because it dominates the hydrogenation pathway on metal
clusters in the presence of protic solvents over direct hydrogenation, where adsorbed H
atoms react to form products.*® Under acidic conditions, H3O* is the dominant hydrogen
doner rather than H>O in the CHE and PCET formalism. However, potential effects are
referenced to the relative hydrogen electrode, not the standard hydrogen electrode (SHE),
and thus the AEpqgr is independent of H2O or HzO™ as the proton donor. | do note that the
proton source concentration does change with pH and thus will affect the kinetics of the
reaction pathways where the concentration of reactant species controls the rate of final
product. However, that is beyond the score of this work and hence will not be considered
further.
The activation barriers for hydrogenation reactions are calculated using Butler—

Volmer formalism*®* to include the effect of potential on the activation energy:

GW)=G6WU)—an, (U-U") eq.8.7
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Where G(U") is the free energy at 0 V vs. RHE, U is the applied voltage, ne is
number of electrons transferred times charge of the electron. « is the fraction of the

electrons transferred at the transition state, taken to be 0.5, as is commonly done.**

Figure 8.1: Direct reduction pathway of nitrate reducing into N2, NHz and NO>™ on single

atom substitutions in Cu matrix. The red indicates non desirable species (NOs  and NO)

and green and blue indicates desirable pathways into NH3 and Na2. Selectivity determining
activation barriers are calculated for reactions falling into grey shaded area.

8.3  Results

| investigated the electrochemical nitrate reduction pathway on neat and nine single-
atom substitutions in (111) Cu surfaces to determine the mechanisms and properties
directing NRR selectivity and activity. I first discuss the reaction on the neat Cu surface as
a base case to understand the critical points that determine the activity and selectivity of
nitrate reduction. | examined the NRR selectivity towards the three most
thermodynamically stable products under standard conditions (N2, NHz and NO2") based
on the Frost—Ebsworth diagram.! Figure 8.1 outlines the fundamental reaction mechanism
studied in this work based on literature and my previous work.31°1:52 The reaction pathway
involves 18 elementary reactions, described in Table Appendix C.1. After summarizing the
NRR behavior on Cu surface, | discuss how the single atoms change the reaction energetics
and activation barriers of the critical steps controlling activity and selectivity. The eight

transition metals (Ti, Mo, W, Ru, Ni, Pd, Pt, Au) and one post transition metal (In) were
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selected to provide a large variation in the single atom properties, such as electron

negativity, d-band structure, and atom size.

8.3.1 Nitrate reduction reaction pathways on Cu surface
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Figure 8.2: DFT calculated energy pathways for nitrate reduction to N2, NHz and NO2™ on
Cu surface at pH = 14, 0 V vs. RHE. The red, blue and green indicates pathways leading
to NO2, NH3 and N2 respectively. Insert: (left) Adsorption energies of NRR and HER
reactants (NRR: NOz", HER: H,0 and H*), (right) scale-up of HNO™ activation barrier to
form N*(green) and NH(blue).

NRR reaction occurs through the following general steps: (1) adsorption of NO3",
(2) deoxygenation of the N species, (3) hydrogenation of N-species and/or N-N bond
formation and (4) desorption of the reduced species. Figure 8.2 depicts the minimum
energy pathway on the Cu (111) electrode 0 V vs. RHE and pH = 14. NOs™ exothermically
adsorbs on the Cu surface (-1.21 eV) and dissociates with a low activation barrier (0.46
eV). The resulting O" adatoms further reduce to form H.O or OH" and desorb. Under
alkaline condition, OH" forms when solvating H>O or adsorbed H2O molecules donate a
proton to form 2 OH" ions; at pH 14 and 0 V vs. RHE the calculated activation barrier of

this reaction is 0.50 eV (Appendix Table C.1 eq. r19). The low activation barrier suggests

that O” will not accumulate on the surface and self-poison the NRR. Therefore, | predict
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rapid electrochemical reduction of NOs to NO" on Cu under alkaline conditions, which is
consistent with previous literature.?

After its formation, NO," either desorbs to form the undesirable NO2 by-product
or further dissociates. | calculate that the desorption is preferred, having a reaction energy
of 0.51 eV compared to the 0.75 eV barrier for the second N-O bond scission. This
preference is consistent with previous experimental and calculation results.>® Although
NO- is predicted to be the major product, further deoxygenation is possible, either by direct
reduction or reabsorption and reaction. The NO," — NO” is the rate determining step for
additional reaction on neat Cu surface. The NO” reduction product dictates the overall
selectivity, where the formation of HNO™ leads to both NH3 formation (HNO™ — NH" —
NH;" — NH2"—NH;s"—NH3) and N2 formation (HNO*— N*"— N,"— N). The former has
a slightly lower maximum activation barrier (0.04 eV) than the latter (0.06 eV) and thus
NHs and N2 is predicted to be almost equally produce on Cu surface. In the previous
chapter, the activation barriers for hydrogenation of NH” to NH;" and NHj3 species and
combination of N* species to from N are below 0.8 eV and thus do not control activity or
selectivity; therefore, they are not considered in the remainder of this work.

The competing Hydrogen Evolution Reaction (HER) decreases electrochemical
efficiency by consuming electrons and the reactants/intermediates can block active NRR
sites. In HER, H,O molecules or H* reduce to form H” adatoms on the surface;
subsequently two H* recombine to form H; in the Volmer- Tafel route, or the H” reacts
with an available H* and electron to from H; in the Volmer-Heyrovsky route.>® On Cu
surface, H2O and H* adsorption is endothermic (Figure 8.2(insert)), and hence HER
minimally competes with NRR activity on Cu surface near 0 V vs. RHE. Moreover, the
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activation barrier to dissociate H2O on Cu surface is 0.98 eV, which further limits HER
activity. This finding matches the experimental results of Farinazzo Bergamo Dias Martins
et. al. (2019) who found that the Cu electrode to have low HER activity at pH ~13, due to
highly hydrophobic nature of Cu surface.>*

The activity and selectivity of Nitrogen Reduction Reaction (NRR) is also
influenced by the pH and potential conditions of the reaction cell. At a pH of 14, when the
potential of the electrode is -0.75 V vs. RHE the energy required to desorb NO3" (0.46 eV)
is equal to the energy required to dissociate NO3™ (0.46 eV), and therefore a significant
decrease in NRR activity is expected at this potential and higher. At more positive potential
than -0.75 v. RHE, dissociation is preferred. This prediction is in agreement with
experiments by Pérez-Gallent et.al. (2017).2° Conversely, increasing the potential above
0.5 V increases the activation and reaction energy of O* hydrogenation to > 1 eV. Thus,
at positive potentials of 1.0 V and higher, | predict that excess oxygen accumulates on the
surface blocking catalytic sites, and thereby preventing further NRR. As the pH of the
solution decreases, the binding of NOs™ to the Cu surface weakens until, at a pH of ~2 (and
0V vs. RHE) NOs desorption (0.45 eV) is becomes favored over NO3” dissociation to NO2”
and O” (0.46 eV). Additionally, at pH lower than 2, H* adsorption becomes exothermic
and competes with the NRR reaction. Overall, pH and potential change the NRR selectivity
of the products by changing the activation barrier of hydrogenation reactions, where high

pH and intermediate potentials (between -0.75 and 0.5 V) favors the desired NRR.
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Figure 8.3: Energies of reaction steps involved in determining selectivity of NRR on Cu
surface as a function of potential at pH 14.
Potential also affects the selectivity of NRR on Cu surface (Figure 8.3). At pH 14

Energy (eV)

and a potential 0.5 V vs. RHE, both the activation barriers for HNO” reaction to HN" and
O* or N and OH" molecules increase compared to the 0 V case. However, the activation
barrier for HNO™ deoxygenation to NH™ is more sensitive to potential, increasing by 0.50
eV to 0.54 eV, whereas activation barrier for HNO” splitting to N™ only increases by 0.25
eV to 0.31 eV. Therefore, the Cu surface will form a greater number of N* species as
compared to NH". Since the activation barrier of N hydrogenation to NH™ also increases
by 0.25 eV to 0.97 eV, | predict a higher selectivity towards N> species as compared to
NHs. Conversely, at -0.5 V vs. RHE, the activation barriers for hydrogenation step (N to

NH™) and HNO™ deoxygenation step (HNO™ to HN") decrease by 0.25 eV. Moreover, the
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NO;" desorption less endothermic at negative potentials. Hence, higher concentration of
NO2 will desorb and N* molecules will hydrogenate to form NH3 as compared to N2 at -
0.5V vs. RHE.
8.3.2 Overview of SAC activity

Here | examine the effect of adding a SAA into the Cu surface for the
electrochemical NRR. Figure 8.4 shows the lowest energy MEP for each SAA and the
base case Cu catalysts. The MEP for all SAA are displayed in Appendix Figures C.2 to
C.10. The presence of the single atom provides new active sites, but also induces
complexity, as reactive species are able to move between the SAA and the Cu surface. In
general, the SAAs can be split into three categories, elements where the NRR occurs locally
at the SAA site (Mo, Ru), elements where the NRR is on Cu (Pt, Au, In Ti, W), and those
where the reactants switch reaction sites between the SAA and the Cu (Ni, Pd). Below, |
examine the two major parts of the reaction network, nitrate deoxygenation and N”
reaction, within these categories. Although the Pt, Au, and In SAC sites are inactive due to
the greater stability of N*-species on the Cu surface, | briefly discuss them to examine

correlations between the reaction energetics and elemental properties.
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Figure 8.4: (a) Lowest energy MEP for each SAA and the base case Cu catalysts at pH =
14, 0 V vs. RHE. (b) NO3 adsorption and first N-O scission step for NOs* deoxygenation
on SAA at pH =14, 0 V vs. RHE. (c) adsorption energies of NOs™ vs. HER reactants
(H20 and H*) on SAA at pH=14, 0V vs. RHE. The solid lines indicate adsorption
energies on base Cu surface. (d) NO2" deoxygenation — desorption energy of SAA at
pH=14, 0V vs. RHE. (e) NO, desorption and second N-O scission step for NO2"
deoxygenation on SAA at pH =14, 0V vs. RHE.
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8.3.2.1 Activity of nitrate deoxygenation on single atom catalysts sites

Efficient NRR sites are characterized by moderately strong NO3™ adsorption and
weak, or preferably no H.O or H* adsorption, as they lead to HER. Additionally, the NO3"
must subsequently reduce to NO2" rather than desorb. These requirements energetically
correspond to exothermic nitrate adsorption, near zero or endothermic H2O or H*
adsorption, and a lower activation barrier for NO3" deoxygenation than desorption. Figure
8.4b provides the activation barrier first deoxygenation step and Figure 8.4c reports the
adsorption energies for NOs", H* and H20O and. at pH =14, 0 V vs. RHE.

| find that NO3™ adsorption is exothermic and H* adsorption is endothermic on all
the single atoms substitutions, while H2O adsorption is endothermic for Ru, Mo, Ni, Pd,
Pt, Au and In-SAA but slightly exothermic for Ti and W-SAA. These energies suggest that
nitrate adsorption will dominate Mo, Ru, Ni, Pd, Pt, Au and In-SAA under basic conditions
(pH = 14). Although Ti- and W-SAA have highly exothermic NO3™ adsorption energies,
H>O also adsorbs exothermically and is present at much higher concentration in the
aqueous environment; therefore, H2O is likely to block these sites and lower the nitrate
reduction rate. Thus, on Ti- and W-SAA, NRR can only occur on the Cu sites since H20
does not bind to them. Further, NOs™ adsorbs significantly more strongly on Cu than In and
Au-SAA and therefore the initial NRR steps occur on Cu sites. The adsorption of NO3z™ on
Ni, Pd, and Pt-SAA (-1.45¢eV, -1.13 eV, -1.04 eV) are similar to that of the Cu single metal
surface (-1.21 eV), and hence the active site for nitrate reduction may occur on either Cu
metal surface or SAA.

Once bound to the electrocatalyst surface, | predict that all NOs™ molecules reduce
to NO;" because the reduction activation barrier is at least 0.50 eV lower than the
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desorption energy of NO3" on all single atom substitutional sites at pH 14 and 0 V vs. RHE.
The activity is predicted to be highest on Mo and Ru-SAA because NO3” localizes on these
sites rather than Cu, and they have the lowest deoxygenation activation barrier. Although
In, W, Ti, and Au-SAA have low activation barriers, NRR occurs on the Cu sites because
of their strong preference for NO3” or the SAA sites are blocked by H,0. Ni-, Pd-, and Pt-
SAA will perform similarly to Cu sites because their activation barriers are similar (within
0.4 eV) and there is minimal preference for the SAA or Cu sites.

8.3.3 Effect of pH and potential on SAA deoxygenation activity

As with neat Cu, pH and potential alter the deoxygenation behavior on the SAA.
Decreasing the pH and potential leads to less exothermic NO3z adsorption and more
exothermic H* adsorption. Figure 8.5 displays the effect of pH and potential on the
energetics and activation barriers of NO3z™ deoxygenation on the SAAs. Figure 8.5a
demonstrates the effect of pH on the adsorption energies of NOs, H* and H2O on Cu and
Ru-SAA. At pH below 6.5, H" adsorption becomes exothermic and therefore blocks NO3
binding due to the relative concentrations, lowering the NRR efficiency. Conversely, this
crossover does not happen until pH 1.6 for neat Cu. Figure 8.5(d) lists the pH where H20
or H* adsorption becomes favorable for the various SAA. For Ti and W H»O adsorption is
exothermically even at pH 14. In decreasing pH order, H* adsorption becomes exothermic
on Mo and Ru around pH 6.5, followed by Ni at pH 4.8, and Pd and Pt at pH 1.6 and 1.9

respectively. Neither H2O nor H* exothermically adsorb to Au or In.
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Figure 8.5: (a) pH dependent adsorption of NO3", H* and H20 at 0 V vs. RHE and (b)
potential dependent adsorption of NOs", H" and H20 at pH 14 on Ru-SAA (solid) and Cu
metal surface (dashed). (c) The NOs" desorption vs. reduction equilibrium lines on X-
SAA on pourbaix diagram. (d) pH values for single atoms above which NO3RR is
favorable (*).

Figure 8.5b demonstrates the effect of potential on NO3", H.O and H* adsorption
energies as a function of potential at pH 14. At potential < -0.45 V vs. RHE, H* adsorbs
exothermically on the Ru surface and hence decreases NRR efficiency by blocking the
SAA sites. This adsorption does not occur on Cu surface until -0.75 V vs. RHE. For other
SAA, the adsorption H* is exothermic below -0.42 V, -0.55 V, -0.72 V, -0.74 V, -0.85 V
and -0.98 V vs. RHE for Mo-, Ni-, Pt-, Pd-, In- and Au-SAA respectively. The adsorption
of H20 on Ti and W remains exothermic at all potential ranges.

The system pH and potential operating points also control the relative energetics of
NOz deoxygenation and desorption. This relationship is shown in Figure 8.5(c). For

example, Ru (red line in Figure 8.5(c)) preferentially catalyzes NO3 reduction at pH 14 and

a potential above -1.1 V vs. RHE, however at pH 7, the potential cannot exceed 0.71 V vs.
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RHE. The slope of this relationship is the same across the SAAs, however the potential
value changes depending on NO™ binding strength. In general, early transition metals
catalyze deoxygenation even at stronger potentials than late transition metals and In.
8.3.4 Selectivity of NRR after NO2 formation on single atom catalysts sites

Table 8.1: The most selective product, and site for minimum energy pathway on SAA in

Cu surface.
Predicted Site for NRR | Product if l\_lOs
SAA oroduct (Cu/SAA or deoxygenation
mixed) on SAA
Cu NO2 - -
Ti-SAA NO2 Cu NH3
Mo-SAA NH3 SAA NH3
W-SAA NO2 Cu NHs
Ru-SAA NH3 SAA NH3
Ni-SAA NH3 SAA NH3
Pd-SAA N2/ NO2 mixed N2/NO2
Pt-SAA NO2 Cu NO2
Au-SAA NO, Cu NO2
In-SAA NO> Cu NO>

After NO2 forms, it can reduce to NHs, N2 or NO2™ on the SAA or the Cu surface
depending on the relative energetics and pH and potential (Table 8.1). Because of the
diverging nature of the possible pathways, | will discuss the behavior of the SAA in groups
based on their minimum energy pathway. I only calculated the activation barriers of the
eight crucial selectivity determining steps of these pathways to avoid the high
computational cost of examining low-barrier and/or non-reaction path directing steps, e.g.,
the addition of a second H* to NH.". Due to the complexity of the reaction pathways and
the single site nature of the SAA, | leave detailed predictions rates to future work dedicated
to the detailed kinetic monte Carlo simulations needed to appropriately account for these
interactions. The following analysis assumes a pH of 14 and a 0 V potential vs. RHE unless

specifically stated otherwise.
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Figure 8.6: Reaction pathways effecting selectivity on Mo-, Ru-, Ni- and Pd-SAA
towards NHz or N2 formation at 0 V vs. RHE and pH 14.

Three SAA favor the production of NHs, Mo, Ru and Ni. In all three cases, NOs"
binds to the SAA and readily reduces to NO,". There is a strong energetic preference for
the NO." to further reduce to NO™ rather than desorbing, with the N-O dissociation
activation barriers being at least -0.18 eV lower in energy than desorption (Figure 8.4(d)).
NO™ molecules on Mo- and Ni-SAA decompose directly to N* and O* adatom with barriers
< 1.2 eV. The N" and O" atoms migrate to separate hollow sites adjacent to the SAA and
are trapped there due to the 2.73 eV and 0.86 eV barrier on Mo- and Ni-SAA, respectively,
to hop to Cu only hollow sites. From the hollow sites, the N and O" undergo successive
hydrogenations by PCET to for NHz and OH or H0, respectively. Because N* and O
are trapped, they cannot readily migrate to distant SAA or Cu sites and combine with other
N” containing species. The activation barrier for first hydrogenation, N* to NH™ is 0.81 eV
and 0.71 eV on Mo- and Ni-SAA, respectively. NO™ on Ru follows a slightly different
pathway; it initially hydrogenated to from HNO™ rather than directly decomposing to N*

and O". The HNO" then decomposes to NH® and O° before undergoing further
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hydrogenation to NHz and OH/H,0 (Figure 8.6). Overall, Mo, Ru and Ni have a low NO;"
decomposition barrier and strongly localize all resulting N* species at the SAA; and thus,
NRR | predict that Mo, Ru and Ni SAA are selective to NHs.

Group 2 — Ti- and W-SAA

Although Ti- and W-SAA would localize N”-species at the SAA site, they
exothermically bind water which limits the access of the NOs™ molecule to the SAA,
minimizing NRR activity. Because NOz™ adsorption is predicted to mostly occur on Cu, the
Cu pathway is expected to dominate the performance, and thus NO;" is predicted to be the
majority product at pH 14 and 0 V vs. RHE. However, when NOs” binds to Ti- and W-
SAA, | predict that NHs is the preferred product. As shown in Appendix figure C.2 and
C.4, these SAA elements follow the same pathway as Mo- and Ni-SAA, where NO;"
decomposes to NO™ then N™ before hydrogenation to NHs.

Group 3 — Pd-SAA

Pd-SAA has the most complex reaction pathway of the SAA investigated. The
relative preference for N*-species on the Pd or Cu is relatively small, meaning that reaction
products rapidly exchange between the sites and the reaction pathway is highly branching.
The binding energy and first N-O bond scission activation barrier of NO3" is similar on Pd-
SAA and Cu, thus all sites are likely active during electrocatalytic NRR. On the Cu sites,
NO;z" desorption is highly preferred (0.24 eV) to further reduction; even if NO," reabsorbs
there is only a 0.009% chance for deoxygenation, given the Boltzmann distribution, and
therefore NOz™ is the main product. However, on the Pd-SAA site there is only a 0.14 eV
preference for desorption compared to reduction, which corresponds to NO™ formation
0.45% of the time, according to the Boltzmann distribution. When the second N-O bond
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does break, the reaction is exothermic by -1.56 eV, and there is minimal back reaction. I
additionally note that the total activation barrier for NO2" deoxygenation is only 0.59 eV,
which is expected to provide a relatively high flux through this metastable state to NO".
Therefore, even though NO2" desorption is slightly favored, given sufficient time, the
desorbed NO>" is predicted to reabsorb and continue along the NRR pathway.

Once NO™ is formed on the Pd SAA site, it preferentially hydrogenates to from
HNO" rather than decomposing to N* and O". The HNO" dissociates into N* and OH” rather
than HN™ and O, with activation barriers of 0.02 eV and 0.72 eV respectively (Figure 8.6).
In this step, HNO™ lays down from a vertical structure to the transition state where the H”
simultaneously transfers to the O" while the N-O bond breaks. The transition state is
stabilized by the Cu atoms onto which the O" has partially attached. The resulting non-
hydrogenated N* migrates to the solvating Cu matrix. On both Pd-SAA and Cu sites, N-H
bond formation has a large activation barrier of 0.76 eV and 0.72 eV, respectively, limiting
the subsequent generation of NHs. The N™ atom on the Cu surface combines with other N
adatoms with a low 0.29 eV barrier. Overall, Pd SAA directs NRR towards the production
of N2 because NO," deoxygenation is possible on Pd-SAA, the resulting HNO™ species
strongly favors separate N” and OH™ products, where the N* migrates to Cu where it
combines with other N* atoms to from N because the N* hydrogenation activation barrier
is high on Pd and Cu.

Group 4 — Pt-, Au and In-SAA.

| predict that Pt-, Au-, In-SAA preferentially form NOy". Firstly, NO3s™ preferentially
binds to Cu rather than these SAA, therefore NRR is not expected to occur on these sites.
Even if NOs™ were to bind to these sites, the activation barrier for the second N-O bond
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scission (NO2" to NO") is at least 0.53 eV, 0.36 eV higher than NO2™ desorption. In fact,
NO_" deoxygenation has a higher activation barrier on these sites than the Cu matrix itself,
further indicating that all NRR reaction would occur on the Cu. Given their expense and
relative inactivity, it is unlikely that Pt-, Au-, and In-SAA should be used as SAA catalysts
in Cu for NRR.
8.4  Discussion

| investigated the effect of SAA substitution on electronic structure of the surface
and its correlation with adsorption energies, reaction energies and reaction pathways for
transition states. The density of state plots of Cu surfaces substituted with single atom
alloys is shown in Figure 8.7. | found that the d-band center of single atom substitution
(£4-sa44) is higher than the fermi energy (&) for early transition metals until Ru-SAA while
it sits below & for the late transition metals (Ni, Pd, Pt and Au). The d-band center effects
the thermodynamic energetics and reaction pathways of NRR species near these single
atom alloys. Carvalho et. al. (2022) found that d-band center of pure transition metal
electrodes can predict NHs efficiency of NRR which was highest when d-band center
approaches Fermi energy.> In this section, | investigate relationships between single atom
properties and NRR energetics and activation pathways. Correlation between reaction
energetics on In-SAA are not included here as In is not a transition metal, nor does it show

strong NRR activity.
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Figure 8.7: Density of state of transition atom substitutions in Cu [111] surface.
8.4.1 Effects of single atom properties on adsorption energies
As seen in section 8.3, the adsorption energies of NOs’, H2O, and H* is more
exothermic on early transition metals than on pure Cu and lower on later transition metals
(Pt and Au). In Figure 8.8, | corelate the NOs", H20, and H* adsorption energy trends as a
function of d-band center of SAA. | find that adsorption energies are strongly related to the
position of d-band center of substituted single atom relative to the fermi energy (e4_s44 —

&f) (R? ~ 0.88-0.89). The NOs" adsorption is more sensitive to d-band center position than

H>O or H* having slopes of -0.34, -0.23 and -0.11, respectively. | also found that the
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adsorption of NOs", H2O and H* adsorption on SAA sites occur in the same configurations
as neat Cu. NOsz", H2O and H" adsorb in bidentate bimolecular, top, and hollow sites,
respectively (Figure 8.8(b-d)). This explains strong linear trends observed between

adsorption energies and d-band centers of SAA.
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Figure 8.8: (a) Electrochemically measured adsorption energies of NO3", H2O and H*
for on SAA as compared to the calculated shift of the d-band center of SAA (g4 — ).
Relaxed configuration of H20 (b), NOsz (c) and H* (d) on Ru-SAA in Cu surface. White,
blue, red, golden, and violet spheres correspond to H, N, O, Cu, and Ru, atoms,
respectively.

I also observed higher adsorption energies for other meta-stable species and
products of NRR and HER reactions (NO2", NO, NH3z and OH") on early transition metals
alloys (Ti, Mo, W, Ru) as compared to late transition metals (Ni, Pd, Pt and Au). The linear
relationships between d-band center and adsorption energies of OH™ and NO™ have higher

residue error (R? ~ 0.69-0.72). This is because the NO™ adsorption configuration changes

from hollow site for Ni-, Pd-, Pt-, and Au-SAA species to top site for Ti-, Mo-, W- and Ru-
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SAA. Similarly, the OH" adsorption configuration changes from hollow site for Ru-, Mo-,
Ni-, Pd-, Pt-, and Au-SAA species to top site for Ti-, and W-SAA.
8.4.2 Effects of single atom properties on transition state activation pathways

From my calculations, | also found the SAA also changes the activation barriers
energies and transition state configurations on the electrode surface. For the first N-O bond
scission, | observe that on all SAA, NOs” binds to the surface in bidentate configuration
via 2 O atoms, one bound to the SAA and the other on to a Cu atom (Figure 8.8(c)).
However, Ti-, Mo-, W-, and Ru-SAA preferentially split the N-O” bond on top of SAA
whereas the Ni-, Pd-, Pt-, and Au-SAA break the N-O™ bond on top of neighboring Cu site,
as exemplified in Figure 8.9. Thus, the activation energies calculated on SAA do not follow
Bronsted—Evans—Polanyi (BEP) relation®®®’, which are often used to develop volcano
plots and hence explore new catalytic systems. From Bader charge analysis | found that
the SAA and neighboring Cu sites are slightly charged as compared to pure Cu surface. Ti-
, Mo- and W- SAA donate some of their electron density to neighboring Cu atoms. | find
that the electron density is slightly higher on O" bonded on the SAA for Ti-, Mo-, W-, and
Ru SAA, equal on Ni-SAA and higher on Pd-, Pt-, and Au-SAA, which preferentially splits

with lower activation barrier as compared to the other bonded O”.
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Figure 8.9: (a) Charge density on Single atom and neighboring Cu atom for SAA.
Transition state (NO2-O") for NOs” reduction on (b) Pd-SAA and (c) Ti-SAA. Reaction
pathway of second NO bond session from (d) NO," adsorption to () NO," flip on the
surface to (f) NO™ and O” atoms on Ru-SAA. White, blue, red, golden, silver, teal and
sky-blue spheres correspond to H, N, O, Cu, Pd, Ru and Ti atoms, respectively.
Different pathways for the same reaction do occur for other reaction steps. In the

second N-O bond scission, the N-O bond splits on top of SAA; afterwards the NO_" flips
from an X-O-N-O-Cu configuration to a X-NO-O-Cu configuration to bond N* with the
SAA (Figure 8.9(d-f)). The activation barrier depends upon both the energy needed to
rotate the NO," species on the surface and barrier to break N-O bond. For all but Ni-SAA,

the energy required to break the N-O bond on the surface was higher than for NO" rotation.
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For Ti-, Mo-, W- and Ru-SAA the NO;" flips during NOs" dissociation step, which
decreases the activation barrier of NO," dissociation.

Similarly, the energy to hydrogenate NO™ is higher for early transition metals and
Ni-SAA as compared to third NO”" bond session to N* and O" adatoms. The higher barrier
arises because the H™ has to hop onto the top of SAA to hydrogenate NO™ species that are
adsorbed on top of SAA on Ti-, Mo- and W-SAA rather than merely hopping to an adjacent
hollow site where NO™ is adsorbed on Ru-, Pd-, Pt- and Au-SAA. These slight variations
in relaxed configuration and energetics affect the activation barriers of critical reaction on
SAA sites and change the minimum energy pathway on different SAA.

Finally, if the NO;" dissociates on the SAA site, all but Ru form N” on the surface.
The selectivity towards N2 vs NHz on SAA sites depends upon N* hopping energy vs. NH”
hydrogenation energy on Cu surface (Figure 8.10). This is different than what is observed
on Cu electrode where NO™ hydrogenates to HNO™ which splits either in NH™ or N”.
Therefore, single atoms are preferentially better at achieving higher selectivity towards
NH3 as compared to Cu metal surface as they can isolate the reactants near the single atom
sites, which limits their ability to bond with another N* species to form N (Figure 8.10).
However, the selectivity towards N2 will still depend upon the base surface, Cu in my case,
as N” can either combine with other N” or hydrogenate on Cu sites, depending upon pH

and potential conditions.

221



L] L] L} L] . L] I l 1} . T T T
30F NH; selective | P77 N' Hydrogenation
- ! [N hopping
Ez.s s | |
>
Daot
o
C
L
c 15F
.0
S0}
g %
05
0.0

Ti Mo W Ru Ni Pd Pt Cu Au In
Figure 8.10: Activation energy for N* hydrogenation vs. hopping to Cu sites on SAA at 0

V vs. RHE and pH 14.

8.5  Conclusion

| investigated the Nitrate reduction pathway activity and selectivity on single atom
substitutions in Cu surface. | found that the energies along the nitrate reduction pathway
are significantly controlled by the surface-active sites. The adsorption energies are strongly
correlated to the d-band center of the single atom substitution. However, the activation
barriers on single atoms do not follow simple scaling relationships as the reactions of some
transition pathways occur on the single active sites and others occur on the adjacent Cu
site, depending upon the reactant configuration, bond strength reactant with single atom
site as compared to Cu site. The single atom, pH and potential also affects the activity of
NRR and its competition with HER reaction. The adsorption of H.O on Ti- and W-SAA is
exothermic, which suggests poor NRR activity. The adsorption of NOs is weaker on Pt-,
Au- and In-SAA as compared to Cu surface sites. Hence, it is unlikely that NRR will occur
on substituted sites for Pt-, Au- and In-SAA.

| find that Mo-, Ru-, Ni- and Pd-SAA are less selective towards form NO as

compared to Cu surface, as they decrease the activation barrier of NO," deoxygenation.
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The Mo-, Ru-, Ni-SAA will be selective towards NHs. However, they adopt different
pathways to NH formation. Ni-SAA has small differences between activation barrier of N*
hydrogenation and hopping. Hence, selectivity is predicted to be highly sensitive to the pH
and potential conditions. Pd is the only substitution where NRR is expected to selectively
reduce to N.. The similarity in energies between the Cu and Pd/Ni sites suggest that NRR
on Pd and Ni SAA are more sensitive to sensitive to potential and pH than the highly
localized Mo-SAA and Ru-SAA. Overall, | conclude that single atom catalysts can be
optimized to achieve higher selectivity towards NHz by tuning the relative binding strength
of the SAA site to that of the solvating metal. However, achieving higher selectivity for N2
with less expensive elements than Pd requires either changing the base metal or increasing
the alloying concentration to achieve neighboring substitutionally active sites.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
9.1  Conclusion

In my Ph.D., | investigated two water remediation processes - adsorption and
catalytic reduction - using density functional theory. My focus was on understanding the
surface mechanisms that control the adsorption of selenate on Al,Oz and Fe;Os3, as well as
the nitrate reduction reaction on the Cu surface and single atom in the Cu surface. The
DFT-derived adsorption energies are validated against the experimental adsorption
isotherms. The reaction pathway calculated using the DFT are also used to understand the
trends observed in nitrate reduction experiments. This work highlights the critical steps in
the adsorption and reaction mechanisms that dictate selectivity towards toxic oxo-anions,
and how these mechanisms can be altered to achieve desirable outputs.

Overall, I concluded that the water network on metal-oxide surfaces controlled the
adsorption of toxic oxo-anion and altering it is critical to find effective solutions to
selective and efficient adsorption. This can be done by changing the facet of different
metal-oxide of searching for alternative materials with non-uniform water structure on the
surface. | also found that single coordinated H.O molecules are easier to displace from the
metal-oxide surface as compared to singly or triply coordinated OH ions. Therefore,
materials that have excess protons near neutral pH can potentially provide better adsorption
in inner-sphere configuration. For nitrate reduction, | found that even though the single
atoms still follow the linear relationship for reaction energies, the BEP relationships
between activation barriers and reaction energies are disruptive. The single atom catalysts
(Mo, Ru and Ni) are more likely to be selective for NHz production as they can limit the
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mobility of N* adsorbed species as compared to N2 formation. A more detailed summary
and conclusion can be found in Chapters 3 to 8.
9.1.1 Understanding the effect of surface properties that controls Selenate
adsorption on (012) a-Al203

In Chapter 3, the adsorption of selenate was investigated on the Al,Os surface in
the aqueous phase, as a function of adsorption configuration, surface protonation, and
selenate ionization. A hybrid solvent model was developed to accurately compare the
adsorption energies for charged oxo-anions in inner- and outer-sphere configurations. The
adsorption energies derived from DFT were used to develop the adsorption isotherm as a
function of pH, which matched the experimental results. Through correlations between
surface properties and adsorption energies, the water network was found to control the
adsorption of oxo-anions. | also discovered that adsorption energies calculated without the
surface water molecules were anti-corelated to adsorption energies derived using hybrid
solvent model, which means they cannot be used to predict adsorption energies.
9.1.2 Understanding the effect of single atom cationic defect sites in a-Al203 (012)
surface on selenate and sulfate adsorption

In Chapter 4, | investigated the adsorption of selenate and sulfate on a single atom
cationic defect in both protonated and neutral Al>Os surfaces to isolate the role of the cation
on adsorption energies. Using DFT calculations and the HSM model, eleven different
single atoms were investigated to determine if change in cation can improve the adsorption
efficiency. The surface water network still was found to control the oxo-anion adsorption
and strongly outweighs direct cationic effects. However, cation substitutions do contribute
by slightly altering the charge of surface protons and changing bond lengths, which then
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modifies adsorption energies. Additionally, bulkier cations allowed the binding of selenate
and sulfate in an inner-sphere bidentate configuration, rather than an outer-sphere
configuration, by breaking the weaker sub-surface bond in acidic conditions. This study
also showcases the ability of Ti*® to selectively reduce selenate into selenite, and | believe
this can be further explored where Ti*® is more stable.
9.1.3 Adsorption of Se(V1), Se(1V) and As(V) oxo-anions on neutral (012) and (001)
hematite surfaces

In Chapter 5, the effect of hematite facets and oxo-anions on adsorption energies
are investigated using DFT. Initially, the neutral water network was calculated on [012]
and [001] Fe2Os surfaces using DFT calculations and compared it with experimental data.
The adsorption trends of selenate on [012] and [001] hematite surfaces confirmed that the
water network strongly controls adsorption energy. However, both the number of H-bonds
and the average length of H-bonds control adsorption energies. Similarly, the changes in
the water network control the configurational changes of selenate, selenite, and arsenate
adsorption on the [012] Fe2Os surface. However, the linear relationship between the water
network and adsorption energy changes upon changing the oxo-anion, suggesting that the
adsorption energy for different oxo-anions cannot be solely predicted by water network
changes.
9.1.4 Electrochemical reduction of NO3- towards NH3 production using dispersed
Ru single atom in Cu metal catalyst: an Ab-Initio Study

In Chapter 6, the nitrate reduction reaction mechanism was investigated on Cu, Ru,
and Ru single atom substituted in Cu surface. The entropic, solvation and protonation effect
on the adsorption of ionic species was included by using DFT energies of their neutral
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counterparts and a Hess cycle. Computational Hydrogen Electrode model was used to
include the experimental potential effects in calculating the adsorption energies, reactional
energies, and activation barriers. The nitrate reduction activity on Cu surface was found to
be poor due to lower exothermic adsorption of NOs™ and higher reduction to NO2". The
nitrate reduction experienced higher competition from the Hydrogen evolution reaction on
Ru surface. On Ru-SAC, the adsorption of water was found to be endothermic, and the
adsorption of nitrate was found to be more exothermic than on Cu surface. Moreover, due
to the localization of N”-species near the Ru single atom, the selectivity towards NH3 was
found to be higher than on Ru surface.
9.1.5 Understanding electrochemical vs. thermochemical nitrate reduction on
dispersed Pd-single atoms in Cu Metal Catalyst using density functional theory

In Chapter 7, | investigated the differences between thermochemical and
electrochemical nitrate reduction on Pd-single atoms substituted in Cu surface. The H;
pressure in the thermochemical process was equilibrated to find surface potential using
open circuit potential. The main difference between electrochemical and thermochemical
nitrate reduction is the pH of operation. In electrochemical nitrate reduction, the pH of the
surface increases due to the generation of OH- ions, which improves the activity of nitrate
reduction. In thermochemical reduction, the pH remains near neutral, resulting in weaker
adsorption of NOs™ reduction and a higher desorption of NO2". In both mechanisms, on Pd-
single atom, the generated N™ hops onto the Cu sites where they preferentially bind to other

N” species to form Na.

231



9.1.6 Predicting the activity and selectivity of electrocatalytic and thermochemical
nitrate reduction on single atom alloy in Cu surface

In Chapter 8, I investigated the nitrate reduction mechanism on nine single atom
alloys substituted in Cu [111] surface as a function of pH and potential. Nitrate readily
reduces to NO, and absorbs the Cu surface. Increasing pH and potential decreases the
ability of surface O" to hydrogenate, thus poisoning the catalyst surface. Conversely,
decreasing pH and potential makes the adsorption of nitrate less exothermic, leading to
decreased activity of nitrate reduction. The Ti and W single atom alloys exothermically
adsorb H20, which competes with nitrate reduction. Pt, Au, and In are not active sites as
nitrate and other N-species prefer to adsorb on Cu sites. Mo, Ru, and Ni are selective
towards nitrate reduction and selectively reduces to form NHs. On Pd-SAA, N”-species
hop between Cu and Pd sites, finally forming N2 on the Cu surface after dissociating NO>"
and subsequently HNO™ to N” on Pd site.
9.2  Recommendations for future work

The research conducted here provides a framework for studying adsorption in an
aqueous environment and nitrate reduction reactions on single atom alloys as a function of
pH and potential. These models or frameworks can be expanded to a variety of other
systems and used to perform high-throughput calculations to identify more selective
adsorbents and catalysts. Other potential research avenues are suggested below:
9.2.1 Adsorption of toxic oxo-anions

The selective adsorption of selenate on adsorbents is one of the most complex
challenges due to its stable structure, particularly when studying its adsorption compared
to sulfate. My work focused on understanding the fundamental mechanisms that control
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adsorption energies. | used a process of elimination to determine that water network
controls the adsorption of selenate. However, the role of oxo-anion chemical and physical
properties has not been explored properly. To this end, | propose that the role of oxo-anion
properties, such as cation species, oxo-anion size and protonation, bond lengths and angles,
and charge on species, should be explored in more detail in future research.

Moreover, more avenues to find the water network structure on top of different
metal-oxide surfaces in neutral and acidic environments should be explored using simple
calculations, as they critically affect the adsorption energies. Performing adsorption studies
on the wrong water network would lead to incorrect results. | also propose conducting a
high-throughput investigation to calculate the absorption of different oxo-anions on
multiple facets of metal-oxides using a hybrid solvent model. This extensive dataset should
be used to find correlations between water network, oxo-anion and crystal lattice
descriptors from Chapters 3-5, and adsorption energies.

The DFT calculated adsorption energies can be used to find the equilibrium
constants to calculate the Point of Zero Charge (PZC) of the surface, as well as to develop
adsorption isotherms as a function of pH and concentration. However, DFT does not
calculate the repulsion forces and double-layer forces that also affect the adsorption
isotherm. Therefore, it is still necessary to include another method of accounting for the
repulsion forces and double-layer effects to develop more realistic adsorption isotherms.

From the studies performed in Chapters 3 and 4, | found that the adsorption is more
exothermic below the point of zero charge on metal-oxide surfaces. Therefore, metal-

oxides with high Point of Zero Charge, i.e., metal-oxides that are protonated in neutral
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environments, should be explored for higher adsorption capacity under near-neutral water
conditions.

Finally, 1 found that single atom Ti*3 was able to selectively reduce Selenate into
selenite due to its location of d-band. I believe this can be explored further where Ti*3 is
more stable to selectively reduce selenate.

9.2.2 Electrochemical nitrate reduction

Electrochemical nitrate reduction (NRR), powered by electricity from renewable
resources, is a sustainable method of converting toxic nitrate into benign (N2) or value-
added products (NH3). In my research | investigated higher activities of single atom
substitution of precious metals (e.g., Pd and Ru) in inexpensive electrode (e.g. Cu) to
increase the activity of NRR as compared to competitive HER reaction using density
functional theory. | found a strong correlation between the b-band center and the trends in
reaction and adsorption energies. However, the single atom catalyst surfaces do not follow
BEP relationships as transition states do not occur in the same configuration on all the
substitutions. The DFT calculation performed here can provide information for higher
activity and selective, however, cannot inform the % of selectivity on single atom catalysts.
Therefore, a thorough kinetic study using Monte-Carlo simulations is required to calculate
the turnover frequency, study the build-up on different species over the surface and
calculate the dynamic selectivity of NRR as a function of time for batch reactor.

Apart from Pd, Ru and Ni, Mo-single atom alloy in Cu is predicted to have high
NRR activity and selectivity towards NHs. | propose synthesizing the Mo-SAC in Cu
surface as an alternative inexpensive catalyst. Moreover, since d-band center can inform
about the activity of NRR, | propose performing a d-band center study to calculate
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adsorption energies for single atom substitutions between Mo and Pd atoms to determine
more substitutions for cheaper and more efficient NRR.

Even though single atom substitutions were clearly more efficient in selective
reduction to NHs, the reduction to N2 was not nearly as selective as NHz on any researched
single atom substitutions on Cu surface. However, if the substrate from Cu is replaced to
other species that strongly favor N, higher selectivity towards N> gas can be achieved.
Therefore, a study exploring the effect of substrate on activity and selectivity should be
performed to discover more catalysts for higher N2 selectivity.

Finally, one of the biggest barriers to performing DFT calculations is performing
activation barrier calculations using NEBs. They are time consuming and require at least
5X number of computational nodes, which limits their use for high-throughput
calculations. Moreover, this means informed decisions are needed regarding the limited
reaction steps that are explored in detail to calculate the activation barriers. Therefore,
machine learning-assisted NEB methods should be explored for faster calculations of

activation barriers.
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APPENDIX A
PROOF OF HYBRID SOLVENT MODEL FOR SELENATE ADSORPTION ON [012]

ALUMINA SURFACE
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Computational study of oxo-anion adsorption using multiple layers of water is, at
minimum, cumbersome and expensive, and can lead to drastic changes in adsorption
energy with even slight change in water orientation. Figure 1(b) shows that changing the
number of water layers inconsistently changes the adsorption energy H2SeOas on (012) a-
Al>Oz because of the disordered water layers until multiple layers are employed. Ab initio
molecular dynamics (AIMD) can be used to find the adsorption energy with explicit water
layers by disordering the surrounding water layers over time. However, these are expensive
calculations, and require significant computational power. Therefore, performing AIMD
across several configurations and conditions for finding selective adsorbent material is not
currently practical.

Hybrid Solvent Model (HSM) includes interfacial water effects at a modest
computational cost. In the HSM, only the first highly ordered interfacial water layer is
included explicitly (Figure A.1). The interfacial termination, O-Al distances, and
orientation of water monolayer match previous computational work. The solvent effects
beyond the first layer are considered by including a polarizable continuum dielectric in the

vacuum layer (Figure A.2).
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Figure A.1: Density Functional Theory simulation cell for calculating the adsorption of
selenate on (012) Al20s surface. The cell integrates the Hybrid Solvent Model (HSM),
where the surface is covered with single layer explicit solvent and vacuum space between
metal-oxide lattice has polarizable continuum dielectric to include solvent effects. The
desorbed water species are suspended in vacuum with intermolecular distance of at least
6 A, to represent a dilute limit and to minimize spurious Van der Waals interactions. For
Semi-protonated and de-protonated selenate, extra HzO" are also added in the vacuum
layer to maintain the neutrality of the simulation cell. The grey, red, white and orange
balls represent Al, O, H and Se atoms respectively.

265



(@

Implicit polarizable continuum
dielectric water

P
P

Figure A.2: (a) Hybrid Solvent Model demonstrating explicit interfacial water and
implicit polarizable continuum dielectric. The relaxed H2SeO4 configuration on (b) fully
solvated model (n=4) and (c) HSM with the waters removed for clarity. The gray, red,

white, and orange spheres represent Al, O, H and Se atoms, respectively.

To test the validity of this model, I compared the H>SeOs adsorption on (012) a-
Al203 in vacuum, a single explicit layer (n=1), 4 explicit layers of solvent (n=4) and HSM
(Figure A.3). The selenate-alumina bond strength (adsorption energy) and Se-Al bond

distance were used as parameters for comparison (Table A.1).
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Figure A.3: (a) H2SeO4 adsorbed in on (012) Al,Os surface with n = 4 water layers. Each

layer contains 12 water molecules. (b) The adsorption energies of Monodentate
Mononuclear (MM) and outer sphere selenate on AlOj3 surface with different water
layers. The gray, red, white, and orange sphere represent Al, O, H, and Se atoms,
respectively.
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Table A.1: Calculated H.SeOs- a-Al20O3 adsorption energy and Se-Al bond length using
different solvent models.

H2SeO4-a-Al203 Se-Al bond length
adsorption energy in (A)
vaccum (eV)*
No solvent -1.49 4.5
Single explicit water layer -0.22 4.6
(n=1)
Fully solvated system -0.47 4.9
(n=4)
HSM model -0.42 5.0

Oxo-anion adsorption using HSM behaves similarly to four explicit layers of water,
having similar adsorption energies (-0.47 and -0.42 eV respectively) and adsorption
geometries (4.9 and 5A Se-Al bond length respectively). Hence, the HSM provides

quantitatively similar results to the significantly more expensive full solvation model.
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APPENDIX B
REACTION ENERGIES OF NO3RR STEPS ON COPPER, RUTHENIUM AND

RUTHENIUM-SAC IN COPPER SURFACE
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Table B.1. Calculated reaction energy of elementary reactions involved in NO3RR.

CuNW Ru-CuNW RuUuNP

eV eV eV
NOs" —NO;" -1.47 -1.51 -1.87
NO;" »NO” |0.74 -2.39 |-2.02
NO" —N" [-0.57 [-0.04 [1.21
NHs" —NHz) l0.01 0.71 l0.71
N* —N" l0.00 l0.84 l0.00
N —0.5 Ny" |-1.60 [1.23 l0.39
N2" —Na() |0.17 0.13 -0.33
NO™ —NO) 0.71 [2.75 [2.31
NO™ —Nz0" |-0.54 |L.05 l0.16
N.0" —N>0) |-0.68 -0.23 l0.01

Table B.2. Calculated activation energy of elementary reactions at 0 V vs. RHE involved
in NOsRR
CuNW Ru-CuNW RuNP
eV eV eV

NOs;" —»NO" 1.24 0.83 1.01
0" —»OH" l0.91 |1.27 |1.41
NO;" -»NO" l0.76 l0.78 |1.04
NO* N |1.66 [2.07 111
N* >NH" l0.67 |1.42 |1.14
NH" >NH," l0.81 l0.81 |1.25
NH," —>NH3" l0.94 l0.89 |1.60
N* >N* l0.30 |1.82 |1.05
N* —0.5 No* l0.67 [2.22 [3.29
NO" -»>N;0" l0.97 [3.13 l0.49

Table B.3: Calculated activation energy of all the hydrogenation elementary reactions in
NO3zRR on Cu[111] involving electron transfer at various voltage vs. RHE

\Y -0.20 -0.10 0.00 0.10 0.20

eV eV eV eV eV
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NOy -»NOy| -0.71 -0.81 091 -1.01 -1.11
O"—OH | -0.85 -0.65 -0.45 -0.25 -0.05
NO;" »NOz| 110 1.20 1.30 1.40 1.50
N —NH" | -1.43 -1.33 -1.23 -1.13 -1.03
NH ->NH;"|  -0.61 051 041 -0.31 021
NH;" ->NH;|  -0.67 057 -0.47 -0.37 -0.27

Table B.4: Calculated activation energy of all the hydrogenation elementary reactions in
NOsRR on Ru[001] involving electron transfer at various voltage vs. RHE

Y -0.20 -0.10 0.00 0.10 0.20
eV eV eV eV eV

NOs —NO3'|  -1.47 -1.57 -1.67 177 -1.87
0" —OH | -044 -0.24 -0.04 0.16 0.36
NO;" »>NOz|  1.85 1.95 2.05 2.15 2.25
N"—NH" | -0.80 -0.70 -0.60 -0.50 -0.40
NH* >NH;"| -0.31 -0.21 -0.11 -0.01 0.09
NH;" >NH3|  -0.47 -0.37 -0.27 -0.17 -0.07

Table B.5: Calculated activation energy of all the hydrogenation elementary reactions in
NOsRR on Ru- SAC in Cu[111] involving electron transfer at various voltage vs. RHE

Y -0.20 -0.10 0.00 0.10 0.20
eV eV eV eV eV

NOs —»NOs|  -1.05 -1.15 -1.25 -1.35 -1.45
0" —OH | -0.86 -0.66 -0.46 -0.26 -0.06
NO;” »NOz|  1.48 1.58 1.68 1.78 1.88
N*—>NH' | -0.25 -0.15 -0.05 0.05 0.15
NH" —NH,"|  -0.66 -0.56 -0.46 -0.36 -0.26
NH." >NHs|  -0.99 -0.89 -0.79 -0.69 -0.59
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APPENDIX C
REACTION PATHWAYS AND TABLES OF NRR STEPS ON SINGLE ATOM

SUBSTITUTED IN COPPER [111] SURFACE
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Table C.1: Gibbs Free energy formulas for NRR reaction steps

Reaction steps Energies Eq.
Number
NO; +*— NO;3 _ 1 r1
3 +3€_ AGgas(NO3) = Gyo; + [E Gy, — eURHE]
- [GHN03 - AGsol - AGprotonation]
-G,
NO; +*—- NO, _ 1 r2
? _|_Ze— AGgqs(NOy) = Gno; + [i Gy, — eURHE]
- [GHNOZ - AGsol - AGprotonation]
-G,
H*+e +*xo H* AGaus(H) = Gy r3
o 05H, + * 1
2 - I:E GH2 - eURHE - 2303 RTpH]
-G,
OH™ +*- OH* _ 1 r4
+e AGaqs(OH™) = Goy~ + [5 Gy, — eURHE]
- [GH20 - AGsol - AGprotonation]
-G,
H,0 + * - H,0" AGgqs(H,0) = Gy,ov — [Gy,o — AGsor] — G. r5
N2 + x> Nz* AGadS(NZ) = GN’Zk - GNZ - G* I’6
NH3 + * - NH; AGadS(NH3) = GNH; - GNH3 - G* I’7
NO;"‘ H20+26_ AE=EN0;+2XGOH——EN0;—GH20—2XGe— I’8
- NO; 4+ 20H"
NO; + HyO +2e~ | AE = Eyg + 2 X Goy- — Enos— G0 — 2 X G- r9
- NO*"+ 20H™
N0*+ H20+28_ AE:EN*‘l‘ZXGOH—_ENo*_ GHZO_ZXGe_ I’lO
- N*"+20H
N*+ H20+e_ AE:ENH*+GOH__EN*_ GHZO_GG_ I’ll
- NH*+ OH~
NH*+ H20+e_ AE:ENH;-I_GOH__ENH*_ GHZO_GE_ I‘12
— NH; + OH™
NH;"‘ H20+e_ AE :ENHZ* +GOH_ _ENH*_ GHZO_GB_ I’13
— NH + OH™
NO* + H20+e_ AE =EHNO*+GOH__
—- HNO* + OH™
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Table C.2: Reactions for which activation barriers are calculated.

Activation barriers Equation Numer.
NO: - NO; + 0* al
NO; - NO* + 0* a2
NO* - N* + 0* a3
N*+ H* - NH* a4
NH* + H* —» NH; a5
NH; + H* - NH; a6
NO*+ H* - HNO* ar
NO*+ H* - NOH" a8
HNO* - NH* + 0* a9
HNO* - N* + OH* al0
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Figure C.1: NRR on Cu surface at -0.75 V vs. RHE at pH 14. The red, blue and green
indicates pathways leading to NO2", NHz and N2 respectively.
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Figure C.2: NRR on Ti-SAA surface at 0 V vs. RHE at pH 14. The red, blue and green
indicates pathways leading to NO2", NHz and N2 respectively.
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Figure C.3: NRR on Mo-SAA surface at 0 V vs. RHE at pH 14. The red, blue and green
indicates pathways leading to NO2", NH3 and N2 respectively.
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Figure C.4: NRR on W-SAA surface at 0 V vs. RHE at pH 14. The red, blue and green
indicates pathways leading to NO2", NH3 and N2 respectively.
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Figure C.5: NRR on Ru-SAA surface at 0 V vs. RHE at pH 14. The red, blue and green
indicates pathways leading to NO2", NHz and N2 respectively.
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Figure C.6: NRR on Ni-SAA surface at 0 VV vs. RHE at pH 14. The red, blue and green
indicates pathways leading to NO2", NHz and N2 respectively.
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Figure C.7: NRR on Pd-SAA surface at 0 V vs. RHE at pH 14. The red, blue and green
indicates pathways leading to NO2", NHz and N2 respectively.
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Figure C.8: NRR on Pt-SAA surface at 0 V vs. RHE at pH 14. The red, blue and green
indicates pathways leading to NO2", NHz and N2 respectively.
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Figure C.9: NRR on Au-SAA surface at 0 V vs. RHE at pH 14. The red, blue and green
indicates pathways leading to NO2", NH3 and N2> respectively.
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Figure C.10: NRR on In-SAA surface at 0 V vs. RHE at pH 14. The red, blue and green
indicates pathways leading to NO2", NH3 and N2 respectively.

279



APPENDIX D

STATEMENT OF INCORPORATED PUBLICATIONS

280



Chapter 3 has been published in Journal of Colloid and Interface Science (Gupta et al.,
2022). Chapter 4 has been published in The Journal of Physical Chemistry C (Gupta et al.,
2023). 1, Srishti Gupta, affirm that | am the principal author and that all subsequent
coauthors (Ngan Anh Nguyen, Adam Chismar and Christopher L Muhich) approve the
addition of these publications in my dissertation. | also received permissions from the
Nature Nanotechnology to use the figures from the published article (Chen et. al., 2022) in

which | was the co-first author in Chapter 6.

281



