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GB (sarin), a chemical ware fare agent (CWA), due to its extreme fatal toxicity and its

involvement in a few terrorist and battle attacks, has become an increasing concern for the

national public and military safety. Developing filter materials that can strongly adsorb and

effectively decompose GB thus attracts growing research interest. The great diversity of metal

oxides and their abundant surface chemistry suggest an opportunity to realize their potential as

filter materials. This dissertation outlines our effort to gain fundamental understanding of the

interaction between GB (also its simulant DMMP) and metal oxides. We aim to determine the

structural factors that influence the performance of metal oxides on adsorbing and decomposing

GB, and to ultimately predict the behavior of a given metal oxide. We used two mesoporous

metal oxides (TiO2 and CeO2) as two model systems and performed systematic studies on their

interaction with GB and its simulant DMMP. We utilized multiple techniques to fully characterize

the crystal and surface characters of the mesoporous metal oxides. The interactions between



GB/DMMP and metal oxides were explored by different spectroscopic techniques (majorly infrared

techniques). Combining the experimental observations and DFT calculations on two different

metal oxides, we propose several governing parameters of the metal oxides to impact their

reactivity for decomposing GB. We also derive a simplified and qualitative model to predict the

reaction behavior and activity of metal oxides when interacting with GB.
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Chapter 1: Introduction

1.1 Chemical Warfare agents

Chemical warfare agent (CWA) is one of most effective weapons of mass destruction. The

CWAs are lethal synthetic chemicals that can be easily dispersed through air and water and then

kill lives with very small amount of dosing[5].

The expansion of chemical industry in the 19th century made it possible for the mass

production and deployment of CWAs[6]. The �rst documented attack of CWAs happened during

the World War I, when German army released chlorine gas in the battle�eld at Ypres, Belgium[7].

Other CWAs such as phosgene, sulfur mustard and lewisites were later used also by German army,

and they caused 100,000 deaths in World War I. The usage of CWAs was expanded during the

World War II. The Nazis Axis power Countries (German and Japan) tested the CWAs on innocent

civilians and also used the CWAs in the battle�eld, causing more than 1 million deaths[7].

Both World Wars proved the usage of CWAs are extremely dangerous and always cause mass

killings on the innocent due to their uncontrolled dispersion once released. Even if not killed,

the consequences of contacting those CWAs usually lead to severe long-term health conditions.

Some of the CWAs (released or wasted) will remain on the land for very long time, causing

potential damage to the future generations. There are multiple reports that Chinese farmers were

intoxicated after contacting unknown wasted cans, which are the containers of CWAs left by
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Japanese army during World War II[8]. In the Vietnam, the US army deployed Agent Orange in

the battle ground. Though Agent Orange is not deadly enough to be categorized into CWAs, it

remains on the battleground even after 50 years of usage, causing damage on the local people[9].

Due to their extreme hazard, more than 130 countries signed the Chemical Weapon Convention

to prohibit the use, development, production, stockpiling and transferring of chemical weapons

in 1993[10]. However, there are still scattered events where CWAs are used by the terrorists.

Furthermore, some governments might still store large amounts of CWAs. Thus, the threat of

CWAs remains, and might increase due to the current international tensions. The development

of materials for effective protection against CWAs exposure has thus increased in need for both

military personnel and for civilians.

1.2 Nerve Agent and Sarin (GB)

Nerve agents are currently the most dangerous CWAs. They are a group of organophosphorus

compounds. Nerve agents are highly toxic and can cause death within a few minutes to a few

hours after exposure. Their structures are shown in Figure 1.1. They are colorless and have very

light or even no odor, making them very hard to be detected and distinguished. The nerve agents

have very similar structures with some phosphorus containing agricultural insecticides. Thus,

their production only requires similar chemical technologies used for production of agricultural

insecticides. Because of that, there is always a worry about the proliferation of the nerve agent.

Nerve agents do not occur naturally. The �rst known nerve agent, Tabun (GA), was �rst developed

by the German chemist, Gerhard Schrader, in the 1930s during his research in the development of

new OP insecticides. Later, a series of nerve agents known as the G-agents, which include Sarin
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(GB) and Soman (GD), were developed in Germany during the World War II. Though Germany

had the stockpile of the nerve agent, they did not use them in battles. The only usage of nerve

agents in the war was during the Iraq–Iran con�ict in the 1980s war, where sarin (GB) was used

against Iranian troops and later against the Kurdish population. There are several terrorist attacks

and assassinations that involve the usage of the nerve agent.

Figure 1.1: Structures and names of nerve agents, �gure adapted from ref[1]

The toxicology of the nerve agents are very similar to each other. The most well-known

mode of action of nerve agents is through Acetylcholinesterase (AChE) inhibition[11]. The

enzyme AChE hydrolyzes the neurotransmitter acetylcholine (ACh) in postsynaptic membranes

and neuromuscular junctions in the human nerve system. Once nerve impulses reach a nerve

ending, the terminals of presynaptic nerves will release acetylcholine (ACh) into the synaptic

or neuromuscular junction and then binds to the ACh receptor site located on the postsyna-

ptic membrane, triggering stimulation of the nerve �bers or muscles. AChE are crucial in

this neurotransmission process as it can control the concentration of neurotransmitter ACh by
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catalytic hydrolysis of ACh. The catalytic cycle is presented in Figure 1.2.

Figure 1.2: Acetylcholinesterase Hydrolysis of Acetylcholine, �gure adapted from ref[2]

The nerve agent can also effectively bind to the AChE enzyme, however irreversibly. Figure

1.3 show the binding mechanism between the nerve agent and AChE. Once binded with the nerve

agent, the active site of AChE becomes unavailable to hydrolyze ACh, leading to an accumulation

of ACh in cholinergic receptors. In this way, the neurotransmission process will be disrupted, and

the nerve system will lose function[2]. The AChE enzyme is highly effective in catalyzing the

hydrolysis of ACh, thus the concentration of AChE is very low in human body. Also because of

that, a small amount of nerve agent is enough to deactivate most of the AChE in the human body,

causing lethal consequences.

The structure of sarin (GB) is shown in Figure 1.4a. GB is a colorless and odorless liquid.

The vapor pressure of GB is relatively high thus it can be easily dispersed through air. By far,

sarin is the most used nerve agent and attracts most the attention.

4



Figure 1.3: Inhibition of AChE with Organophosphates, �gure adapted from ref[2]

1.3 Research Motivation

As mentioned earlier, due to the extreme fatal toxicity and the involvement in a few terrorist

and battle attacks, the use of chemical warefare agents especially GB has become an increasing

concern for the national public and military safety. Developing �lter materials that can strongly

adsorb and effectively decompose sarin thus attract growing research interest[6, 12, 13, 1, 14].

Several categories of materials have been proposed and studied for the application of combating

GB including carbon-based materials[15] , MOFs[16, 17, 18, 19, 20] , polymer �bers[21], metal

oxides[22, 23, 24, 25, 3, 26, 27, 28] and their composites[29, 17, 30, 31]. At the same time,

a variety of characterization techniques have been developed to evaluate the performance of

materials for the adsorption and decomposition of CWAs[32]. The great diversity of metal

oxides and their abundant surface chemistry suggest a huge opportunity and possibility to �nd

the potential �lter materials among metal oxides. In addition, fabrication of the mesoporous
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Figure 1.4: Structure of a) Sarin (GB) and its simulant b) dimethyl methylphosphonate (DMMP).

metal oxides can overcome the low-surface-area nature of conventional metal oxides materials as

adsorbers.

My research is focused on understanding the interaction between the mesoporous metal

oxides and GB molecules. By understanding the interaction process, I hope to determine the

structural factors that in�uence the performance of metal oxides on adsorbing and decomposing

GB and ultimately predict behavior of given metal oxides and locate the good performing candidate

materials. In my research, I focused majorly on two mesoporous metal oxide systems, CeO2 and

TiO2. CeO2 and TiO2 have signi�cant differences on the crystal and surface structures. I used

these two metal oxides as model systems to study their interaction with GB. Based on what I

have learned on these two oxides, I proposed a simpli�ed and qualitative model that is used

to predict the interaction behavior between a certain metal oxide and GB. It should be noted,

due to the extreme danger of GB, most of the research related to GB in academia is performed

with its simulant DMMP, whose structure is presented in Figure 1.4b. The vapor pressures of

GB and DMMP are similar, so DMMP is a good simulant for the study of adsorption of GB.

GB and DMMP also bare some structural similarities. However, DMMP lacks the P-F bond,
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which is believed to be the most reactive part of GB. Some researchers remain skeptical on the

suitability of DMMP as a simulant to study the GB decomposition. Here we argue that DMMP

is a good simulant of GB to study the decomposition behavior, at least on the metal oxides, as

the dissociation pathways and products of GB and DMMP are highly similar. We will discuss it

in detail in the main text. The DMMP is more stable than GB. Generally speaking, a material

that is reactive towards DMMP is always reactive towards GB. Because of the limit of GB, some

of my research is based on DMMP, which I performed the experiment myself. And other is

based on GB. The GB experiment was performed by the staff scientists from US Army Combat

Capabilities Development Command Chemical Biological Center.

1.4 Thesis outline

This dissertation outlines our effort to gain fundamental understanding of the interaction

behavior between the GB (also its simulant DMMP) and mesoporous metal oxides. Mesoporous

CeO2 and TiO2 are systematically studied. Based on what we have learned from CeO2 and TiO2,

as well as the studies on other metal oxides from previous research, a simpli�ed and qualitative

model that is used to predict the interaction behavior between a certain metal oxide and GB is

proposed.

In Chapter 2, we brie�y present the techniques that were used in the research, which include

the material synthetic methods, the characterization techniques on the bulk and surface structure

of metal oxides, and �nally the techniques that were employed to understand the interaction

between the metal oxides and GB/DMMP.

In Chapter 3, we present the proposed the qualitative model to understand the interaction
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behavior of metal oxides with GB/DMMP. Such a model was conceived based on our studies

on the CeO2 and TiO2, as well as the studies on other metal oxides from previous research. We

present the model before our experimental studies so that the readers can compare the model and

experimental observations when they reach the experimental parts and evaluate the validity of

this oversimpli�ed model. We also discuss the aspect catalytic decomposition of GB on metal

oxides at the end of this chapter.

Chapter 4 presents our original work on understanding the interaction between DMMP/GB

and mesoporous CeO2. Both GB and DMMP are studied in terms of the interaction with mesopor-

ous CeO2. Experimentally, we observed a high activity of mesoporous CeO2 in degrading

DMMP. Different reaction pathways between DMMP and CeO2 are also observed. Theoretically,

we build several surface models of CeO2 based on the experimental surface characterizations

and perform the DFT modeling to understand the reaction mechanism between the surfaces and

DMMP. The modelling reveals that the exposed surface and hydroxylation play a critical role in

the reactivity and reaction pathways in terms of interaction between DMMP and CeO2. Similar

study is performed to understand the interaction between GB and mesoporous CeO2.

In Chapter 5 we aim at understanding how a general alio-doping (low valence doping)

in�uences the interaction between CeO2 and DMMP. Thus, we synthesize mesoporous CeO2

doped with various amounts of Y3+, Gd3+, and La3+. Y, Gd, and La are neighboring Ce in

the periodic table thus Y3+, Gd3+, and La3+ show similar ionic radius and chemical activity

to Ce4+. All measurements consistently indicate Y3+ doping decreases the activity of DMMP

decomposition compared with pure mesoporous CeO2. Similarly, we also observed such a trend

for Gd3+ and La3+ doped mesoporous CeO2. The consistency on Y3+, Gd3+, and La3+ doped CeO2

implies a relatively general effect of alio-doping of CeO2 on DMMP decomposition activity.
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Based on the structure and surface characterization, we attribute the reactivity difference of alio-

doped mesoporous CeO2 to the surface hydroxylation and preferred surface exposure.

In Chapter 6, we perform joint experimental and theoretical study of interactions between

GB and three different TiO2 nanomaterials. Experimentally, we study the adsorption and decomp-

osition of sarin on commercial P25, anatase TiO2 nanoparticles and synthesized mesoporous

anatase TiO2 at room temperature. We found the as-synthesized mesoporous anatase TiO2 exhibits

the highest activity towards GB decomposition despite it has the same crystal structure and similar

surface area with anatase TiO2 nanopowder. We then turn to DFT calculations and further explore

mechanisms of adsorption and decomposition of GB on a pristine TiO2 surface and surface

with defects to reveal factors that govern high reactivity of mesoporous TiO2. A comparison

of experimental data with results of density functional theory (DFT) modeling suggests that

high reactivity of mesoporous materials is correlated with surface hydroxylation. We �nd that

mesoporous TiO2 adsorbs more water than P25 and anatase nanoparticles, and that the water and

OH groups facilitate the P—F bond cleavage of sarin on the surfaces of TiO2.
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Chapter 2: Experimental Methods

2.1 Synthesis of Mesoporous Metal Oxides

Since Prof. Galen Stucky developed the method to synthesize ordered mesoporous silica[33],

the research on synthesizing ordered mesoporous metal oxides has increased explosively. Because

of the high surface area and favored mass transport, ordered mesoporous metal oxides attract

great interest in the �eld of catalysis and energy conversions. For the fundamental study, the

ordered porous materials are also signi�cant. The universal pore size and structure of countless

pores in the materials will respond collectively and thus can `magnify' an event happening in

the nanoscale. We can therefore characterize a nano-scale event with statistical scattering and

spectroscopic measurements. The high surface area nature of ordered mesoporous metal oxides

also makes them good candidates for �lter materials. For the fundamental research, the high

surface area of those mesoporous metal oxides allows for maximizing the interaction between

the metal oxides and molecules of interest, which will bene�t the signal strength of spectroscopic

characterizations such as IR and Solid-State NMR. The ordered nature also makes it easier to

control the pore structures and surface areas. In cases where we are only interested in comparing

the surface activities of the materials, the control of the surface area and pore structures are very

important. Thus, in our study on the interaction between the metal oxides and sarin/DMMP,

ordered mesoporous metal oxides are primarily used in order to get better spectroscopic signal
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and better control on surface and pore parameters.

Figure 2.1: Illustration of soft template method for mesoporous materials synthesis.

To synthesize an ordered mesoporous material, templates (soft and hard) are usually required

during the synthesis to create pore structures[34]. Prof. Galen Stucky developed the soft template

method[33]. The soft templates are copolymers with hydrophobic and hydrophilic end. At proper

pH in the solution, the copolymer will self-assembly into ordered micelle structures, serving

as a template for pore structures when oxides precipitate, as shown in Figure 2.1. After the

consolidation of the metal oxides and removal of the copolymer, ordered pore structure can form.

Based on the types of polymers and pH of the solutions, different pore structure might be created.

Ordered mesoporous SiO2, C, TiO2, ZrO2 and CeO2 can be synthesized through such procedure.

A hard template method usually utilizes the as synthesized ordered mesoporous SiO2 or

carbon as precursor. In a typical synthesis, the metal salts are �rst �lled into the mesopores of

the ordered mesoporous SiO2 or carbon. Then the mixtures are heated so that the metal salts

decompose into metal oxides inside the mesopores. Finally the hard template SiO2 or carbon are
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etched away. The procedure is illustraed in Figure 2.2.

Figure 2.2: Illustration of hard template method for mesoporous materials synthesis.

2.2 X-ray and Neutron Diffraction

Most of metal oxides are in the crystalline state where the individual atoms are arranged

in a highly ordered manner. The smallest repeating unit in the crystalline materials is called

the unit cell. The ordered atoms also form different planes in the unit cell. The equally spaced

planes can interact with the light (photon) when the spacing of the planes and wavelength of the

light are in the similar scale, resulting in the diffraction phenomenon. Bragg came up with a

simple model to explain this phenomenon, which is now known as Bragg's law. It states that

the diffraction will appear when the spacing of the crystal planes d, the wavelength of the light

� and angle of incident light� should have the relation: n� =2dsin� , as shown in Figure 2.3.
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Different materials have different atomic arrangement, leading to different� when diffraction

appears (diffraction peaks appears at different locations). Thus, the diffraction patterns can be

used as a �ngerprint for the materials. The wavelength of neutron and X-ray have similar scale

with the lattice, so they are optimal for the diffraction experiment on the solids to understand the

atomic structures of the materials. X-rays mainly interact with the electron clouds of the atoms

while neutrons interact with the nuclei, thus they have different sensitivity on different atoms and

isotopes, respectively. Speci�cally, neutron is much more sensitive towards light atoms such as

H, Li, O. A more fundamental explannation on the diffraction is referred to Kittel's Introduction

to Solid State Physics (Chapter 2)[35].

Figure 2.3: Illustration of Bragg Diffraction

2.3 Electron Microscope

The particle size of mesoporous materials ranges from hundreds of nanometers to hundreds

of micrometers. And the pore size of mesoporous materials is typically below 10 nanometers.

To understand the morphology and size of particles and pores of the as-synthesized mesoporous

materials, electron microscope is used in our studies. Electron microscopes use electrons to
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Figure 2.4: Illustration of the electron microscope

image rather than light. Hight energy electrons ( 10 kev) have a wavelength at the nanometer

scale, so they are ideal for imaging nanoscale objects. In a typical electron microscope set up, as

is displayed in Figure 2.4., electrons are �rst emitted from the electron gun and accelerated by

an electric �led. Then another electric �eld and several magnetic �elds behave as “focus lenses”

to focus and manipulate the emitted electrons. The focused electrons reach and interact with

the different parts of specimen and then was scattered by the specimen. The detectors �nally

collect different parts of scattered electrons for imaging and spectroscopic analysis. For one

object, due to different compositions, morphology and thickness at different parts, the electron

scattering behaviors will vary, leading to different scattering cross sections. The different cross

sections of the electron scattering result in the contrast of the image. Depending on which part

of electrons was collected for the imaging, there are mainly two types of electron microscopes.

The transmission electron microscope (TEM) utilizes the elastic scattered electrons to image.

While the scanning electron microscope (SEM) utilizes the secondary excited electrons (electrons

emitted from sample after being hit by electrons) to image. Besides imaging, electrons can
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interact and exchange energy with the individual atoms. The high energy electrons can give

energy to orbital electron of the atoms. The energy given to the orbital electron follows the

quantum principle and thus is quantized. Apparently, different elements with different valences

will have different energy levels of the electron orbitals, thus the value of given energy can behave

as a �ngerprint for elements or oxidation state. One can analyze how much energy is lost from

the electron (electron energy loss spectroscopy (EELS)) or the energy of X-ray emitted from the

relaxation of excited electrons (Energy-dispersive X-ray spectroscopy (EDS)) to gain elemental

and atomic information (Figure 2.5.).

Figure 2.5: Illustration of inelastic electron scattering

2.4 Thermogravimetric Analysis

In thermogravimetry the weight of the sample is recorded as a function of time under

the heating conditions. In this research TGA was mainly used for determining the water or

hydroxylation level of the mesoporous metal oxides. The TGA instrument consists of two

balances, one for the sample and the other for the reference. Via monitoring the weight change

from both balances simultaneously, weight changes in the sample can be detected and recorded.

Water and hydroxylation from the metal oxides typically leave from the materials at 100-200 °C.
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Thus, by recording the weight loss of the materials between 100-200 °C, the amount the water

and hydroxylation in the materials can be calculated.

2.5 Nitrogen Adsorption Isotherm

Nitrogen adsorption measures the isotherm adsorption and desorption of the nitrogen gas

of solid-state materials at different pressures. In the single layer adsorption model, the amount

of the nitrogen gas adsorbed is related to the adsorption strength, pressure, temperature, and

surface area. By applying the Brunauer–Emmett–Teller (BET) model at certain range of the

nitrogen adsorption isotherm data, the surface area of the material can be extracted. In our study

we measure the nitrogen adsorption isotherm for the mesoporous materials to understand their

surface area.

2.6 X-ray photoelectron spectroscopy (XPS)

XPS is a technique to analyze the elements and oxidation state of the materials. When

a monochromatic X-ray source hit the specimen, one X-ray photon can give its energy to one

core electron of the atom. Then the electron will be excited and kicked out from the sample.

The kicked-out electron carries the kinetic energy and can be analyzed by electron detectors. The

kinetic energy of the kicked-out electron can be expressed as: Ek=Ep-Eb. Where Ek is the kinetic

energy, Ep is the energy of the X-ray, and Eb is the binding energy of the core electron in the

atom. When Ep is �xed, Eb can be back calculated from Ek. And the binding energy describe

the attractive force between the certain core electron and nuclear. This attractive force is very

sensitive to the type of atoms and oxidation of the atoms. Thus, Eb can be used for identifying

16



the elements, their chemical environment and their oxidation states. Because electrons have a

mean free path of several nanometers within the solid, the analyzed electron on mainly from the

surface of the sample. Thus, XPS is a surface sensitive technique. In our study, we use XPS

to identify the oxidation states of metal element as well as to distinguish the lattice oxygen and

surface oxygen (oxygen in OH group) on the surfaces of mesoporous materials.

2.7 IR Spectroscopy

Molecules and solids can absorb infra-red (IR) light to excite their vibrations. Different

molecules and solid have different geometry and bond strength, and thus their vibrations vary in

energy. Thus, IR absorption can be used to identify the bonds or molecular species. Here we

use the IR to identify the decomposition species when Sarin/DMMP interact with metal oxide

surfaces.

2.8 Solid State NMR

NMR is a technique to understand the local chemical environment of the certain atoms in

the molecules or solids. For certain elements, their nuclei carry spins. Under the magnetic �eld,

the energy of the spins will split into different levels. The surrounding electrons of the nuclei

provide a local magnetic �eld, and this magnetic �eld is very sensitive towards the chemical

environment such as coordination number, bond distance and bond angle. Thus, the energy

splitting of the spins provides the information of the local environments of the atoms (Figure

2.6). By applying an external magnetic �eld, the local magnetic �eld created by electrons will

shield the external magnetic �eld, and NMR can analyze this magnetic �eld shielding effect. The
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shielding effect is anisotropic. However, in the liquid sate, the molecules undergo rotation with

extremely high frequency ( 300 GHz). Thus, the anisotropic effect will be averaged out. In the

solid-state, the crystal cannot rote itself, so anisotropic shielding will be observed. Magic angle

spinning thus is utilized to average out the anisotropic shielding of the solid materials during

the measurement. In our study, Sarin/DMMP contains phosphorus atoms (31P S=1/2, NMR

active), which can be detected by solid sate NMR once they are adsorbed on the surfaces of

solid mesoporous metal oxides. If Sarin/DMMP decompose on the metal oxides, the chemical

environment of phosphorus atoms will change and can be detected by solid-Sate NMR. Thus, we

use the solid-state NMR to detect the reactivity of mesoporous materials towards the Sarin/DMMP

decomposition.

Figure 2.6: Illustration of splitting of the energy of nuclear spin under magnetic �eld
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2.9 Mass Spectrometry

Mass spectrometry is an analytical technique used to identify or quantify the volatile species.

In our study, the mass spectrometry is used for detecting the reaction product from a packed-bed

reactor. All molecules are �rst ionized as they enter the instrument, then, by investigating the

species for speci�c mass-to-charge ratios, one can accurately identify and quantify the given

molecule. In our experiment, a quadrupole mass spectrometer was used to monitor some of the

decomposition product of DMMP, such as methanol.

2.10 DFT Modelling

Density-functional theory (DFT) is a computational quantum mechanical modelling method

used to primarily investigate the ground sate of electronic structure of many-body systems, such

as atoms, molecules, and the condensed phases. In our study, we utilize the DFT modeling

to calculate the activation energy and relative energy of the transitional states of the molecule-

surface system to understand the reaction mechanism for the Sarin/DMMP decomposition on the

metal oxides. The DFT calculations in this study were performed by Dr. Roman Tsyshevskiy

from Dr. Maija Kukla's Group.
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Chapter 3: An Attempt to Understand the Interaction of Metal Oxides and CWAs

from the Fundamental Solid Chemistry

The great diversity of metal oxides and their abundant surface chemistry suggest a huge

opportunity and possibility to �nd the next-generation �lter materials among metal oxides. However,

such a diversity also leads to a great dif�culty in searching for an optimal one as it seems there

are countless possible metal oxides to be tested. For material scientists or chemists, there is a

strong belief that gaining fundamental understanding of the interaction between surface of metal

oxides and CWA molecules allows us to make reasonable predictions on the behavior of the

materials, and even further to predict the candidate materials based on fundamental scienti�c

principles. Together with the experimental measurements in the past decades, recent effort in

DFT modeling does help us to make a great progress in understanding interaction mechanisms

between different metal oxides and CWAs[36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 3, 46, 47].

Despite the progress, it remains challenging to exactly predict a candidate metal oxide (this

holds true for other categories of materials too). The reason again lies on the diversity of metal

oxides. Different metal oxides have different crystal and surface structures, so a speci�c model

has to be developed and optimized for each metal oxide or even each surface. DFT modeling is

costly in time and money thus it is not realistic to perform thousands of calculations on different

metal oxides given the current limitation on computing power. Machine learning seems to be
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an intriguing direction in terms of high-through-put prediction. While the current size of the

collected data does not meet the threshold to make a reasonable machine learning model and it

remains challenging on formatting the experimental and computational data.

To be able to predict a candidate oxide, we need to build a universal model in terms of

the interaction between the metal oxides and Sarin. Qualitatively, a traditional way to develop a

model is through the summarization and classi�cation. One has to admit this traditional way still

plays an important role in the current research especially when a quantitative model is dif�cult to

build. In this review, we present our attempt to build a universal model for the interaction between

the metal oxides and sarin based on the summarization and classi�cation of the metal oxides

that have been studied experimentally and computationally in the past. Our initial is to make

qualitative predictions based on the fundamental chemical and physical principles. Our most

important goal here is to provide a different hypothesis to test when approaching this practical

problem.

As mentioned earlier, a good �lter material for combating CWAs should possess two key

features: The CWAs molecule can strongly bind to its surface (strong adsorption) and readily

dissociate upon interacting with it (active towards decomposition). To simplify the problem, we

will treat the adsorption and dissociation on the metal oxides separately. We will focus on sarin

and its simulant DMMP in the discussion.
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3.1 Adsorption on the Metal Oxides

3.1.1 Covalent Interactions

When we say the molecule can strongly adsorb on the surface, it means there is a strong

attractive force between the two subjects. In the atomic or molecular level, the attractive forces

can be put into several categories: (1) London Force (2) Dipole-dipole interaction (3) Hydrogen

Bond (4) Covalent Bond. The magnitudes of the forces are presented in the Figure 3.1 . The

strength of London forces is the weakest, followed by the dipole-dipole interaction and then

hydrogen bond. And generally, the strength of covalent bond is largest. By simply comparing the

strength of different categories of attractive forces, we can easily draw a conclusion: A potential

metal oxide that can strongly adsorb the DMMP or Sarin should be able to form covalent bonds

with these molecules.

Can we predict which attractive force dominate a certain metal oxide in terms of interacting

with DMMP and GB? Or which metal oxide can display a stronger covalent interaction with these

molecules? Covalent bonds are essentially electron orbital interactions. For the metal oxides in

the solid state, bands are used to describe the collective behavior of the electron and orbitals

within the solid, while molecular orbital is applied for the molecules. When a solid surface

forms covalent interactions with molecules, this process can be treated as an interaction between

the bands and molecular orbitals in reciprocal space[48]. For the solid-state surface, we may just

take the conduction band and valence band near the Fermi level into consideration as electrons are

most active near the Fermi level. The molecular orbitals of DMMP or GB are surely complicated

since they are relatively large molecules. However, some simpli�cations can be made based
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Figure 3.1: Classi�cation and comparison of attractive force between molecules and surfaces of
solid materials.

on the experimental observations: the IR spectroscopic studies found when DMMP/GB interact

with materials, a signi�cant red shift of stretching mode of the P=O bond is generally observed,

implying a weakening of the P=O bond[20, 23, 49, 22]. The weakening of the P=O bond is a

strong indication that DMMP/GB interact with solid materials through the P=O double bond.

Thus, in this speci�c case, we may only take MOs from P=O bond part of the molecules into

considerations.

So we can now draw diagrams of bands and MOs. For most of insulating or semiconducting

oxides, the valence band is dominantly composed of the O 2p orbitals and electrons, while the

major components of conduction band are the d (if not fully �lled) and s orbitals and electrons[50,

51, 52], as presented in the Figure 3.2. For P=O from DMMP or sarin, the HOMOs are mainly

the non-bonding p-orbital with lone pair electrons while the LUMO is the� * antibonding orbital
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(Figure 3.2). For the band-MO interaction, another important concern is the relative energy

level. Of course, DFT calculation can easily help us to determine the energy levels of bands and

MOs. We can still qualitatively approximate them based on some simple chemical and physical

principles. Since the� bond and� bond MO of P=O has O 2p components, and valence bands

of most of the metal oxides are formed also by O 2p orbitals and electrons, it is reasonable to

assume that the� bond and� bond MO from P=O has a similar energy with the valence band, as

shown on Figure 3.2.

In MO theory, to form a chemical bond, two orbitals from different atoms need to overlap to

form the bonding and antibonding MOs with electrons �lled in the bonding MO. The overlap of

the atomic orbitals requires symmetry match and similar energy levels between two orbitals. Here

we can apply this principle when considering the covalent interactions between the DMMP/GB

and surfaces of metal oxides. A covalent bonding can be expected when the conduction band of

the metal oxide have similar energy level with the HOMO (where lone pair electrons �lls) of the

P=O MOs, as indicated in Figure 3.2 a. A too low or too high energy level of the conduction

bands will cause a larger gap between the HOMO and conduction band, leading none covalent

interactions, where the dipole-dipole interactions will dominate between the molecules and metal

oxides, as is displayed in Figure 3.2 b and c.

From the point of view of chemistry, we can predict the adsorption strength of oxides

towards DMMP/GB based on the degrees of energy match between the bands and MOs. In the

DFT modellings, Density of States(DOS) diagrams of solids and molecules are calculated to

make comparisons[53, 54]. Qualitatively, in the valence bands, the energy of s band is higher

than d band, so the s band is further away from the HOMO of DMMP/GB (Figure 3.2 a). Thus,

it can be expected the covalent interactions on the metal oxides with d band is stronger than the
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one with only s band. DFT calculations does exactly show pristine surfaces of s band oxides

like MgO[39], Al2O3[37], SiO2 [55, 38], and ZnO[44] have a lower adsorption energy towards

DMMP or GB compared with the d band oxides like TiO2[56, 57, 47, 58], CuO[59], CeO2[60]

and Fe3O4[61]. It can be predicted transition metal oxides (with available d orbitals) should be

good candidates to achieve strong adsorptions towards DMMP and Sarin. And the smaller the

energy difference between the d-band and HOMO of DMMP/Sarin, the stronger the adoption

should be. Besides the HOMO-d band interaction, d-� * interactions might also be expected

when there is a good energy and symmetry match between d-band of the oxides and� * MO of

the molecules. If there are available d- electrons, a feedback bond can be formed, leading to

a stronger covalent interaction. With the help of the DFT calculations, we can get much more

quantitative comparisons between bands and MOs, which can assist us to determine best oxides

that strongly adsorb DMMP/Sarin.
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3.1.2 Hydroxylation

In the practical situation, �lter materials are always applied in the ambient conditions

where moisture cannot be avoided. That means the surfaces of the metal oxides are more or less

hydroxylated. Thus, it is important to understand and to be able to predict how the hydroxylation

will in�uence the adsorption strength of oxides towards DMMP/Sarin. When the hydroxylation

(OH termination) exists on the surface, DMMP/Sarin tends to form hydrogen bond with the metal

oxides, as is displayed in Figure 3.3, structure 2, which is also evidenced through the experimental

observations [62, 22, 25]. As mentioned previously, the strength of hydrogen bond is between

the dipole-dipole interaction and covalent bond. Thus, whether the hydroxylation of metal oxides

will lead to a stronger or weaker adsorption, depends on what is the initial dominant attractive

force on the pristine surface. Oxides with the energy level of conduction band far away from

HOMO of DMMP/Sarin, the dipole-dipole interaction is the major attractive force. Hydrogen

bond on the hydroxylated surfaces is expected be stronger than the dipole-dipole interaction.

In such a case, the hydroxylation should bene�t the stronger adsorption. Oxides like SiO2 fall

onto this category, where the hydroxylated surface has a stronger adsorption energy towards

DMMP/Sarin than pristine surface[55, 38]. On the other hand, d-band metal oxides interact with

DMMP/Sarin through covalent bonding. The hydrogen bond on the hydroxylated surfaces is

weaker than the covalent interactions. Hydroxylation on this type of metal oxides will therefore

lower the adsorption strength signi�cantly. Such behavior is commonly observed on the transition

metal oxides like TiO2[56] and CeO2[60]. For s-band metal oxides, the covalent interaction is

much weaker, so a smaller difference of adsorption strength between pristine and hydroxylated

surfaces should be expected such as Al2O3 and ZnO.
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Figure 3.3: Adsorption con�guration of GB on pristine metal oxide surface (structure 1) and
hydroxylated metal oxide surface (structure 2).

3.1.3 Real Space Concern

The above-mentioned model can help predict the adsorption behavior of DMMP/Sarin

based on the energy of molecular orbitals and bands. However, to form a bond, the “physical

contact” between the atoms is necessary. The d and s conduction bands of the metal oxides are

mostly contributed by the metal atoms. The HOMO of P=O lie on the lone pair electrons of

oxygen atom. Therefore, the covalent interaction requires the metal atoms sites of the oxides

are close enough to oxygen atoms from P=O in the real space, shown in Figure 3.3, structure

1. The atoms can arrange in different manners on the surfaces of metal oxides. Some surfaces

can have more metal atoms exposed while other surfaces might have metal atoms embedded

below the surfaces. In the latter case, even if there is good energy and symmetry match between

conduction bands of metal oxides and HOMO of DMMP/Sarin, the covalent interactions will

not be expected as there is no physical pathway to connect metal sites and P=O. Instead, a weak

dipole-dipole interaction will dominate. A good example would be the case of MoO3. MoO3 is

transitional metal oxides with available non-�lled d-bands. Based on the orbital electron energy

consideration, a strong adsorption towards DMMP /Sarin should be expected. However, the

28



real stable surface of MoO3 is nearly entirely terminated with O, leaving no metal sites to have

contacts with molecules, resulting in the dominance of dipole-dipole interaction, as is displayed

in Figure 3.4. Experimentally and computationally, the adsorption strength of MoO3 towards

DMMP is relatively weak compared with other transition metal oxides[3], which is around -20

kJ/mol and falls onto the dipole-dipole interaction range. And the hydroxylation of the surface

leads to a stronger adsorption as the hydrogen bond is replacing the dipole-dipole interaction.

Figure 3.4: a) calculated structure of DMMP adsorbed on the oxygen terminated (010) MoO3

surface and adsorption energy. b) calculated structure of DMMP adsorbed on the hydroxylated
(010) MoO3 surface and adsorption energy. Figure modi�ed from [3]

3.2 Dissociation on Metal Oxides

The dissociation of GB or DMMP on metal oxides are generally regarded as a multiple-

step process. DFT modelling usually takes several transition states into considerations and

calculates the activation energy barrier to reach each transition state and the free energy of these

states. An ideal metal oxide to degrade Sarin/DMMP should allow the molecules to dissociate

with a relatively low activation energy barrier (kinetic consideration). In addition, the �nal
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products should be as stable as possible (low free energy, exothermic process, thermodynamic

consideration). It is true that Sarin/DMMP dissociate through different mechanisms on different

metal oxides, there are several key steps that Sarin/DMMP has to go through on most metal

oxides.

3.2.1 Structure of Dissociation Products

Figure 3.5: Decomposition product of sarin/DMMP on metal oxide surface.

First, let us only look at initial molecules and the �nal dissociation products. Spectroscopic

studies on surfaces have proven, upon the dissociation of DMMP/Sarin on metal oxides, vibration

modes of O-P-O arise in the spectrum[63, 49, 62, 64] and these modes are frequently used as the

indication of highly reactive surface toward Sarin/DMMP. It is widely believed that sarin/DMMP

lose -OR group or F group and form two P-O bonds with the oxygen atoms shared by the surface

(structure 3 in Figure 3.5). Now let us consider a very simple surface model of metal oxides,

where metal and oxygen atoms neighbor each other to form a �at surface (O-M-O-M-O. . . ). To

achieve structure 3 on such a surface, there are two possibilities: (1) the oxygen atoms from
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two P-O bonds are both above the O-M-O-M �at surface and form covalent interactions with two

metal sites (structure 4). (2) one oxygen atom from P-O bonds is above the O-M-O-M �at surface

and another oxygen atom is within the �at surface (structure 5). Which structure should be the

dissociation product of Sarin/DMMP on different metal oxides? Due to the extremely broad

feature of O-P-O stretching mode in the spectroscopy, the exact structure is not yet determined.

However, DFT modeling can calculate the free energy of the structure and predict the most

possible and stable structures.

While qualitatively, we can also evaluate the relative energy of each structure based on

simple chemical principles. If we regard P atom as the center of the Sarin/DMMP molecules,

the molecules have a tetrahedral geometry. At the most stable state of the molecules, the bonds

connecting P should have a bond angle close to 109� . A signi�cant smaller or larger bond angle

will raise the energy of molecule. When the molecules dissociate on the surfaces of metal oxides

to form structure 3, the tetrahedra geometry does not change. So it is reasonable to assume that

stability (energy) of the structure 3 strongly correlates to the bond angle between two P-O bonds.

Whether structure 4 or structure 5 are the dissociation product on the metal oxides should

depend on which structure has a O-P-O bond angle closer to 109� . It is more convenient to use

distance instead of angle to describe here. P-O bond distance in molecules is around 1.62	A and

P=O bond distance is 1.48	A[65, 66]. We can assume the P-O bond in structure 3 is in between

P-O and P=O, so the distance should be close to their average 1.55	A. With O-P-O bond angle

of 109� , the most stable distance between two oxygen atoms from O-P-O should be around 2.54

	A. In structure 4, the distance between O atoms from O-P-O is similar to the distance between

closet metal sites. While in structure 5, the distance between O atoms from O-P-O is similar

to or slightly larger than closet metal and oxygen sites on the surface. Thus, we believe that
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how the atoms arrange on the surfaces (distance between atoms) will have a strong impact on

the stability of structure 4 and structure 5. If the distance between the metal and metal is close

enough to the optimized oxygen-oxygen distance from O-P-O (2.54	A), structure 4 should be

adapted. Similarly, If the distance between metal and oxygen is close enough to 2.54	A, structure

5 will be preferred. Of course, it is not likely that we �nd the exact distance on the metal oxides,

but we can set an optimal range. If we set the bond angle range at 95� 130� (109� is the optimal)

as a suitable angle, the oxygen-oxygen distance should be 2.2	A� 2.94 	A. So we can roughly

predict which structure should be adapted based on whether it is the metal-oxygen or metal-metal

atomic distances that fall into 2.2	A� 2.94 	A range.

Here we list metal-oxygen and metal-metal atomic distances of several metal oxides, which

is generated from ICSD, as shown in Table 3.1. Based on the argument we just established, we

can make reasonable predictions on the structure of the decomposed product. The prediction

agrees well with our calculation results on TiO2[58], MoO2 [67], MoO3[3], CeO2[60].

3.2.2 Activity for Dissociation

Once the structure of the product is determined, we can now consider reactivity of the

surface. We can still use the above-mentioned argument here. From the point of view of kinetics,

being active mean the activation energy for the dissociation of sarin/DMMP is low. As mentioned

earlier, from the intact molecules of sarin/DMMP to the dissociate into structure 4 or structure 5,

except breaking bond of P-F or P-O-R, the molecules have to adjust their con�gurations so that

the decomposition products can �t on the surface of metal oxides. This con�guration adjustment

mainly involves the stretching or bending the bond angle to deviate the original stable state, which
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Metal
oxides

M-O distance (	A) M-M distance (	A)

SnO2 2.052/ 2.058 3.187/ 3.71
� -Al2O3 1.856/ 1.971 2.792

 -Al2O3 1.642/ 1.69/ 1.71 1.71/ 2.78/ 3.27
MgO 2.109 2.982/ 4.217
Y2O3 2.248/ 2.262/ 2.28/ 2.345 3.512/ 3.529
CeO2 2.387 3.898
ZnO 1.974/ 1.973/ 1.992 3.209/ 3.25
MoO3 1.955/ 2.291/ 1.738/ 1.682/ 2.24 3.42/ 3.699/ 3.956
MoO2 1.956/ 2.069 2.814 3.705
r-TiO2 1.945/ 1.986/ 3.485 2.959 3.57
a-TiO2 1.934/ 1.98/ 1.98/ 3.857 3.039/ 3.784
CuO 1.951/ 2.784/ 3.408/ 1.961 2.9 (111), (101)/ 3.083/ 3.173
Cu2O 1.848/ 3.538 3.017
NiO 2.089/ 3.618 2.954
CoO 1.943/ 1.912/ 3.386/ 3.3 3.495/ 2.854
h-Fe2O3 1.944/ 2.114 2.899/ 3.361/ 3.702
m-Fe2O3 2.091/ 1.837/ 3.488 2.972/ 3.485
Fe3O4 1.889/ 2.058/ 3.493 2.968/ 3.48
MnO 2.223/ 3.85 3.144
Mn3O4 2.275/ 2.361/ 1.909/ 2.61 2.969/ 2.877/ 3.026
� -MnO2 1.882/ 1.901/ 3.416 2.847/ 2.889/ 3.454
� -MnO2 1.879/ 3.338/ 1.898 2.873/ 3.426

 -MnO2 1.821/ 1.917/ 2.267/ 1.975/ 3.054 2.859/ 2.957/ 3.371
� -MnO2 1.916/ 3.309/ 3.555 2.85
ZrO2 2.005/ 2.208/ 2.149/ 2.232/ 2.276 3.332/ 3.438/ 3.617

Table 3.1: Table of distances of M-O and M-M in common binary metal oxides .

will cost energy. Such a process is illustrated in Figure 3.6. The energy cost here is one of major

contributions to the activation energy barrier. Thus, the smaller degree that the molecules stretch

or bend themselves, the more reactive of the surfaces for the molecules to dissociate. Then it is

obvious, the distance of the metal-oxygen and metal-metal atoms will have an in�uence on the

reactivity of the surfaces. Once the decomposition structure is determined, we can qualitatively

predict the reactivity of the surface based on how much metal-oxygen/metal-metal distance is

close to the optimized distance of 2.54	A, where the molecule undergoes minimum con�guration
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change to �t the surface. On Table 3.1, we also indicate our predictions on which material is

reactive based on atomic distance arguments. CeO2, ZrO2, Y2O3 are experimentally proven to

be reactive towards DMMP or sarin dissociation at room temperature[63, 60, 68, 49], and the

M-O distances are very close (smaller) to the optimal distance 2.54	A compared with other metal

oxides. For ZnO and TiO2, neither the M-O nor M-M distance is close to 2.54	A, and both

modelling and experiment indicates the dry TiO2 and ZnO can hardly decompose DMMP or

sarin at room temperature[22, 58].

Figure 3.6: Energy diagram of the sarin molecule depending on O-P-O bond angle.
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Figure 3.7: a) and b) Proposed pathways for formation of Structure 4 on the dry surfaces of meta
oxides. c) and d) Proposed pathway for formation of Structure 4 on the hydroxylated surfaces of
meta oxides.

3.2.3 In�uence of Hydroxylation on the Surface

Again, there is always moisture and hydroxylation in practical situations so it is important

to be able to predict how the surface hydroxylation will in�uence the dissociation behaviors of

sarin/DMMP. We will evaluate the case of structure 4 and the case of structure 5 separately.

Let us �rst consider that sarin/DMMP dissociate to form structure 4 on pristine dry surfaces.

For sarin, P-F bond breaking in this situation seems to be not preferred, as there no is favored

oxygen sites to form bond with under-bonded P atom after P-F bond breaking, as shown in Figure

3.7a. P-O-R bonding breaking is possible for sarin and DMMP. To form the stable structure 4,

O-R bond breaking is necessary instead of P-O bond breaking, as illustrated in Figure 3.7b.
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Generally, P-O breaking is easier than O-R breaking, as P-O has larger polarity (larger difference

in electronegativities). Thus O-R breaking will raise activation energy barrier. Plus, the leaving

alkyl group (R) is usually not stable on the metal oxide surfaces or in the atmosphere, which

lead to the signi�cant increase of the free energy of the �nal dissociation products. We conclude

here dissociation to form structure 4 on pristine oxide surface is not an energy favored process

even M-M distance is close to optimal. The lack of low-energy path to form O-P-O species in

the surfaces might be one of the reasons why dry TiO2 and Al2O3 are barely reactive to sarin

and DMMP and why most reactive metal oxides reported are the cases of structure 5 instead of

structure 4.

With hydroxylation, surface -OH can provide oxygen sites to form bonds with under-

bonded P atom after P-F bond breaking (Figure 3.7c), leading to an energy -favored stable

structure. On the cases where P-O-R breaking, now P-O bond become possible due to oxygen

sites provided by OH group (Figure 3.7d). The energy cost to break the P-O is less than to

break O-R. Besides, the leaving group -OR is much more stable on the metal oxides or in the

atmosphere in the form of methanol. Obviously, the activation energy barrier of the dissociation

reaction as well as the free energy of the �nal products for sarin/DMMP dissociation on hydroxyl-

ated surfaces are lower than on the pristine surfaces. Thus, in cases where structure 4 is formed,

hydrogen will promote the degrading of DMMP/sarin. Experimentally and computationally, we

found that sarin will decompose on hydroxylated TiO2 surfaces at room temperature[69], which

agrees well with the predictions here.

In the case where sarin/DMMP dissociate to form structure 5 on pristine dry surfaces,

P-F or P-O can break to form stable structures (Figure 3.8a and b). It is also worth noting

here, the oxygen atom from the surface lattice of metal oxides participates in the formation
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Figure 3.8: a) and b) Proposed pathway for formation of Structure 5 on the dry surfaces of metal
oxides. c) Effect of hydroxylation to form Structure 5 on the surfaces metal oxides.

of structure 5. Thus, we might expect the activity of the lattice oxygen of metal oxides will

have an impact on the surface activity in this case. As mentioned earlier, �uorite CeO2, whose

lattice oxygen are known to be active[70, 71], is one of most reactive metal oxides reported to

dissociate DMMP[60, 26, 63]. When the surface is hydroxylated, unlike the case of structure

4, the OH group seems to impede the formation of structure 5. On one hand, since lots of the

metal sites will be OH terminated after hydroxylation, it will stop the sarin/DMMP to get intact

with the metal sites through their P=O bond (Figure 3.8c, structure 6). On the other hand, the

neighboring OH group not only might have a steric effect when the P atom tries to approach

the oxygen within the surface, but also can block the dissociated -OR or F group to attached

on the neighboring metal sites (Figure 3.8c, structure 7). Based on this argument, we may

predict hydroxylation should have a negative impact on the dissociation of sarin/DMMP. DFT

results do show that hydroxylation on the CeO2 will greatly increase the activation energy barrier
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for DMMP dissociation[60]. Experimentally, increase of the hydroxylation level decreased the

surface activity of CeO2 for DMMP dissociation.

3.2.4 Other considerations

3.2.4.1 Exposed surfaces(facets)

The atomic structure especially the interatomic distance plays a signi�cant role in the

activity of metal oxides towards sarin/DMMP dissociation. When evaluating the atomic distance,

we have to realize there are usually more than one M-M or M-O distances existing in the structure

of metal oxides, as listed in the Table 1. As the dissociation of sarin/DMMP relies on the direct

physical interaction with the surface, it is the atomic distance on the exposed surface that matters.

For example, we may �nd CuO structure have a favored M-O distance (2.784	A) to form Structure

5. However, such a M-O distance exists on the surface with high lattice indices, which is not

usually exposed on CuO materials. Surfaces of (111) or (101) are much more commonly exposed

to environment[72, 73]. When attempting to link the atomic distance to the activity, we must use

the distances on the practically exposed surfaces to get a better prediction.

3.2.4.2 Surface structures and defects

Till now, our qualitative model and prediction are based on �at surface of metal oxides.

While the real structures of the surfaces are much more complicated. The difference between the

structures in the model and real surface structure are usually the reason the prediction fails. One

situation we might need to consider is surface reconstruction. For example, the surface of MoO3

is terminated with O in practice after surface reconstruction. We may predict MoO3 has some
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activity to decompose DMMP/sarin purely based on atomic distance argument. But when we

take the real surface structure into consideration, we will realize the O termination on the surface

will stop the direct interaction between metal site and molecules, leading the low activity of the

surface. Another case worth noting is the zigzag surface structure shown on Scheme 8. Such

surface structure might lead to favored dissociation sites (Figure 3.9, Structure 8) and or cause

steric effect to impede the formation the dissociation structure (Figure 3.9, Structure 9).

Figure 3.9: Proposed con�guration of dissociated GB on the metal oxides with a zigzag surface
structure.

3.2.4.3 Other Interfering Molecules

In practice, the interaction between sarin/DMMP and �lter materials happens mostly in

atmospheric conditions, which can involve the participation of other species from the atmosphere.

Some of the species might simply compete with sarin/DMMP to occupy the available sites of

metal oxides. Other species can even signi�cantly change the surfaces of metal oxides, leading
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to different interaction behavior between surfaces and sarin/DMMP. We have already discussed

the potential impact from moisture(water).

Another common interfering molecule is CO2. In the short period, CO2 seems to be a

weak competitor to occupy the active sites of �lter materials, which has been explored in some

studies. However, for the longtime exposure of CO2, which can happen to the �lter material in

practical situations, might be a different story. It is known carbonates can form on quite a few

metal oxides after being exposed in atmosphere for a period. When such materials are tested to

interact with sarin/DMMP, it is actually the carbonates that are interacting with molecules. The

formation of carbonates and its in�uence on the reactivity is rarely mentioned when evaluating the

performance of metal oxides as �lter materials, which should be addressed in the future studies.

3.3 Potential for Catalysis?

In the above discussion, we treat the dissociation of CWAs as an irreversible chemical

reaction between the metal oxide surfaces and CWA molecules. In the practice, besides the

�lter materials used for individual protection equipment, developing materials that can effectively

detoxify the CWAs in the environment is necessary to �ght against the threat from CWAs. For

the application of detoxi�cation, one important feature of the candidate materials is that they

can catalytically decompose CWAs at mild conditions (e.g., room temperature), which allows

the materials to function repeatedly. Searching for the materials that are catalytically reactive

towards CWAs degradation is a popular trend.

Here the question is: Can metal oxides also serve as catalysts to repeatedly degrade CWAs?

And what feature should a metal oxide have to be a good candidate? First, after reviewing wide

40



range of literature, we have to acknowledge, the dissociation of CWAs on most oxides are found

to be non-catalytic reactions. Multiple studies used mass spectrometry to analyze the waste

after the reaction between DMMP and metal oxides, only methanol was detected as the product,

meaning the leaving phosphorus species has stuck to the surface. XPS, IR characterization also

shows that the phosphorus species remain on the surface even after the heating and long period

of evacuation[63]. Quite a few studies show the metal oxides gradually deactivate after dosing

excessive DMNP[49]. Such observations are not surprising to us. If we look back on our previous

discussion on the dissociation of sarin/DMMP on metal oxides, the products always form some

covalent interaction with the surface atoms (shown on Figure 3.5), making it extremely dif�cult

for them to leave the surface.

With the moisture or hydroxylation, �uoride or alkyl group on the surface might undergo

hydrolysis to form HF and alcohol and then leave the surface with relatively low activation energy

barrier. However, it does not help the leaving of phosphorus containing part as its interaction with

the surface is too strong. MOFs seem to encounter similar problems as most of studies apply

special solvents to prevent the active center being poisoned[19].

Based on what we have mentioned, we cautiously think it is extremely challenging to

develop a catalyst based on metal oxides in this �eld. However, theoretically, it is possible.

And the metal oxides that have been explored in this �eld are still very limited. So we remain

hopeful that some unexplored metal oxides can stand out in the future.

From the theoretical perspective, we can also predict some features that a metal oxide

should have to be a catalyst to degrade CWAs. Here we use one of the simplest heterogeneous

catalytic reactions, the hydrogen evolution reaction (HER), as an analogy. The HER on the

electrode mainly involves three steps[74, 75]: (1) adsorption of H+ on the electrode surface (2)
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conversion of H+ to H on the surface (3) desorption of H from the surface to form H2. The

process is presented in Figure 3.10a. It is well recognized that the adsorption in the �rst step

and desorption in the third step contribute to a major part of the activation energy barrier of this

reaction. A close to zero adsorption/desorption energy will be ideal for such reactions.

Though sarin/DMMP catalytical dissociation is more complicated, we can also separate it

into several parts: (1) adsorption of DMMP/sarin on the surface (2) modify the con�guration of

DMMP and sarin on the surface to allow the match between molecules and lattice (3) dissociation

(4) desorption from the surface with help of moisture, as displayed in Figure 3.10b. (1)(3)(4) are

similar processes with HER. Step (2) are unique as dissociation of sarin/DMMP involves multiple

sites on the surface as we have mentioned previously. We can see that the activation energy

barrier now comes from the adsorption in the �rst step, desorption in the fourth step, and the

con�guration adjustment of the molecule in the second step. Based on that, we can conclude low

adsorption/ desorption energy and a minimum con�guration adjustment are necessary to achieve

high catalytic activities. As we can see, same as �lter materials, optimized atomic distances on

the surfaces are necessary to achieve minimum con�guration adjustment of the molecule. While

contrary to �lter materials, catalysts “hate” strongly adsorbed molecules. Thus, when screening

possible metal oxides as catalysts, we might pay attention to those who have a relative high-

energy conduction band (far away from the LUMO of P=O). In the existing theoretical studies,

very few did calculation to understand the desorption of the decomposition species. Future

studies should address the desorption for the catalysis applications.

There are other possible strategies to avoid the problem of the surface deactivation when

applying them as catalysts to degrade CWAs. For example, instead of utilizing a thermally

activated catalytic reaction, exploring the possibility of electron activated catalytic reaction such
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as photocatalytic[76, 77, 78] and surface-plasmon catalytic reaction[79] might be a good solution

as they are less sensitive to the surfaces. Besides, surface modi�cation of the metal oxides with

functional groups to totally change the reaction pathways might also be an intriguing direction.
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3.4 Summery

We admit that interaction between CWAs and metal oxides is a very complicated process.

The complexity of the molecules and the surface structures can make the experimental data

interpretation and DFT simulation dif�cult and time-consuming. Despite the dif�culty, however

we demonstrate that we can build a simpli�ed universal model to qualitatively understand and

predict the interaction behavior based on the fundamental chemical principles. From this simple

model, we argue that evaluating the energy of the valence band and the interatomic distance on

the surfaces are crucial to ef�ciently locate potential metal oxides which can strongly adsorb and

effectively dissociate CWAs. Once we start taking more factors such as surface hydroxylation

and surface structure into consideration, the prediction will be more accurate. But on the other

hand, it also adds signi�cant dif�culties to evaluate the overall effect without DFT modeling.

still, In the practical search of candidate metal oxides, having such simple model as guidance can

reduce some unnecessary attempts, given that both experiments and modelling are both costly.

The oversimpli�ed model we present in this review is far from perfect. However, the main

goal here is to present a different approach to this practical problem: to build a universal model

based on fundamental scienti�c principles and current data/observation we have. As more binary

or even ternary oxides are experimentally and computationally measured, we will gain better

understanding on the details of the interaction mechanisms, so that a more accurate universal

model can be developed.
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Chapter 4: Interaction of Sarin and its Simulant DMMP with Mesoporous CeO2

The research described in Part 1 was published inACS Appl. Mater. Interfaces. 2021,

13 (45). Tsyshevsky, R.; Algrim, L.; McEntee, M.; Durke, E. M.; Eichhorn, B.; Karwacki,

C.; Zachariah, M. R.; Kuklja, M. M. and Rodriguez, E. E. were contributing authors on the

manuscript. I designed experiments, synthesized and characterized the materials, performed the

DMMP dosing DRIFTS experiments, and wrote the manuscript draft.

The research described in Part 2 has been submitted for publication. Leonard, M.; Tsyshevsky,

R.; M.; Durke, E. M.; Karwacki, C.; Kuklja, M. M. and Rodriguez, E. E. were contributing

authors on the manuscript. I designed experiments, synthesized and characterized the materials,

performed the data analysis and interpretation, and wrote the manuscript draft.

4.1 Part 1: Investigation of DMMP interaction with mesoporous CeO2

4.1.1 Introduction

DMMP interaction on different binary metal oxides, such as Al2O316, TiO2[80, 23, 62],

CuO[59, 45], MoO3[3, 81], Fe2O3[82], ZnO[22],Y2O3[68] and CeO2[63], has been studied ex-

perimentally and theoretically. DMMP reactivity on TiO2, CuO, Y2O3 and CeO2 has been

reported, with DMMP dissociation observed at room temperature. Fluorite CeO2 draws extensive
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attention in many �elds of catalysis and surface reaction such as photocatalytic dye degradation,

electrocatalytic water splitting/ CO reduction, fuel/CO conversion and oxidation[83, 84]. CeO2

demonstrates high reactivity in many catalytic and noncatalytic reactions due to its unique surface

structure and the high reactivity of Ce4+. Several studies on the decontamination of phosphorus

containing compound with CeO2 materials show high activity of CeO2 towards dephosphorylation-

[63, 85, 86, 87, 26]. DMMP dissociation is no exception. Chen et al. 24studied the interaction of

DMMP on the CeO2 (111) single crystal surface. They concluded based on observed DMMP

dissociation that CeO2 can be used as the potential �lter material for the protection against

CWAs[63]. However, results obtained from single crystal surface experiments are far from the

practical applications due to the low surface area of samples and experimental conditions that are

signi�cantly different from atmospheric conditions. Additionally, a fundamental understanding

of why CeO2 is reactive towards DMMP and how DMMP dissociates on the CeO2 is still lacking.

In this Study, we report the results of the most comprehensive (thus far) joint experimental

and theoretical study of DMMP adsorption and decomposition on mesoporous CeO2.To study the

interaction of DMMP with CeO2, we synthesized mesoporous CeO2 with a reported nanocasting

method[88, 89]. The as-synthesized mesoporous CeO2 has a relatively large surface area, making

it practical for the application as an adsorber. Adsorption and decomposition of DMMP on

mesoporous CeO2 were studied using mass spectroscopy and in situ Diffuse Re�ectance Infrared

Fourier Transform Spectroscopy (DRIFTS). DFT modeling of DMMP interactions with pristine

and hydroxylated CeO2 (110) and (111) surfaces was conducted to interpret experimental measur-

ements. We observed the DMMP decomposition through both mass spectroscopy and DRIFTS

measurement at room temperature. DFT modeling shows that although both pristine and hydroxylated

CeO2 surfaces decompose DMMP, it is the pristine surfaces that are more reactive than the
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hydroxylated ones. Our combined experimental and theoretical studies provide fundamental

insights on the key parameters for designing CeO2 -based materials to defeat chemical agents

similar to DMMP such as GB.

4.1.2 Experimental Section

4.1.2.1 Synthesis of Templated Mesoporous CeO2

Mesoporous CeO2 was synthesized via a nanocasting method similar to the previously

reported approach[88, 89]. The silica template KIT-6 was �rst prepared via a reported method34,

for which 85 °C was used as the aging temperature during the KIT-6 synthesis. In our typical

synthesis of mesoporous CeO2, 0.5000g as-prepared KIT-6 silica was initially dispersed in 20.0

mL 95% ethanol. Then 1.362g Ce(NO3)36H2O was also dissolved in the same solution. The

mixture was stirred at room temperature until all solvents evaporated and the mixture became

a dry powder. The powder was later transferred to a glass vial (diameter� 5 mm) and under

calcination at 560 °C for 6h (ramping rate 1°C/min). During the calcination step Ce(NO3)3��6H2O

decompose and oxidizes to pure CeO2. To fully remove the silica template, the CeO2/KIT-6

composite was soaked in 2M NaOH solution at 80 °C overnight; this step was repeated three

times. After washing 3 times with distilled water and twice with ethanol, the �nal mesoporous

CeO2 product was dried in air at 80°C overnight and then at 150°C for an additional 24h.

4.1.2.2 Surface and Structural Characterization of Mesoporous CeO2

Transmission electron microscopy (TEM) image was taken using a JEOL JEM 2100 LaB6

TEM system. Powder X-ray diffraction (XRD) pattern was recorded on the Bruker D8 Advance
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diffractometer, with Cu K� /K� radiation. Rietveld re�nements were performed using TOPAS

535. X-ray Small angle scattering (SAXS) patterns were collected with a Xenocs Xeuss SAXS/-

WAXS/GISAXS system. The nitrogen adsorption isotherms were measured with a Micromeritics

ASAP 2020 Porosimeter Test Station, and the surface area was calculated by applying the Brunauer-

Emmett-Teller (BET) equation on adsorption data obtained at P/P0 between 0.05 and 0.35. The

pore size distributions were calculated by analyzing the adsorption branch of the N2 sorption

isotherm using the Barret-Joyner-Halenda (BJH) method. Raman spectroscopy was obtained

with Yvon Jobin LabRam ARAMIS using 532 nm laser source. Ce 3d and O 1s spectra were

collected on a Kratos Axis 165 X-ray photoelectron spectrometer (XPS) operating in hybrid

mode using Al K� monochromatic X-rays at 280 W. All XPS spectra were calibrated to the C

1s peak at 284.80 eV, and �ts were performed using CasaXPS. Shirley background was used

for background subtraction, and the peaks �t with a 30% Gaussian +70% Lorentzian peak shape

pro�le.

4.1.2.3 CO Adsorption IR Spectroscopy on CeO2

CO adsorption studies on CeO2 were performed in a high vacuum chamber with a base

pressure at 3x10-9 Torr. A more detailed description of the vacuum chamber is provided elsewhere

[20]. The CeO2 was pressed into a 0.004” thick W-grid and attached to the sample mount via

stainless steel clamps connected to copper rods. The copper rods were attached to a power supply

allowing for resistive heating of the sample up to� 1000 K at a resolution of ±0.1 K. Before

introducing CO into the vacuum chamber, the sample was heated up to 450 K for 30 minutes in

order to remove H2O and hydrocarbon impurities. After heating, the surface was cooled down
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with LN2 (� 140 K) and an IR spectrum was taken of the CeO2 sample. An IR spectrum was

taken of the W-grid without any CeO2 powder and used as the background. Each IR spectrum

contains an average of 256 interferograms at a resolution of 2 cm-1.

Subsequently, 10-2 Torr of CO vapor was introduced into the vacuum chamber. An IR

spectrum was taken and was subtracted from the IR spectrum of CeO2 prior to CO exposure. The

subtracted spectrum represents a difference spectrum showing the CO adsorption on the CeO2

surface.

4.1.2.4 Detection of DMMP Decomposition on Mesoporous CeO2 via Mass

Spectrometry

Mass spectrometry was used to detect any reaction products from the interaction of mesopo-

rous CeO2 and DMMP. The measurements made with a mass spectrometer used an experimental

setup described in the previous work[90], but again brie�y described here. Before analysis with

the mass spectrometer, the CeO2 sample was heated to 200°C to remove any potential surface

contaminants. Three mass �ow controllers regulate the �ow of dry argon, argon saturated with

water, and DMMP, all of which are combined to produce a 35 mL/ min total �ow that is 0.4

P/P0 DMMP and 4% relative humidity at room temperature. The combined �ow is passed into a

4.7625 mm ( 3/16”) ID quartz tube which holds the CeO2 sample, supported by inert glass wool.

The quartz tube is heated at 10 °C/min to 325 °C and held for 3 hours before cooling to room

temperature, where it dwells for approximately 7 hours before heating again. This temperature

cycle was repeated multiple times. Downstream from the material, a capillary line samples the

gas mixture into the Quadrupole Mass Spectrometer, which collects full mass scans up to m/z
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125. All-time traces are normalized to m/z 36 (an isotope of Argon) to minimize the effects of

signal drift.

4.1.2.5 In situ DRIFTS of DMMP Adsorption/Decomposition on Mesoporous

CeO2

For the diffuse re�ectance infrared Fourier transform spectroscopy (DRIFTS) measurements,

a Harrick Scienti�c Praying Mantis DRA optical accessory was used with an associated Harrick

Scienti�c high-temperature reaction chamber HVC-DRP-5 and temperature controller unit (110

V, ATC-024-3). Prior to DMMP exposure, mesoporous CeO2 powder was heated under the 25

mL/min Ar �ow at 200°C for 2 hours to remove as much physisorbed water as possible and then

cooled to room temperature. We were mainly interested in the interaction between mesoporous

CeO2 and strongly adsorbed DMMP molecules. Additionally, we wanted to minimize the DMMP

contamination in our DRIFTS system. Thus, a swift injection approach was employed to introduce

DMMP into the DRIFTS cell containing mesoporous CeO2 powder. In a typical experiment,

mesoporous CeO2 powder in the cell was under constant 25 mL/min Ar �ow. Then 2 mL saturated

DMMP vapor carried by N2 was quickly injected into the system using a delay-controlled electronic

injector. The illustration of such a system is provided in the Appenidx A (Figure A.1). The

injections occurred every 20 min. Between injections, DRIFTS spectra were collected every

30 s, allowing for the observation of strong interaction between the substrate (CeO2) and the

molecule of interest (DMMP). In total, 10 DMMP injections were performed. Instrument setup

is presented in the supplementary information.
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4.1.2.6 DFT Modeling of DMMP interacting with CeO2 surfaces

Solid state periodic calculations were performed with DFT[91, 92] using GGA PBE[93]

functional and projector augmented-wave (PAW) pseudo-potentials[94], as implemented in the

VASP code[95, 96, 97, 98]. Hubbard's parameter U44 was introduced to account for Ce 4f

orbitals and was set to 4.0 eV in accordance with reported literature[99]. Grimme's D246

corrections were added to account for weak van der Waals interactions. In simulating ideal bulk

crystals, atomic coordinates and lattice constants were allowed to relax simultaneously without

any symmetry constraints. The convergence criterion for electronic steps was set to 10-5 eV, and

the maximum force acting on any atom was set not to exceed 0.01 eV/	A. Kinetic energy cut-

off was set to 520 eV. In modeling CeO2 crystal, an 8×8×8 Monkhorst-Pack k-point mesh was

used. The calculated lattice parameters of the CeO2 cubic unit cell (Figure 1a) with Fm-3m space

group, a=5.37	A, agree with the experimental lattice vectors (a= 5.41	A) within � 1 %.

Our calculations of DMMP adsorption and decomposition were limited to modeling reacti-

ons on the most stable surfaces, including (110) and (111) surfaces (Figure 1 b and c), observed in

our experiments. The model slab of (110) surface contained 252 atoms with the supercell lattice

vectors of a = 16.23	A, b = 14.92 	A, and c =31.61	A. The model slab of (111) surface contained

240 atoms with the supercell lattice vectors of a = b = 15.03	A, and c =34.37	A. A vacuum layer of

20 	A placed on top of the CeO2 surfaces served to minimize interactions between the supercells

in the z-direction and to avoid any signi�cant overlap between wave functions of periodically

translated cells. All surface calculations were performed at G-point only. Kinetic energy cut-offs

in modeling CeO2 (110) and (111) surfaces were set to 520 eV. The convergence criterion for

electronic steps was set to 10-5 eV, and the maximum force acting on any atom was set not to
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Figure 4.1: a) Structure of CeO2 crystal; Structures of CeO2 b) (110) and c) (111) surfaces; d) side
and e) top views of hydroxylated CeO2 (110) surface; f) side and g) top views of hydroxylated
CeO2 (111) surface.

exceed 0.03 eV/	A.

In modeling DMMP interactions with hydroxylated CeO2 surfaces, a monolayer of water

was added on CeO2 (110) and (111) surfaces. Our calculations show that the monolayer of water

containing intact and dissociated water (OH group) molecules is the most energetically favorable

con�guration for CeO2 (110) surface (Figure 4.1 d and e), whereas for CeO2 (111) surface the

monolayer of water containing only intact water molecules corresponds to the most energetically

favorable con�guration (Figure 4.1 f and g).

Minimal energy paths in the VASP periodic calculations were obtained with the standard

nudged elastic band method[100] . Atomic positions were relaxed using conjugate gradient and

quasi-Newtonian methods within a force tolerance of 0.05	A/eV. The convergence criterion for

electronic steps was set to 10-5 eV.

53



4.1.3 Results

4.1.3.1 Bulk and Surface Properties of Mesoporous CeO2

Characterization of the structure and surface of synthesized mesoporous CeO2 is presented

in Figure 4.2. The resulting mesporous morphology and structure resemble results previously

reported for mesoporous ceria[89, 101]. An ordered mesoporous structural property is visible

from the TEM image (Figure 4.2a). Diffraction peaks for the (211), (220) and (420) re�ections

of structure are observed in the SAXS pattern (Figure 4.2b), which con�rm the ordered porous

structure of a body-centered cubic structure (space group Ia-3d). Nitrogen adsorption isotherms

and the corresponding pore size distribution curve (inset) are displayed in Figure 4.2d. The

extracted BET surface area is 130.4 m2/g and the mean pore size is approximately 3.6 nm. XRD

patterns (Figure 4.2e) con�rm the pure phase of cubic CeO2 with the �uorite-type structure (space

group Fm-3m). We note that the diffraction peaks in the XRD pattern severely broaden due to the

nanocrystalline nature of the mesoporous CeO2. The Rietveld re�nement indicates that the lattice

parameter is 5.4138(8)	A and the average crystallite size 11.8(1) nm. Raman spectroscopy (Figure

4.2c) shows a major F2g vibration mode, also indicative of phase-pure CeO2 with the �uorite-type

structure. Similar to the XRD patterns, the pronounced peak broadening in the Raman spectrum

arises from quantum size con�nement of nanocrystalline CeO2[100]. The asymmetric peak shape

is largely due to the surface states[102] because of the high surface area of the mesoporous CeO2.

Ce 3d XPS is displayed in Figure 4.3a. The spectra are �t by employing previously reported

parameters[103] . Appling only Ce4+ components affords a good �t to the spectrum, which

implies that Ce4+ predominates as the Ce species on the surface. O 1s XPS (Figure 3b) suggests
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