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ABSTRACT

This thesis covers synthetic investigations, characterization, and applications of
transition metal doped titanium dioxide materials and transition metal phosphide/sulfide
structures. Both areas are useful in heterogeneous catalysis, battery energy storage, and
in semiconductor light to energy conversion. Two main synthesis routes have been
investigated: 1) rapid solid state metathesis (SSM) of transition metal oxides,
phosphides, sulfides, and thiophosphates, and 2) sealed ampoule routes of transition
metal phosphides and thiophosphates. SSM reactions tend to yield kinetically controlled
multiphase products while sealed ampoule routes gave more thermodynamically
favorable single phase materials.

Approximately 10 mol% of many first row transition metals (M = Cr, Mn, Fe, Co,
Ni, Cu) were targeted for doping into TiO,, using MCly, and sodium peroxide in SSM
reactions, targeting an ideal mixed phase of Mg 1Tip9O,. X-ray diffraction showed rutile
TiO, and generally no separate dopant metal phases were seen until subsequent 1000 °C
annealing in air. Energy dispersive spectroscopy (EDS), inductively coupled plasma
optical emission spectroscopy (ICP-OES), and X-ray photoelectron spectroscopy (XPS)
analysis showed slightly lower than the targeted M:Ti ratios; however the manganese
sample had more than the ideal 10 mol % of dopant. Diffuse reflectance spectroscopy
(DRS) data showed estimated bandgap energies of the doped samples within 1.33-2.55
eV visible range. Magnetic susceptibility showed small paramagnetic responses from all
samples that increase upon annealing. Scanning electron microscopy (SEM) showed that

the doped SSM-TiO, samples were mixtures of aggregates and blocky particles.



The synthesized doped titanias were tested for methylene blue and methyl orange
photodegradation under UV and visible light and for H, generation from water reduction
under UV light. The doped titania samples absorb significant amounts of methylene blue
dye in the dark with the manganese doped TiO, sample being the most absorbent.
Degradation of methylene blue under UV illumination was observed; however, only
modest degradation under visible light was observed. The samples performed better than
Degussa P25 TiO, standard under visible light. The doped titanias did not degrade
methyl orange well under UV light and they did not show detectable H, generation from
water in UV light even with surface platinum additions.

Transition metal phosphide, sulfide and thiophosphate materials were synthesized
in two different ways. The metal halides FeClsz, CoCl,, NiCl,, and CuCl,, red phosphorus
and elemental sulfur (or P,Ss) were common to both SSM and ampoule reactions. Both
SSM reactions and sealed glass ampoules are solvent-less direct solid state reactions to
target FeP,, CoP3, NiP,, CuP,, FeS,, CoS,, NiS;, CuS, FePS3, CoPS3, NiPS3 and CuzPS,
phases. SSM reactions utilized MCI,/LisN mixtures to produce elemental metals to then
react with P/S reagents leading to metal-rich phosphides, sulfur-rich phases or mixes of
M-P-S and sulfur rich phases. Phosphorus-rich phases were seldom seen. Ampoule
reactions in contrast, produced single phase phosphorus-rich phases and M-P-S products.
Sulfide phases were not produced in ampoule systems.

To encourage unique product morphologies, the metal phosphide and
thiophosphates were directly synthesized on P25 TiO, powders, and pre-made molten
fluxes (KCI/LiCl eutectic, tin, or bismuth) to encourage crystal growth of unique

structures. M-P products were successfully synthesized in the eutectic and tin fluxes,
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except for FeP, in the halide eutectic flux. FeP, was grown in the tin flux at lower than
normal reaction temperatures (500 °C vs 700 °C). Monoclinic NiP, was synthesized
instead of the cubic phase which was seen in ampoule reactions. M-P-S products were
seen in the eutectic flux only, while SnS, M-P, or M —=Sn-P products were observed in tin
fluxes. All reactions were unsuccessful in bismuth flux. The deposition reactions
yielded M-P and M-P-S products on P25 TiO, powder. The NiP, and CuP; products
were seen while FeP, and CoP3 were not observed. From these samples, only FeP and
CoP was detected on P25 TiO,. The M-P-S reactions formed the targeted phases on P25
Ti0; successfully. These deposited materials were tested for their photo-reactivity
towards water reduction.

Preliminary tests for UV light induced and electrolytic hydrogen evolution were
done using some ampoule synthesized M-P and M-P-S materials. None of the samples
showed H, generation using UV light, however H, was detected from several MPy and
MP,Sy materials in this thesis under acidic electrochemical conditions at fairly low

applied overpotentials of -40 mV to -240 mV.
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PUBLIC ABSTRACT

This thesis describes synthetic investigations, characterization, and applications of
transition metal doped titanium dioxides (M-TiO,) and transition metal phosphide/sulfide
(M-P/M-S) structures. These materials are useful in heterogeneous catalysis, battery
energy storage, and in light to energy conversion. Two main synthesis routes have been
investigated: 1) rapid solid state metathesis (SSM) reactions to form transition metal
oxides, phosphides, sulfides, and thiophosphates, and 2) evacuated sealed glass tube
reactions to grow metal phosphides and thiophosphates (M-P-S).

First row transition metals were doped into the TiO, structure using rapid SSM
reactions. Several characterization methods were made to identify and quantify amounts
of dopant metals. M-TiO, samples also tested for organic dye degradation under UV and
visible light and for H, formation from water under UV light.

The M-P, M-S and M-P-S materials were synthesized using solvent-free rapid
SSM reactions and in evacuated, sealed glass tubes. Solid metal halides were heated with
red phosphorus, sulfur, or both. Rapid SSM reactions tend to yield multiphase products
while sealed ampoule reactions produced single phase materials.

To encourage unique product shapes and crystal growth, the M-P and M-P-S
materials were grown on Degussa P25 TiO, powder, and in molten fluxes. Preliminary
UV photocatalysis and electrochemical hydrogen evolution were done using select

ampoule synthesized M-P and M-P-S materials.
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CHAPTER 1
INTRODUCTION TO METAL OXIDE, PHOSPHIDE, SULFIDE AND
THIOPHOSPHATE MATERIALS

1.1 Background on materials used in this work

This introductory chapter will set a foundation for the research reported in this
dissertation. The focal point is the synthesis of targeted metal oxide, phosphide, sulfide
and mixed phosphide-sulfide materials (thiophosphates). The materials are an inspiration
from past group work that demonstrated new reaction pathways using rapid solid state
synthetic approaches using first row transition metals' and unique phosphorus reactions.?
Modified traditional solid state reactions and growth techniques for binary and tertiary
materials were targeted. Characterization techniques used in the research will be
explained as well. In this chapter, common solid state synthetic techniques will be
discussed and compared to the reactions used in the synthesis of materials that will be
discussed in the following chapters.

Transition metal materials are abundant in a wide variety of applications. These
elements are reflected in their abundance in the earth’s crust as minerals. Metal oxides
are common minerals that can be mined, collected, and reacted to produce useful starting
materials, such as metal halides and nitrides. Most thermodynamically stable metal
oxides are insoluble in water and organic solvents. Often mixtures of hot concentrated
oxidizing acids, HF, or aqua regia can dissolve the metal oxides. Metal oxides are also
resistant to heat treatment. A list of common first row transition metals and their
respective physical properties are listed in Table 1.1. The heats of formation are given
along with the melting points of common metal oxides. The oxides listed are all
thermodynamically stable, as shown by their relatively large exothermic AH; values. The
melting points of the oxides are often very high, which is advantageous for industrial

uses.



Table 1.1

Selected common first row transition metal oxides. Respective metal

oxidation states, melting points and heats of formation are given for each
solid. (D) denotes decomposition upon melting. Data from CRC

Handbook of Chemistry and Physics 71% Edition and Thermochemical
Data of Elements and Compounds.

Cation
Metal Oxide Oxidation Melting Point (°C) | AH¢ (kJ/mol metal)
State
TiO,, Ti,03, TiO 4+, 3+, 2+ 1857, 1842, 1750 -945, -761, -543
V,0s5, VO35, V503 5+, 4+, 3+ 690, 1545, 1967 -775, -714, -609
CrOs, CrO,, Cr,03 | 6+, 4+, 3+ 185(D), 375(D), -579, -582, -570
2330
MnO,, MnO, 4+, 2+, 535(D), 1810, -522, -382,
Mn30,4 2+/3+ 1565 -462
FeO, Fe30,4, Fe,03 | 2+, 2+/3+, 3+ | 1377,1597,1594 -266, -372, -411
Co0, C030;4 2+, 2+/3+ 1795, 1805 -238, -302
NiO 2+ 1955 -240
Cu,0, CuO 1+, 2+ 1236, 1326 -84, -156
Zn0O 2+ 1975 -351

Similar to metal oxides, several metal phosphides and sulfides are found in some

natural minerals and are extracted by mineralizing acids. Selected metal phosphide and

sulfide materials and their physical properties are shown in Tables 1.2 and 1.3.

Traditional synthesis methods are also shown in each table and are often high

temperature ampoule syntheses. Several metal phosphides and sulfides are black in color

and are used in catalysis.




Table 1.2 Selected first row transition metal phosphides. Respective metal
oxidation states, heats of formation, and traditional synthesis
conditions are given for each compound. The data is from CRC
Handbook of Chemistry and Physics 71% Edition, Thermochemical
Data of Elements and Compounds, or cited from superscripted
references. (NR = not reported)

Metal Cation AH;s
. Oxidation | Traditional Synthesis Methods (kJ/mol
Phosphide
State metal)
. From elements, 850 °C silica
TP +3 tubes, 10 days® 283
From elements using |, vapor 5205
VP4 +2 transport, 550 °C in silica tubes* 239
From elements, 900-1200 °C, 15-
CrPs +2 65 kbar, high pressure anvil press® NR
From elements, 1227-1427 °C, 30-
MnP4 +2 55 kbar high pressure anvil press ’ NR
Fep +3 F_r(_)m elem%nts, 900 -1150 °C in 126
silica tubes
From elements using |, vapor
CoP *4 transport, 600 °C in silica tubes* NR
Ni,P 42 Fromgelements, T >1000 °C silica 1675
tubes
CusP +1 From elem%\ts, 500- 1000 C, 2129
silica tubes




Table 1.3 Selected first row transition metal sulfides. Respective metal oxidation
states, heats of formation, and traditional synthesis conditions are given
for each compound. Synthesis methods are for the bold phases. Data
from CRC Handbook of Chemistry and Physics 71% Edition,
Thermochemical Data of Elements and Compounds, or cited from
superscript references.

Cation . .
. e Traditional Synthesis AHs
Metal Sulfide Oxs'?aitéon Methods (Bolded phases) (kJ/mol metal)

From the elements, I, vapor
TiS,TiS; 2+, 4+ transport, 750 - 900 °C, -272, -407
silica tubes, 14 days ™

From the elements, 250-700

MnS, MnS, 2+, 4+ | oC silica tubes, 30 days'? 213, -226
From the elements, I, vapor

FeS, FeS,(p) 2+, 2+ transport, 620 °C, silica -102, -172
tubes, 5 days™®

CoS,, Co,S;, 2+, 3+, | From the elements, 700- -153, -147,

Co3S4 2+/3+ 800°C, silica tubes™ -359

. ° -134, -203

NiS, NisS, 2+, 2+ F_r(_)m the elleé_)ments, 1000 °C,
silica tubes

CuS, Cu,S 2+, 1+ From the elements, sulfur 53, -80

vapor, 550° C, silica tubes™®

In industry, these materials are used in optics (ZnS), mechanical lubricants
(layered MoSy) fertilizers, pesticides, and semiconducting materials. Some metal
phosphides and sulfides are used in the semiconducting field for their tunable lower band
gap energies (GaP, InP). A compilation of band gap energies for common metal oxide
(M-0), metal phosphide (M-P), and metal sulfide (M-S) materials are shown in Table
1.4. All entries without superscripts are from the same reference source. *’ The band gap
energy is an important feature of the electronic structure of compounds. The band gap is
the energy between the highest occupied molecular orbital, the top of the valance band
(VB) and the lowest un-occupied molecular orbital, the bottom of the conduction band

(CB) within a material. Under normal conditions, most electrons are localized in the VB



and can be excited to the higher energy CB upon an applied electrical potential, light,

heat, and other forms of energy input.

Table 1.4 Band gap energies (Eq) of metal oxide, phosphide, sulfide and
thiophosphate materials at room temperature. Super script numbers
are cited references.

Oxide Phosphides Sulfides
Metal

(B.G. eV) (eV) (eV)
Ti TiO, (R=3.20, A=3.00) | TiP (metallic)'® | TiS, (1.24)
Vv V,0s (2.34) VP(metallic)® | VS, (1.35)%®
Cr Cr,03 (1.62) CrP(metallic)® | Cr,S; (0.90)
Mn MnO, (0.28) MnP, (0.14)% MnS (6.20)
Fe Fe 03 (2.34) FeP, (0.40) FeS; (1.2)
Co Co304 (2.43)% CoP (1.71)% CoS (1.13)*
Ni NiO (3.70) NiP, (0.50) NiS, (0.50)
Cu Cuy0 (2.02) CuP; (1.4) Cu,S (1.84)
Zn ZnO (3.35) Zn3P; (1.15) ZnS (3.87)

1.1.1 Structure and Common Applications of Transition Metal Oxides

First row transition metal oxides for a wide variety of structures under ambient
and pressure/reaction related conditions. TiO, forms three common phases under
ambient conditions. These are anatase, brookite and rutile. Anatase and rutile both adopt
tetragonal unit cells while brookite is orthorhombic. Vanadium oxides range in
symmetry from trigonal to rock salt cubic structures. Chromium, manganese, iron, and
cobalt oxides form spinel and corundum like unit cells. Nickel and copper oxides form

cubic and monoclinic structures. Zinc oxide forms the hexagonal wurtzite structure.



Some examples of the crystal structures of first row transition metal oxides are shown in

Figure 1.1.

TiO, (rutile)

W T

Figure 1.1 Examples of first row transition metal oxides demonstrating different
Bravis lattices. TiO, in the rutile phase is tetragonal, Cr,O3 is
rhombohedral, NiO is cubic, and CuO is monoclinic.

Colored metal oxides are used as pigments in ceramics, as glazes and refractory
materials utilize the oxides in cements and hard clays for improved structural integrity.
The structure of the metal oxides influences the use. For example hematite, Fe,Os3, is a
reddish solid that is used as a red pigment, an abrasive polish, and an additive in
cosmetics, while magnetite, Fe3Oy,, is used as a black pigment and in biological studies as
nanoparticle magnetic contrasting agents and in catalysis.”>?® TiO, has several uses in
both consumer products and industry. It can be found in pigments, papers, and plastics.
In research, TiO; is a very important photo-catalyst. V,Os is a very commonly used
industrial catalyst for H,SO, production, thermal imaging, and in redox batteries. CrO, is
primarily used in magnetic tape material that is located in CD’s and DVD’s, while CrO3

is a very powerful oxidizing agent used in chrome plating and as a stripping reagent.



MnO is used as a green pigment in ceramics and MnQO; is well known for its use in dry
cell batteries. CoO is used as a deep blue pigment in ceramics. NiO is also used as a
pigment but also has uses in Ni-Fe batteries. Cu,O is a red solid used as an anti- fungal
agent while CuO is a black solid used in the welding industry or as a black pigment in
ceramics. ZnO is used in several consumer products, particularly in the manufacture of
rubbers and plastics. The second row transition metal oxides have some interesting
properties and uses. The most common oxide, zirconium dioxide (ZrO,), is used as a
ceramic material and has noteworthy use as an O, sensing material in O sensors due to
oxygen’s high mobility through its crystal structure. It is also used as a thermal barrier
coating for its high thermal stability

Of the oxides mentioned, TiO, is by far the most commonly used oxide in
research for its non-toxic nature and wide variety of uses. TiO, can be found in
practically any white colored consumer and industry product and is used as a sunscreen
additive, since TiO, absorbs UV light. For this reason, TiO, is well known as a useful
UV photocatalyst. UV light however, is only a small fraction of light that is emitted from
the sun, and because of this, several efforts have been made in research to adjust the
usefulness of TiO; into the visible light region.

Over the years, there have been several literary reviews demonstrating doping and
the effects on improved photo-response in the visible light regions.?**° Traditional
doping methods involve using small amounts (~1-5 atomic %) of another atom to replace
atoms within the TiO, structure. The uses of doped TiO, are numerous, with organic
pollutant degradation and water oxidation/reduction being the leading uses. Using visible
light from sunlight is ideal since it emits a majority of visible light wavelengths. Doping
methods using metal and non-metal ions aid in facilitating electron movement to higher
energy orbitals allowing catalytic reactions to be performed in higher wavelengths within

the visible light region.



Nitrogen and carbon doping are examples of anion doping used for shifting the
band gap energy of TiO, into the visible region. This is done by anionic replacement of a
small amount of oxygen atoms with nitrogen, carbon or mixtures of both. Nosaka et. al
utilized organic guanidine and urea to dope nitrogen into TiO,>*! Sato et. al doped TiO>
with nitrogen using agueous ammonia solutions in combination with titanium
tetrachloride or titanium tetraisopropoxide hydrolysis ending with calcination.*
Hydrothermal synthesis of N-doped TiO, was done by Cong et al. using organic nitrogen
containing compounds.®®

Carbon has also been doped into TiO; to improve its catalytic performance under
visible light. Common methods involve mild heating of TiO, in the presence of
hydrocarbons or volatilizing carbonaceous material in the presence of a titanium
precursor, and then growing carbon and TiO, together using transport methods. Irie et al.
produced carbon doped anatase TiO, from mild heating of TiC at 350 °C in air followed
by annealing at 600 °C under O, atmosphere and showed decomposition of 2-propanol
under visible light.** Wu et. al. produced carbon doped TiO, from chemical vapor
deposition synthesis of nanotubes and nanospheres from a Ti(OC4Hg)4 precursor and
tested the material for its capabilities to perform as a visible light photocatalyst by UV-
Vis techniques.®® Ren et. al. synthesized carbon doped TiO, using a hydrothermal
treatment of amorphous TiO, and glucose at 160 °C and tested for rhodamine B dye
degradation under visible light.®** Other anions, such as fluorine, sulfur,®” and phosphorus
have been doped into TiO; and are doped in similar fashions to carbon and nitrogen.

Cation doping of metal ions into TiO, has been done to promote visible light
catalysis. These involve substitutional doping, which replaces Ti** ions for similar sized
metal cations. Interstitial doping can be used, but often requires small ions that can fit
within the voids of a crystal lattice (e.g. Li*). Transition metals are ideal targets due to
variations in d-orbital electronic structures which lead to visible colors. Strategies of

doping often involve pyrolysis of mixed titanium and transition metal precursors in air,



sol-gel precipitation, and hydrothermal synthesis. Dvoranova et. al. produced Cr, Mn,
and Co doped TiO; using hydrolysis of TiCls or TiCl, with Cr,03, CrCls, MnCl,, or
CoCl, followed by heating to 500 or 600 °C under inert or slightly reducing Hy/N,
atmosphere.®® The dopants were varied from 0.2-1.0 atomic percent. Nagaveni et. al.
utilized a solution combustion method to produce undoped and transition metal doped
anatase TiO; using TiO(NO3); as the titanium source, glycine, and aqueous dopant
precursors of Zr, Ce, V, W, Cu, and Fe. The solutions were heated to dryness at 350 °C
and the dopants were varied from 1-10 atomic %.*° Elaborate materials from combining
both non-metals and metals as co-dopants within the TiO; structure have also been

synthesized.

1.1.2 Structure and Common Applications of Transition Metal Phosphides,
Sulfides and Thiophosphates

Phosphorus forms a wide variety of compounds with majority of the elements.
The structures of metal phosphides vary depending on the metal. These structures are
often complex with unexpected oxidation states. For example, LisP is a black solid and
consists of Li* and P* anions, while a-LisP; is a yellow solid that consists of P;> cage
like anions.”®*" The transition metal phosphide structures are even more complex. NisP,
consists of an unusual array of two types of anions: P* and P,* pyramids.*** TiP,
consists of P> and infinite P” chain like anions.*** Transition metal phosphides have
some applications in and industry but are rare since they are not naturally common in
nature. The most common use is in catalysis. Ni,P is widely used as a catalyst in

hydrodenitrogenation (HDN and hydrodesulfurization***°

(HDS) processes. ZnP is used
as rodenticide, producing phosphine gas when interacting with HCI.
Similarly with metal phosphides, the sulfides have many compounds for each

transition metal. There are a wide variety of titanium and vanadium sulfides for each
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oxidation state of the metals. A list of the first row metal sulfides (and phosphides) is
shown in Table 1.2. There are several chromium sulfides known which include CrS,
Cr,Ss, and Cr3Sy. The crystal structures vary from each chromium sulfide. Manganese
sulfide, MnS, forms a cubic structure. The most common iron sulfide material is pyrite,
FeS,, and has a cubic unit cell. Cobalt sulfides such as CoS, and CosS, are commonly
seen, having pyrite and spinel structures respectively. Nickel forms the NiS trigonal
structure mainly. Several copper sulfides are known, such as CuS, Cu,S, and CuS,, and
are used as semiconductors. ZnS is used as a wide band gap semiconducting material.
Zinc sulfide forms the cubic, zinc blend structure under ambient conditions, and
hexagonal phase at higher temperatures (~1000 °C). The heavier transition metals form
metal sulfides that are often layered, such as MoS,, and are used as mechanical
lubricants. Most sulfide materials are used in catalysis as semiconducting photocatalysts,
HDN and HDS catalysts.*"™

Ternary metal thiophosphate materials have interesting structures. Example unit

cell structures of nickel phosphide, sulfide and thiophosphate are shown in Figure 1.2
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Figure 1.2 Example unit cell structures of nickel phosphide, sulfide and
thiophosphate compounds.
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Materials with the MPX3 (X= S, Se) formula form layered structures similar to CdCly,
missing a layer of atoms within the unit cell. The unit cells are either monoclinc or
rhombohedral and consist of metal M?* ions and P, pairs in octahedral sites, and the
chalcogen atom having ccp arrangement of atoms. The empirical formula is similar to
MS; and can be thought as [Mz)(P2)w3)]S2.>° Another way to think of the structure is
two M?* cations shared between P,Ss* anions. The lack of atoms occurs every second
octahedral site layer between the chalcogen atoms and is a considered a VVan der Waals
gap in the MPXj3 structures since in one direction, the unit cell is only held together by
Van der Waals forces. The sulfur (or selenium) atoms are in direct contact with the gap
which is useful for several intercalation chemistries. There are 24 known compounds
with MPX3 structures, where M= Mg, Ca, V, Mn, Fe, Co, Ni, Pd, Zn, Cd, Hg, In, Sn, and

Pb. Vandium, cobalt, palladium, and zinc do not form MPSe; structures.

1.2 Background on Common Synthetic Methods

Depending on the application, materials can be synthesized a variety of ways.
The ideal materials needed for catalysis require high purity, good crystallinity, high
surface area and very small particle sizes. Solution phase synthesis is traditionally done
to achieve this. One advantage of solution phase synthesis is that isolated, uniform,
nanoscale materials can be achieved using capping agents®*%. Co-precipitation
techniques can also be incorporated into this system to produce more exotic doped or
composite materials®*>***. To achieve desired phases and to maximize product yields,
the reaction speeds are slow and temperatures are often relatively low (T< ~200 °C).

One disadvantage of solution phase synthesis is that the synthesis requires a
solvent, which is often not environmentally friendly. Solid state synthesis methods often
require no solvent and rely on solid-solid interactions to produce products. Reagents are

ground together physically and then heated in either air, inert atmosphere, or under a
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desired gas. As seen in Tables 2.3 and 2.4, traditional solid state synthesis methods often
require materials to be heated at high temperatures and for long periods of time. This is
because the solid to solid diffusion rate is slow compared to similar solution phase
reactions.

To help bridge the diffusion gap between solid interactions and solution reactions,
the use of fluxes have greatly improved the overall reaction quality in solid state
chemistry. Molten metals and metal salts have been used extensively in this aspect of
research. Low melting elements such as tin or bismuth are often used due to their low
reactivity (if any) towards glass and metal oxide reactor vessels. Alkali metal salts have
been used in flux chemistry however they are often reactive towards glass at high
temperatures over long periods of time, causing glass to become brittle. Eutectic
mixtures of salts and metals have also been used to reduce the required temperature to
melt the solids. Eutectics can be formed by physically mixing two or more reagents at
appropriate ratios and heating them together to form an even lower melting solid.

Metal halides, carbonates, nitrates, phosphates and sulfates are popular useful
materials in this respect. Several examples of flux synthesis exist in literature. Bondioli
et al. synthesized CeO powders comparing LiCI/KCI, NaNO3/KNO3;, NaOH/KOH
fluxes.>®> Composite SnO,/TiO, materials were synthesized by Naidu et al. using
LiCI/KCI eutectic flux.”® An interesting solid state metathesis reaction utilizing eutectic
LiCI/KCI flux chemistry to form Er,(CN2); from the reaction between ErCl; and
Li>(CN,) was done by Poser and Meyer.>’

Fluxes need to be robust to handle extreme reaction conditions, and thus metals
are often used. The low melting points of tin (232 °C), lead (327 °C), bismuth (271 °C),
and indium (156 °C) are ideal for reactions that would normally require higher
temperatures or long heating times. Gallium is sometimes used for its very low near
room temperature melting point (29 °C). Single crystals can be grown from fluxes using

vapor/deposition methods. Removal of the crystals can be done by physically pulling
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them from the cooled fluxes or by dissolving away the flux in acids. Acid usage may
remove desired products or alter morphology, therefore the choice of acids and

concentrations need to be considered.

1.2.1 Common Transition Metal Oxide Synthesis Techniques

The metal oxides are widely used for their physical and electronic properties. As
mentioned earlier, the synthesis technique is usually driven by the desired products and
their functionality. Heating metal powders in air or under O, flow is the most
straightforward method of synthesizing metal oxides. Other simple growth methods
involve hydrolysis of moisture sensitive reagents or pyrolysis of organometallic
materials. For example, TiO, can be synthesized from the hydrolysis of TiCl in the
reaction in Equation 1.1, or from high temperature pyrolysis of titanium

tetraisopropoxide in Equation 1.2.

TiCly + 2 H,0 - TiO, + 4 HCI (L.1)
TI(OCH(CH3)2)4 +18 0, 2 TiO, + 12 CO, + 14 H,O (12)

Solution pyrolysis is also a quick and effective technique to produce metal oxides. A
mixture of metal nitrates and an organic fuel source heated in air (or inert pyrolysis) will
produce metal oxides. For example, transition metal oxide nanostructures were
synthesized using pyrolysis of octadecene in the presence of Cr, Mn, Fe, Co, and Ni
salts.® Spray pyrolysis is an effective technique to produce metal oxides in the form of
thin films, and involves heating a very thin layer of a solution of metal reagents and a fuel

source.”® This is particularly useful in the solar cell industry.

62,63 64,65

Nanoscale structures such as plates,’*®* hollow tubes,**® rods,***> and

66,67

spheres™®" are desirable especially as catalysts due to their unique structures, uniformity,
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and large surface areas. Such materials are usually grown from hydrothermal and
solvothermal synthesis due to slow growth times (~12 hours) and low temperatures (T <

300 °C). The materials are isolated using appropriate solvents and drying under vacuum.

1.2.2 Common Metal Phosphide, Sulfide, and Thiophosphate Synthesis
Techniques

Metal phosphides, sulfides and thiophosphates can be synthesized in a similar
fashion to the metal oxides. The most basic routes are to start with inert heating of the
elements in silica tubes. As mentioned before, this process is usually very lengthy and
has solid diffusion barrier issues. Solution based routes are usually performed to obtain
specific morphological moieties. For example, metal phosphides can be synthesized in a
solution of trioctlyphosphine (TOP) and trioctylphosphine oxide (TOPO) with metal salts
or organometallic reagents such as CoCl, or Fe(CO)s. The Fe(CO)s reaction with TOPO
and TOP produces nanowire like FeP structures at 300 °C.%

One unique set of reactions will be discussed in the next section, which involves

rapid propagation of products which will be further investigated in this thesis.

1.3 Background Information on Targeted Products and Reaction Types in

the Proceeding Chapters

1.3.1 Structural Information on Targeted Materials

The targeted M-P products are FeP,, CoP3, NiP,, and CuP,, and the targeted M-S
products are FeS,, CoS,, NiS,, and CuS. M-P-S targeted products are FePS3, CoPS3,
NiPSs, and CuzPS,. A listing of M-P and M-S structural details is shown in Table 1.5

and M-P-S structural details are in Table 1.6.



15

Table 1.5 Targeted M-P and M-S structural information. References are
superscripted numbers.
Space Lattice .
Compound Unit Cell Group Parameters V(()'Igl\ér)ne %322%/
(number) A)
a=4.97
FeP,® Orthorhombic | Pnnm (58) | b =5.66 76.60 5.11
c=2.72
CoP5" Cubic Im-3 (204) | a=7.07 457.83 4.41
NiP," Cubic Pa-3(205) |a=5.47 163.72 4.90
a=>5.80
CuP,” Monoclinic | P21/c (14) | 0~ 481 19357 | 431
c=7.53
B =112.70°
FeS,™ Cubic Pa-3 (205) | a=5.42 159.04 5.01
CosS," Cubic Pa-3 (205) | a=553 168.93 4.84
NiS,"™ Cubic Pa-3 (205) | a=5.69 183.96 4.44
75 a=3.79
CusS Hexagonal P63/mmc c=16.34 203.47 4.681




Table 1.6

numbers.
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Targeted M-P-S structural information. References are superscripted

Compound

Unit Cell

Space Group
(number)

Lattice
Parameters

(A)

Volume (A%)

FeP8376

Monoclinic

C2/m (12)

a=5.95
b=10.30
c=6.72

B =107.16°

393.43

CoPS;"®

Monoclinic

C2/m (12)

a=>5.90

b =10.22
c=6.66

B =107.17°

383.71

NiPS;"’

Monoclinic

C2/m (12)

a=>5.81

b =10.07
€C=16.63

B =106.98°

371.23

CuzPS,’®

Orthorhombic

Pmn21 (31)

a=17.28
b=16.34
€c=6.08

280.43

The unit cell structures of the M-P and M-S products are shown in Figures 1.3 and 1.4

respectively. The bonding in the M-P targeted structures is complicated, and usually

involves P-P bonding. FeP, has P,* dumbbell anions, CoP; has P4* rings, and NiP,

(cubic) has infinite P” chains.** CuP, has edge sharing puckered-like P1o> rings and Cu-

Cu bonding.” The bonding in the M-S targeted structures is similar except for CuS.

FeS,, CoS,, and NiS; all exhibit the pyrite structure which consists of fcc metal ions and

S,* anions.®’ Cus is hexagonal having tetrahedral Cu?* cations and S,* anions.

The unit cell structures of the M-P-S products are shown in Figure 1.5. Extended

structures are shown as well to illustrate the layering of the MPS3 materials and to show

the differences between the MPS; and CusPS, structures. As mentioned earlier, the

MPS; structures contain two divalent metal cations and PS43' anions. The CusPS,
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contains three Cu* cations and PS,> anions The FePSs unit cell contains fewer atoms per

cell than the CoPS; and NiPSs.

Figure 1.3 Unit cell structures for the targeted products FeP,, CoP3, NiP, and CuP..

@ Fe.Co.orNi 0 Cu o S

Figure 1.4 Unit cell structures for pyrites (FeS,, CoS,, NiS;) and CusS.
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Figure 1.5 Unit cell and extended structures for the targeted products FePS; (a),

CoPS; (b), NiPS;3 (c), CusPS, (d). Each extended structure shows 4 unit

cells.

1.3.2 Solid state metathesis reactions

Solid state metathesis reactions (SSM) reactions are exchange reactions between

two or more reagents. The reactions have the general formula AX +RZ > AZ + RX.

SSM reactions performed in this thesis involve reacting metal halides and sodium

peroxide (Na,O,) to form metal oxides, or the metal halides with lithium nitride (LisN),

phosphorous or sulfur to produce metal phosphide, sulfide or thiophosphates. The by-

products are NaCl, and O,, or LiCl, and N,. All of the reagents must be handled in an air

free environment. NayO; and LisN react exothermically with moisture. The metal

halides will form hydrates in water, therefore changing the reactivity of the compound.

The nature of the reactions is very violent, quick, and exothermic. They are triggered by
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an energy source at a single point, such as a heated filament, or self-ignite upon grinding.
Both triggers cause reactions to propagate, reacting with all reagents in close vicinity.
Both types of reactions form very stable salts that are the driving forces of the reaction.®
Reactions done in this research were adaptations from work done by R. Kaner and
I.P. Parkin. Kaner et al. produced refractory materials such as MoS,, MoSe,, WS,, and
WSe, from the metal halides and Na,S through SSM techniques.®? Kaner, Treece, et al.

produced AlIX, GaX, and InX materials, (X= As, Sb or P) using SSM based techniques.®®

85-87 88,89

Kaner et. al. also produced several metal borides,* nitrides, and several oxides.
The starting reagents are crucial to desired product formation and reduced undesired
byproducts such as reduced metals. The violent nature of the reactions gives off enough
heat, reaching temperatures T > 1000 °C,*® which melts some starting reagents and the
byproduct salt for a very short period of time, followed by rapid cooling.

Parkin has synthesized several transition metal-main group compounds
throughout his research. For example, Parkin et al. synthesized TiC, ZrC, VgC;, WC and
Mo,C from the transition metal halides and Al,Cs in sealed ampoules at the halide
melting points or 450 °C.”* A composite list of starting materials and respective products
for these reactions have been investigated and reviewed in great detail.®* Since the
reactions are quite violent, the reaction vessel needs to be able to withstand the heat and
gas expansion.

The SSM reactions in this thesis are a continuation from prior research done in
our group.® Transition metal doped TiO,, transition metal phosphides, sulfides, and
thiophosphates were targeted. The starting materials are anhydrous metal chlorides
TiCls3, CrCls, MnCl,, FeCls, CoCl,, NiCl, and CuCl,, and Na,O, for the doped TiO,
work. TiCls is a dark purple solid that is moisture sensitive and melts/decomposes at 425
°C. CrCljsis aflaky purple solid that melts at 1152 °C. MnCl; is a light pink solid that
melts at 654 °C. FeCls is a shiny black solid that melts at 306 °C and sublimes. CoCl; is

a blue powder when anhydrous and becomes purple when in contact with moisture. It
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has a melting point of 735 °C. This compound is commonly used as moisture indicator in
Drierite indicating desiccant. NiCl; is a yellow solid and has a melting point of 1001 °C.
CuCl; is a brown solid and melts at 498 °C. Na,O; is a yellow solid that
melts/decomposes at 460 °C. It is used as the oxidant in the SSM reactions.

The starting materials for the M-P, M-S and M-P-S work are FeCls, CoCl,, NiCl,,
CuCly, Li3N, red phosphorus, sulfur, and P,Ss. The M-P, M-S and M-P-S work uses
similar starting reagents used in the TiO, work. The main differences are the use of red
phosphorus, sulfur, P,Ss, and LisN. Red phosphorus adopts a polymeric chain of
phosphorus atoms. Red phosphorus is air stable at room temperature. It undergoes a
phase change at 416 °C to air reactive white P, tetrahedra. Yellow sulfur has several
allotropes but is commonly found as Sg rings. It melts at 115 °C and become gaseous at
444 °C. P,Ss is a molecular combination of phosphorus and sulfur that is commonly a
dimer, P4S10. The structure of P4S1 (2-P2Ss) consists of four fused PS, tetrahedra, having
one P-S double bond for each tetrahedron. The compound is moisture sensitive and melts
at 288 °C. LisN is a dark purple solid that melts at 813 °C. It is moisture sensitive and

decomposes in water exothermically.

1.3.3 Ampoule reactions

Metal phosphide, sulfide and thiophosphate materials were targeted using sealed
evacuated glass ampoules. We have synthesized transition metal phosphides via PCl;
elimination in our group and the research done in this thesis continues and expands on
these topics.? These reactions mimic the SSM reactions but differ from the lack of salt
formation, therefore LisN is not used. The reactions are much slower, heated for several
hours with a slow ramp rate in tube furnaces. The products are given enough time to
form and crystallize. These reactions are adaptations from prior work on pressed pellets

and now the incorporation of sulfur. The starting materials are anhydrous metal chlorides
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FeCls, CoCl,, NiCl, and CuCl,, red phosphorus, sulfur, and P,Ss. The properties of the

reagents are described in section 1.3.2.

1.4 Background on Characterization Methods Used in the Chapters

1.4.1 Powder X-ray Diffraction (XRD)

X-Ray diffraction techniques are useful for identifying crystalline phases in
materials. Powder XRD is used in this study to analyze a large range of randomly shaped
crystallites. The diffraction technique utilizes and X-ray source (often copper or
molybdenum Ka) and the ability of the X-rays to diffract off of planes of atoms within a
crystal lattice. X-rays enter the sample at a certain angle and if the diffraction is
constructive, the rays diffract towards the detector at the same angle. Constructive
interference produces peaks in XRD pattern while destructive interference does not.

The peak profile and location can give information about the unit cell of the
materials analyzed. XRD patterns are plotted 26 vs intensity. The spacing between the
layers can be calculated using the Bragg equation, nA = 2dsin6, where A is the x-ray
source wavelength, d is the spacing between the diffraction planes within the unit cell,
and 0 is the angle of diffraction in radians. The general trend with peak position and unit
cell size is that smaller unit cells have diffraction peaks at higher 26 and vice versa. Peak
shifting relative to the reference pattern gives information relating to the atoms in the
respective planes. Peak shifting to lower diffraction angle indicates larger atoms in the
layer and vice versa.

Peak shape gives information about the particle size and crystallinity of the
particles. Highly crystalline materials have very intense, narrow, sharp peaks. Nanoscale
materials have broad peaks. The average particle sizes can be calculated using the
Debye-Scherrer equation t = kA/Bcos6. The equation relates the peak broadening to the

particle size. In the equation 7 is the average size of crystalline domains, k is the shape
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factor (dimensionless), A is the x-ray wavelength, B is the full width half max intensity
and 0 is the diffraction angle measured in radians.

XRD is useful in this thesis as an effective characterization technique for phase
identification and changes from reaction conditions such as atom doping, acid washing,
high temperature inert annealing and reagent choice. The process is non-destructive so

the sample can be recovered if necessary.

1.4.2 Magnetic Susceptibility

Magnetic susceptibly measurements give information of the magnetic response
with respect to an external magnetic field due to the spins of unpaired electrons in a
sample. Commonly, magnetic measurements are made on temperature dependent
systems. The Evans (Gouy) balance is used in this study is limited to room temperature
measurements. Materials that repel the magnetic field (e.g. glass, plastics, and insulators)
give diamagnetic signals and require correction once samples are measured. Materials
that have a weak attraction to a magnetic field are considered paramagnetic.
Ferromagnetic materials are strongly attracted to a magnetic field and need to be
“diluted” with a diamagnetic matrix prior to analysis.

The samples are pre-ground powders and are measured in glass tubes. The Evans
balance provides the volume and mass susceptibilities along with the magnetic moment.
Diamagnetic correction of the elements and glass were taken into consideration. As a
precaution, each sample was tested for any magnetic attraction using a neodymium
magnet. Ferromagnetic materials may damage the sensitive instrument and were diluted
with a diamagnetic solid matrix. NaCl works well since it is diamagnetic, easy to grind
with the samples, and can be removed with water if sample recovery was needed.
Correction for the mass addition of NaCl was needed to obtain an accurate magnetic

susceptibility values.
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1.4.3 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR measurements analyze the vibration modes of IR active (requiring a dipole
moment) bonds in a molecule once exposed to infrared light. The technique is commonly
used in organic chemistry to analyze the functional groups within a compound. Materials
are either pressed between NaCl salt plates or pressed into a pellet with an IR silent, or
negligent, matrix such as KBr. Inorganic compounds are not as straightforward since the
often contain metals which are much heavier than the main group elements. The
vibrations are low energy showing large broad peaks at low wavenumbers. Depending
on the material, FTIR instruments may require manipulation of the optics to measure

lower wavenumber peaks.

1.4.4 Energy Dispersive Spectroscopy (EDS) and Scanning Electron Microscopy (SEM)
EDS utilizes X-rays from a sample that has been hit with a beam of electrons to
give information on the weight and atomic percent values of the elements in a sample.
When a sample is hit with an electron beam, some electrons are reflected back from the
sample surface. These are called backscattered electrons. The electron beam also causes
core electrons to eject from the sample. These are called secondary electrons. The
ejected electrons are replaced with outer shell electrons within the sample, which releases
energy in the form of X-rays. Every element has a characteristic X-ray emission which is
useful for identifying individual elements by EDS. SEM utilizes ejected secondary
electrons, or in the case of porous samples, backscattered electrons. EDS is often
coupled with SEM since both techniques use an electron beam and require vacuum.
Samples are loaded onto conductive stubs, either carbon or aluminum typically,
with a conductive connection such as carbon tape, carbon paste, or silver paste. The
samples also need to be conductive for good imaging and appropriate X-ray signal

otherwise they will undergo “charging”, having a build-up of electrons on the surface. If
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samples are insulating, coating them with a thin layer conductive coating such as gold-
palladium or carbon can be done. Carbon coating is advantageous for both imaging and
EDS, since the metallic coating can interfere with EDS results. EDS has some limitations
with detecting elements lighter than sodium unless specific windows are utilized in the
instrument. Lithium and hydrogen are still not accurately detected by EDS, and some

energy lines for elements can overlap.

1.4.5 Diffuse Reflectance Spectroscopy (DRS)

DRS utilizes diffuse reflected light to give information on what wavelengths of
light are absorbed by a solid powdered sample. When light hits a sample, light is
reflected in all directions. Some light is reflected back immediately, without entering the
sample. This is called specular reflection and occurs on a perfectly reflective surface.
Some light from the incident beam is absorbed by the sample as well. The complement
wavelength of this light is responsible for the colors of materials that we see. There is
also some light that enters the sample and undergoes a series of additional reflections and
refractions due to the random crystallite grain sizes. Some of this light reflects back out
of the sample. This reflected light wavelength is similar to the transmitted light from a
sample but at a lower intensity than normal transmitted light. This is due to the “trapped
light” being absorbed as it is reflected and refracted within a sample. This reflected light
is called diffuse light. The diffuse light is collected by an integrating sphere detector
apparatus to increase signal intensity and can give electronic information, such as the
band gap, of a material. The band gap of a material is the difference in energy from the
collection of molecular orbitals that make up the higher energy conduction band (CB)
and the lower energy valence band (VB). The band gap energy is an important feature of

semiconductors for use in catalysis.
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We utilize DRS by attaching an integrating sphere accessory to our UV-Vis
instrument. Solid samples are prepared by first grinding into a fine powder and then
embedding the powders into opaque white filter paper. The paper is sandwiched between
glass microscope slides to prevent loose solid from entering the DRS accessory. The
slides are held up to the accessory at with a 8° wedge, and with a black opaque
background to prevent light from escaping the sample. A reference white opaque
material is set perpendicular to the sample as well with a 0° wedge. The data that we
retrieve is absorbance data and the wavelengths that correspond to the diffuse reflectance

give an onset decrease in absorbance (or rise in transmittance).

1.4.6 Residual Gas Analysis (RGA) Mass Spectrometry

The RGA system analyzes gases in a reaction container. The gases are sampled
through a small capillary and partitioned off into sampling gas and waste gas. The
sample gases are first ionized using a hot filament. The charged ions are then sent
through a quadrupole mass spectrometer and the mass to charge ratios (M/Z) are
analyzed. The system can also record relative gas pressure versus time for several gases
within ~207 amu (or g/mol). The pressures of the gases can be recorded as low as 10
Torr on our system. We primarily use the RGA in this research for the detection of H,

gas evolution.

1.5 Background Information on Catalytic Experiments

1.5.1 Organic dye degradation using UV and visible light

Dye degradation is important in the textile industry since several organic dyes are
waste byproducts that are sometimes not removed appropriately or are costly to do so.
Utilizing inexpensive simple heterogeneous catalysts can help prevent and remove un-

managed waste and are of great interest in research. Common dyes that are commonly
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used in research are shown in Table 1.5. The dyes are degraded through photo-oxidation
or reduction. Solid catalysts are suspended in an aqueous solution of the dyes and then
exposed to either UV or visible light. The optical absorbance of the solutions is
monitored using a UV-vis spectrometer.

There are several factors that can affect the degradation of dyes in solution. The
pH of the solution is one of them. The pH of dye solutions are usually kept at pH=7
since the degradation process can be enhanced, or tarnished by changes in pH for
different dyes. Several studies have shown the influence in pH using TiO, based
catalysts with methylene blue and methyl orange dyes.?>** Photo-oxidation increases
with pH > 7 for methylene blue, and pH < 7 for methyl orange. Methylene blue is not
stable at pH >10.%* Also, several dyes such as methyl orange are pH indicator dyes and

change color thus changing the Amax.
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Table 1.7 Common dyes used in photocatalysis research with respective physical
properties. (*) Denotes color from fluorescence. Cited references are
superscript numbers.

Wavelengt
Organic Dye Chemical Molar Color in Water J
Mass h Observed
Molecule Formula (pH =7)
(g/mol) (Amax NM)
Methylene Blue®™ | C16H1gN3SCI 319.68 | Blue 660
Methyl Orange®™ | C14H14N3NaOsS 327.20 | Orange 462
Phenol Red®’ C1oH1405S 354.26 | Red-Orange 431
Rhodamine B® CasH3:CIN,O3 478.73 | Pink (Orange*) 553
Orange G* CisH10N2Na,0;S, | 458.28 | Orange 495
Congo Red® CaoH2oNgNa,06S, | 696.44 | Red 510
Alizarin Red $*% | C1,H/NaO;S 342.13 | Red 520

The dyes can degrade several ways in solution. The degradation mechanisms are

often complex and can vary from the use of different catalysts. Full oxidation of the

products is ideal and would consist of small molecules. Monitoring of the decomposition

products is not commonly done, however the change in color is. Methylene blue and

methyl orange both decolor upon degradation. The structures of methylene blue and

methyl orange are shown in Figure 1.6. The de-colorization is most likely due from

breaking of the azo group (R-N=N-R’), since the delocalization of electrons is responsible

for the vivid coloration of the molecule. Breaking the 6-membered rings in the structures

can also cause a loss of color.
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Figure 1.6 Molecular structures of methylene blue and methyl orange organic dyes

In our work we utilize TiO, based catalysts to degrade methylene blue and methyl
orange dyes under UV or visible light and monitor the Amax Of the dyes over time relative
to a blank dye solution. The light source is a medium pressure mercury vapor lamp.
Visible light experiments utilized filtered UV light from colored glass band pass filters
which prevent wavelengths less than 420 nm from passing through. For consistency

across several different catalysts, we did not analyze multiple pH values in this study.

1.5.2 H, Generation from Water Using Light and Electrochemical Methods

Hydrogen generation from water involves performing the reverse of the reaction
H, + % O, 2 H20 (g) (AHmn = -237 kJ/mol). In 1972, the groundbreaking research from
Fujishima and Honda using electro-photochemical methods to split H,O back into H, and
0, using TiO; has led to numerous research pathways.’® Many researchers have found
methods to improve the process utilizing UV and more interestingly, visible light. The
overall goal is to utilize H; as a potential fuel source. There are obvious dangers with
hydrogen gas as a fuel, however finding safe suitable methods to store and controllably
release would be ideal and is the next step in current research.

According to several accounts in literature, semiconductor materials must have

specific band gap energies in order to split water into H, and O, and this leads to a large
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volume of candidate materials that qualify ***'%® Essentially, the band gap energy of the
semiconductor must contain the redox potential energy difference between the two half
reactions of water. The two half reactions and their corresponding redox potentials (at

pH = 0) are shown in Equations 1.1 and 1.2.

2H,0> 0, +4H +4e AE°=082V (1.1)
2H +2e > H, AE° =-0.41V (1.2)

The difference in redox potential is 1.23 V therefore the band gap energy of material
would have to encompass this energy. TiO, is among several candidates for this, but it
lacks majority of the drawbacks. For example, CdS has a band gap of 2.5 eV and has
been used extensively in photocatalysis. The major issue of CdS is photo-corrosion,
leaving Cd** and solid sulfur in solution. Cadmium ions are very toxic to aquatic life.
Efforts have been made to help prevent this kind of corrosion.***

When light hits a semiconductor surface and is of sufficient energy, it causes
electrons in the valence band to become excited, crossing the band gap to the conduction
band. When this happens, positively charged holes remain in the valence band. The
excited electrons can undergo reduction of water to form H, while the holes can undergo
oxidation of water to produce O,. The electron and hole separation is not energetically
favorable, and very quick recombination of the two occurs. To help suppress this
recombination, the use of electron rich donating molecules, or “hole” scavengers, can be
used. Common molecules used are alcohols and amines. Conversely, electron
scavengers can be used to supply positively charged holes for O, production reactions. A
proposed mechanism for water reduction using methanol are shown in Equations 1.3-

1.7.1%
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TiO, +hv > h* + ¢ (1.3)
CHsOH + H,0 + 6 h* > CO, + 6 H* (1.4)
H,0 > H' + OH' (1.5)
H,O+h"> H +OH" (1.6)
2H" + 2e- > H; (1.7)

When UV light hits TiO,, holes (h*, VB) and electrons (e", CB) are produced. The
methanol reacts with water and the photogenerated holes to give H*. Water also goes
through dissociation to generate H™ and it can react with the holes to produce more H”.
The H can react with donated electrons to yield H,. Technically, the hydroxyl radical
that is also produced in Equation 1.6 could react with the holes to form O, and the
produced H* and electrons could react with O, to reform water, however the methanol
reaction consumes the necessary H* for this reverse reaction, thus the reaction is not
likely to occur.'®

TiO;, suffers from its large band gap of 3.3 eV for anatase or 3.0 eV for rutile. To
aid with the band gap issue, several modifications can be made to help shorten the path of
electrons from the valence band to the conduction band. Adding a semiconductor to the
surface of TiO, that has a smaller band gap than TiO; can provide an easier stair step for
electrons to move to the conduction band. Another method is to add metals such as Pt,
Ag, or Pd to the surface of TiO,. These metals act as electron siphons to draw out
reactive conduction band electrons. Often combinations of surface shuttling of electrons
and sacrificial reagents are used in tandem to enhance the proficiency of water splitting
reactions.

In our work, we examine our TiO, based catalysts with UV light to photoreduce
water in the presence of sacrificial hole scavengers. The gas produced is monitored by an

RGA system and the relative amounts of H; gas pressure are recorded. The H, pressure
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can be compared to the background argon gas and the relative amounts of moles of gas

can be found utilizing the ideal gas law.

1.6 Thesis Chapters Overview

The materials synthesized in the proceeding chapters demonstrate solid state
methods to produce metal oxide, phosphide, sulfide and thiophosphate materials. Rapid
synthesis of TiO; is the focal point in Chapter 2, and doping its rutile structure with other
transition metals was done. The goal of doping was to harness the visible light
photocatalytic capabilities of TiO,. The materials were characterized and tested for their
catalytic activity towards dye degradation and water reduction. Transition metal
phosphide, sulfide, and thiophosphate materials synthesis are the focal points for
Chapters 3 and 4. The materials were synthesized by two different methods (solid state
metathesis and sealed ampoule) and characterized. Assisted growth synthesis of the
transition metal phosphides and thiophosphate materials using fluxes and deposition
techniques will be discussed in Chapter 5. The last chapter, Chapter 6, will provide an

overall summary of the research done along with future research topics of interest.
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CHAPTER 2
SYNTHESIS OF TRANSITION METAL DOPED TIO;, VIA SOLID-
STATE METATHESIS REACTIONS

2.1 Introduction and Background

Titanium dioxide (TiOy) is an extremely useful material that is used in everyday
consumer products, primarily as a white, inert pigment. Some common products include
paints, dyes, opacifiers, and cosmetics. TiO, is inert to most corrosive environments and
is often used as a protective corrosion resistant thin coating. It dissolves in hydrofluoric
acid (HF) or hot concentrated sulfuric acid (H,SO,) under rapid mixing for several hours.

In the materials community, TiO, is mainly known as an effective UV
photocatalyst for the photo-oxidation of organic pollutants and photovoltaic absorber for
solar cells. TiO, exists in nature mainly in composite minerals or as rutile. There are
other phases of TiO, that are not as thermodynamically favorable as rutile. These are
anatase and brookite and some high pressure and temperature phases. The unit cell
structures of the different phases of TiO, are shown in Figure 2.1. Rutile and anatase
have the tetragonal unit cell while brookite has an orthorhombic unit cell. The lattice
parameters for anatase are a= b= 3.785 A, c=9.514 A, rutile a= b=4.593 A, c=2.959
A6107 and brookite a= 9.184 A, b=5.447A, c=5.145 A% respectively. Brookite is
rarely observed in TiO, synthesis.

Under ambient pressure anatase converts to rutile at T > 600°C."° The anatase
phase is more photocatalytically active of the three phases. As a reference material,

Degussa P25 TiO,, a mixture of anatase and rutile (~4:1) shows an even better
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photocatalytic response than pure anatase alone. P25 TiO, has a surface area of ~ 40-50
m?/g, but can be increased from added supports, or deposition.*****? |t is one of the
leading materials in UV photocatlysis."** Reasons behind this enhanced activity have
been investigated. The leading explanation is the mixture of particle sizes and surface
morphology which may lead to the synergistic effects between mixtures of anatase and
rutile phases.’** P25 TiO, works well in UV light situations, yet suffers under visible
light conditions due to the lack of energy required to promote electrons to higher energy

conduction band orbitals for photoreduction, leaving holes in the valence band for

oxidation.
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Figure 2.1 Unit cell structures of the three phases of TiOs.

There is a large volume of research devoted to improving the photocatalytic
ability of TiO,, through modification of its light absorption, making it more feasible to
lower energy (visible light) requirements. Approaches include altering the surface of

TiO, to help facilitate electron flow to the conduction band using precious metals such as

115 116,117 d 118
1

silver,”™ platinum, gol and palladium,**® exotic structural synthesis to expose
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120,121

active atom planes, and co-doping of smaller band gap semiconductors.*?*!* The

available literature on doping TiO; with either metals or non-metal materials is
extensive, 012412

There are a variety of means for altering the reaction media to aid with TiO,
catalysis. These techniques are used either alone or in conjunction with catalyst
modification. The use of a sacrificial hole scavenger is advantageous in photoreduction
reactions and often involve using electron donors such as methanol, ethanol*?° or
triethanolamine.

Synthesis of transition metal catalyst materials is done by solution precipitation or
solid state reactions. One type of solid state synthesis method adopts the use of rapid
exchange based reactions. These are solid state metathesis reactions (SSM) and are
effective ways to rapidly produce highly crystalline materials in the solid state. Much
SSM work has been done with the transition metals and reactions with main group
elements. Early SSM work has shown that MoCls and WClg can be reacted with Na,S to
produce layered MoS, and WS, materials very quickly.®* Both reactions are highly
exothermic and produce crystalline materials. Semiconducting materials such as GaP and
GaAs have also been synthesized using SSM techniques by reacting Gals with either
NasP or NazAs.*

Rapid and exothermic self-propagating SSM methods for the synthesis of
inorganic oxide and non-oxide materials have broad flexibility to produce a wide variety
of binary solids and more complex structures containing intimately mixed multiple metal
and non-metal components. Prior studies have produced solid-solutions such as Ga;.

«AlAs and MoS;.4Sex or mixed metal structures such as LnFeO3z and LnCrOj3 synthesized
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from lanthanide chlorides, FeCls, CrCls and Li,0.*® SrFe1,019 was synthesized from a
self-propagating high temperature reaction between SrO,, Fe, and Fe,03.'%°

These self-propagating solid state reactions may be initiated by a hot filament or
heated in a furnace. Several literary accounts on SSM reactions point out that some of
the main advantages of SSM reactions are the quick reaction speed of crystalline
materials, the lack of organic solvents needed for synthesis, and moderate control over
the wide variety of products that can form depending on the choice of starting
materials.**®® The byproducts are generally alkali halide salts that can be removed easily
with alcohol solvents or water. These reactions propagate rapidly from a heat source and
are driven thermodynamically to form products, often in high yield. Doping of these
materials can also be proposed using similar metathesis methods and were investigated in
this study.

In our previous work, we synthesized rutile phase TiO, via a solvothermal route
using TiBr,4 and Na,O, to obtain anatase TiO, nanoparticles with a yields as high as 60%.

We have also synthesized TiO, by the rapid, exothermically driven, solid state metathesis

(SSM) method using TiCl; and Na,O, to obtain rutile phase TiO, (Equation 2.1).!

TiCl3 + 1.5 Na,O, = TiO, + 3 NaCl + 0.5 O, (21)

Very crystalline materials are synthesized in seconds using this simple and direct
exothermic exchange reaction with yields in the 50-60% range. In the current study, we
examine more complex variations of this rapid and highly exothermic SSM titania

formation reaction to incorporate transition-metal dopants into the TiO, structure.
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The characterization of doped titania products and their utility in methylene blue and
methyl orange dye oxidation photocatalysis and H, evolution reactions will be described.
In the current study, we take advantage of the rapid and non-equilibrium
exothermic processes of SSM reactions to incorporate moderate amounts (~1-10 atomic
%) of a second transition-metal dopant into the rutile TiO, structure (generically referred
to as M-TiO; products). Typically such doping processes use sol-gel or solution
precipitation methods followed by thermal processing, which leads to low,
thermodynamically formed, metal dopant levels (~1-3 atomic %) in titania.”*® Given the
rapid heating/crystallization afforded by SSM reactions, there is potential for kinetically
stabilized higher dopant level incorporation, thus we chose to typically “overload” the
reaction system with 10% dopant metal. Such additions, should impart visible optical
absorption properties to the UV absorbing titania structure, which may enhance its visible

light photoreactivity.

2.2 Experimental Section

2.2.1 Starting Materials

All starting materials were used as received: TiClz (Aldrich, 99%), CrCl; (Alfa
Aesar, 98%), MnCl, (Specialty Inorganics, 99.5%), FeCl; (Alfa Aesar, 98%), CoCl,
(Alfa Aesar, 99.7%), NiCl, (Alfa Aesar, 99%), CuCl, (Alfa Aesar, 98%), Na,O, (Sigma
Aldrich, 97%), and H,PtCls - 6H,0 (Strem Chemicals, 99.9%). Distilled deionized water
(18 MQ) and 1 M HCI (Fisher Scientific, diluted) was used for wash processes. Degussa
P25 TiO, and methylene blue (high purity, Alfa Aesar) or methyl orange (85% dye

content, Sigma Aldrich) dyes were used in photocatalysis studies.
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2.2.2 Synthesis of Transition Metal Doped Titania

Transition metal doped TiO, (M-TiO,) was synthesized using a modified steel
reactor used in our previous work.> All solid manipulations were done in a Vacuum
Atmospheres argon filled glove box. Typically, 2.00 g of TiCl; (0.013 mol), 1.65 g
(0.0211 mol) Na,0O,, and ~10 mol % of the dopant metal halides [CrCl3 (0.228g, 0.00144
mol), MnCl; (0.182 g, 0.00145 mol), FeCls (0.236 g, 0.00145 mol), CoCl, (0.188 g,
0.00145 mol), NiCl; (0.184 g, 0.00142 mol), or CuCl; (0.193 g, 0.00144 mol)] were
ground together for several minutes using an agate mortar and pestle. The Na,0O, is
shipped in pellet form and was pre-ground to a fine powder prior to adding to the
reagents.

The ground powders were then loaded into a metal crucible and placed into the
stainless steel reactor. The reactor was sealed, removed from the box, and then heated
resistively through a 0.64 mm nichrome wire using a Variac transformer at ~10-12 %
output voltage in the fume hood. The reactor setup is shown in Figure 2.2. The reactions
were very violent upon initiation by the nichrome wire. Each reaction gave off varied
amounts of gas. Initial experiments used a ceramic Coors crucible insert. The insert often
shattered due to the rapid evolution of heat and gas pressure of the reaction. More
durable crucible materials were examined, which included alumina, quartz, nickel, and
finally stainless steel. The insulating properties of both the ceramic materials and quartz
allow for better heat detainment, thus allowing for a more complete reaction. However,
the alumina crucible also shattered, and quartz chipped after each experiment. The nickel

and stainless steel crucibles lost more heat than the ceramic materials, yet reactions are
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successful. Over time, the nickel crucible began to corrode from exposure to very hot

materials and was replaced with the stainless steel crucible.

Figure 2.2 SSM reactor layout and ignition assembly using a Variac

The crude SSM products were washed with 1M HCI for 30 minutes at room
temperature. This was done to remove soluble impurities, salt, and unreacted starting
material. A good indication that a reaction had sodium peroxide remaining was vigorous
bubbling upon water or acid addition. It should be noted that most materials yielded an
orange-brown supernatant after washing in 1M HCI. The solid materials were separated
from the aqueous layer via centrifugation. The samples were rinsed several times in
deionized water until the pH of the supernatant became neutral. Samples were air dried

at room temperature and stored in glass vials.



39

2.2.3 Sample Characterization

Phase identification was conducted using a Siemens D-5000 or a Bruker D-8
DaVinci powder X-ray diffraction (XRD) system that analyzed ground powders affixed
to glass slides either by vacuum grease or acetone drying. Morphologies and
semiquantitative elemental analysis was obtained by scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) using a Hitachi S-4800 or S-3400
system. The samples were prepared by first grinding each sample in an agate mortar and
pestle for uniform mixing. Next, thin pressed pellets were made using an IR die set in
which were pressed gently onto carbon tape on aluminum stubs. The samples were
carbon coated due to charging effects. Quantitative analysis by ICP-OE spectrometry
(\Varian 720-ES) was performed on acid dissolved samples. Approximately 5 mg of each
sample was dissolved in an acid mixture of 5 ml of concentrated H,SO, and 1 ml of
concentrated HNO3, which was heated to 385 °C for 1 hour. The cooled solutions were
diluted with 5% HNOs to the 1 to 100 ppm range depending on the metal concentration.
Calibration standard curves were used to determine weight percent content for dopant
metals and titanium.

Magnetic susceptibility measurements were performed on solid powders at room
temperature using a Johnson-Matthey MSB (Evans) magnetic susceptibility balance.
Strongly magnetic samples were diluted in NaCl prior to analysis. Glass tubes were
filled with ~15 mm of sample that was packed down to eliminate uneven layering of the
sample. Diamagnetic correction of the glass and of the elements was performed. Solid
diffuse reflectance UV-vis measurements (DRS) were made with a LabSphere RSA

accessory on an HP 8453 UV- vis spectrometer. The powders were physically embedded
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onto filter paper supports sandwiched between glass microscope slides and clamped to
the reflectance accessory on the UV-Vis instrument with an opaque black backing to
prevent light from passing through the sample. Each sample’s raw diffuse reflectance
(absorbance) data was converted to Kubelka-Munk units and used to estimate absorption
energy onsets or band gaps. Typically reported onset data is derived from extrapolation
of linear region of absorption rise down to baseline spectral region. Single baselines
were used except for the Co- and Mn-TiO, data where different baselines better
represented onset starting points of different regions. FT-IR spectra were obtained for
each sample using KBr pellets in a Nicolet Nexus 760 spectrometer.

Unique to this chapter, X-ray photoelectron spectroscopy (XPS) data were
obtained on a Kratos Axis Ultra Imaging spectrometer. XPS provides information on the
surface environment and electronic states of the samples. Powders were embedded in
indium foil for analysis. Survey spectra were obtained for acid washed samples
(nominally 10% M doped TiO, samples) and regional area spectra were obtained for
Ti2p, Ols, as well as M2p (M = Fe, Mn, Co, Ni, Cu). Data were recorded with a tilt
angle of 45° using monochromatic Al K, radiation. Peak positions are reported relative
to the organic C1s peak at 284.5 eV. Semi-quantitative surface compositions and peak
deconvolutions were performed using CasaXPS software package (www.casaxps.com)
and a Kratos-specific RSF element library. Relative atomic surface compositions were

measured from survey scans.
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2.2.4 Photo-degradation of Organic Dyes and Water Reduction

Photocatalytic oxidative degradation of methylene blue (MB) and methyl orange
(MO) in air was performed using an Ace-Hanovia medium pressure 450 W mercury lamp
in a water cooled Pyrex jacket. Approximately 10 mg of the transition metal doped TiO,
samples were loaded into 20 ml glass vials (pre-washed and dried) with 10 mL of a 3.00
x10™° M MB solution or 6.11x10™° M MO solution and a mini stir bar. Visible light
experiments were done using three cutoff filters which were placed in a cardboard box
frame in that encased the samples.

Water reduction was attempted using an Ace-Hanovia medium pressure 450 W
mercury lamp in a water cooled Pyrex jacket as the UV light source. The samples were
loaded with ~1% Pt which was photoreduced on the surface. Approximately 10 mg of
the Pt coated transition metal doped TiO, was added to a 50 mL Schlenck flask with 10
mL of a 50/50 Water/Methanol solution and a stir bar. The flask was purged under argon
flow for several minutes. A capillary was attached to the flask and connected to a
Stanford Research Systems QMS 300 Series Residual Gas Analyzer (RGA). Under a
slow stream of argon, the flask was irradiated with UV light under constant stirring.

Atmospheric and H, gases were monitored in pressure vs time mode.

2.3 Results and Discussion

The ideal SSM reactions used MClI;, (Mn, Co, Ni, Cu,) and MCl; (Cr, Fe) for
doping and are shown in Equations 2.2 and 2.3. In all cases, the SSM reactions were

easily initiated in a self-propagating mode using a heated nichrome filament.

0.9 TiClz; + 0.1 MCl5 + 1.45 Na,Oy — Mg 1TigeO> + 0.45 O, + 2.9 NaCl (22)
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0.9 TiCl; + 0.1 MCl3 + 1.5 Na,Os — Mg 1TigeO> + 0.5 O, + 3 NaCl (23)

The doped titania products after water and acid workup were visibly colored, with
colors generally consistent with the dopant metal in an oxide environment. Images of the
colored samples are shown in Figure 2.3. An undoped sample was synthesized in the
same manner as the doped samples following Equation 2.1. The undoped sample is also

shown and Degussa P25 TiO, is shown as a reference color for TiO,.

Figure 2.3 Images of acid washed M-TiO, samples. The undoped sample is denoted
as “TiO,” and P25 TiO; is shown for color comparison of pure TiO;.

Initial SSM experiments used water to wash the products free of the NaCl
byproduct and unreacted starting material, however isolated yields were sometimes over
100% based on pure TiO, and XRD data showed the presence of Na-Ti-O phases (e.g.,
Na,TisO13), consistent with results observed in our earlier SSM TiO, work.> Acid
washing of crude samples was done for ~30 minutes at room temperature to remove

NaTixOy impurities. The acid wash solutions, regardless of metal dopant become orange



43

colored, reminiscent of the colors observed for Ti** ions in solution bound to peroxo
ligands observed in our prior solvothermal TiBr,/Na,O, studies.*** The percent isolated
yields for the acid washed materials (assuming Mg 1Tig 9O, compositions) were generally
in the ~60 - 80% range and are shown in Table 2.1 along with sample colors. The lower
yields after acid washing reflect removal of the sodium titanate phases and possibly some

dopant leaching.

Table 2.1 SSM synthesized transition metal doped TiO, colors and yields

Sample Type .
(M-TiO) Product color, percent yield
Cr-TiO; yellow, 71%
Mn-TiO, brown, 86%
Fe-TiO, light brown, 73%
Co-TiO, green, 68%
Ni-TiO, grey, 67%
Cu-TiO, light brown, 58%

2.3.1 Powder XRD Analysis of Acid Washed and Acid Washed and
Annealed M-TiO, Samples

The acid washed and acid washed annealed samples were analyzed for crystalline
phases using powder XRD. The patterns for the acid washed and acid washed annealed
non-doped TiO, sample are shown in Figure 2.4. The acid washed sample showed two
phases. The most intense phase was tetragonal rutile TiO, (PDF #00-021-1276). Very

small peaks for a sodium titanate phase were also seen. This phase was Na;TigO13 (PDF
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#00-077-9461). There is an unidentified peak at 12°. To improve the crystallinity and to

determine if any additional phases could be seen, the sample was annealed in air to 1000

°C and held for several hours and then allowed to cool to room temperature naturally.

XRD of the annealed sample showed a greatly pronounced rutile TiO, and the only

impurity phase was Na,TigO13.

Figure 2.4
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Powder X-Ray diffraction patterns of the acid washed annealed SSM
undoped TiO, sample (a), the undoped TiO, acid washed sample (b), and
the rutile reference pattern (c).

The patterns for the acid washed M-TiO, samples are shown in Figures 2.5 and

2.6. The patterns of the M-TiO, acid washed annealed samples are shown in Figures 2.7

and 2.8. The acid washed Cr-TiO, sample (Figure 2.5 a) showed clear crystalline peaks

for rutile phase TiO, (PDF #00-021-1276 along with small peaks for Na,TigO13 (PDF

#00-037-0951). There are several small unidentified peaks in the 15-45° range that may
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be are another Na,TiOy phase. The sample was annealed in air to 1000 °C. XRD of this
sample (Figure 2.7 a) showed more pronounced rutile TiO, peaks. There are very small
crystalline peaks for the phase Na,Cr,TigO16 (PDF# 00-052-1309) and for the phase
Na,TigO19 (PDF# 04-009-6404). An unidentified shoulder peak is present at 28°.

The acid washed Mn-TiO, sample (Figure 2.5 b) showed crystalline peaks for
rutile phase TiO, (PDF #00-021-1276). There are very small crystalline peaks for the
phase Na,Mn,TigO16 (PDF #00-052-1308) (not shown). Small unidentified peaks are
present at 19° and 33°. The acid washed sample was annealed in air to 1000 °C directly
for 24 hours. XRD was done on the acid washed annealed sample (Figure 2.7 b) and
showed sharper rutile TiO, (PDF #00-021-1276). There were small peaks for
Na;Mn;TigO16 (PDF #00-052-1308) and Mn30, (PDF #04-015-2577). There are a few
very small unidentified peaks in the ~35- 55° region.

The acid washed Fe-TiO, sample (Figure 2.5 c¢) showed crystalline peaks for
rutile phase TiO, (PDF # 00-021-1276) There are also very small peaks which could
indicate a sodium titanate phase Nag,3TiO, (PDF #00-022-1404). The annealed acid
washed Fe-TiO, sample was heated in air at 1000 °C for 24 hours. The XRD pattern of
this material (Figure 2.7 c) showed crystalline rutile phase TiO, (PDF #00-021-1276),
along with the phases Na, TigO;9 (PDF # 04-009-6404) and Na,Fe,TisO1¢ (PDF #00-052-
1307). The rutile peaks are more intense and narrow due to the annealing process. The
two sodium phases indicate that there was some sodium impurities in the acid washed
material that was either very poorly crystalline or amorphous. Neither of these phases

was identified in the acid washed XRD pattern.
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The acid washed Co-TiO, sample (Figure 2.6 a) showed crystalline peaks for
rutile phase TiO, (PDF #00-21-1276). There are also crystalline peaks for the phase
CoTiO3; (PDF #00-015-0866) and unidentified peaks at 15°and 49°. The sample was
annealed in air at 1000 °C for 24hrs. XRD was done on the sample (Figure 2.8 a) and
showed rutile TiO, with much more pronounced peaks, and NaTi3 5C050g (PDF #04-
008-9091). This phase has much more intense peaks than TiO,.

The acid washed Ni-TiO, sample (Figure 2.6 b) showed crystalline peaks for the
rutile TiO, (PDF #00-021-1276). There are crystalline peaks for the phase NiO (PDF
#00-047-1049). The sample was annealed in air at 1000 °C for 24 hours. XRD of the
acid washed annealed sample was done (Figure 2.8 b) and showed more pronounced
rutile TiO, and NiO peaks, along with peaks for Nag 3 TiO, (PDF #00-022-1404). There
are also peaks for the phase NiTiO3 (PDF #04-012-0745). Rutile TiO; has the most
intense peaks, and then the sodium titanium oxide and nickel titanate phases have similar
intensities at a 1:3 peak ratio with TiO,.

The acid washed Cu-TiO, sample (Figure 2.6 c) showed crystalline peaks for the
rutile TiO, phase (PDF #00-021-1276) and an unidentified peak at 15°. There are several
small peaks which agree with the pattern Na,TigO13 (PDF #00-037-0951), however most
are broad and very close to baseline noise. The sample was annealed in air to 1000 °C
for 24 hours. XRD was done on the annealed sample (Figure 2.8 ¢) and showed very
intense, much more pronounced rutile TiO, peaks. There are two Na-Cu-Ti-O related
phases that are present. These are Nag gsCuo43Ti35705 (PDF #00-053-0081) and

NaCu,5Tis 5012 (PDF # 04-013-1447). The intensity of the Nag gsCuo 43 Ti3570g phase is
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much lower than rutile TiO,. The NaCu,5Tis5012 phase is much lower in intensity to

either phase and is close to baseline noise.
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Figure 2.5 Powder X-ray diffraction patterns of the acid washed M-TiO, samples are
shown with a = Cr-TiO,, b = Mn-TiO,, ¢ = Fe-TiO,, d = reference rutile
TiO..
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Figure 2.6 Powder X-ray diffraction patterns of the acid washed M-TiO, samples are
shown with a = Co-TiO,, b = Ni-TiO,, ¢ = Cu-TiO,, d = reference rutile
TiO..
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Figure 2.7 Powder X-ray diffraction patterns of the acid washed annealed M-TiO,
samples are shown with a = Cr-TiO,, b = Mn-TiO,, ¢ = Fe-TiO,, d =
reference rutile TiOs.
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Figure 2.8 Powder X-ray diffraction patterns of the acid washed annealed M-TiO,
samples are shown with a = Co-TiO,, b = Ni-TiO,, ¢ = Cu-TiO,, d =
reference rutile TiOs.

SSM reactions produced crystalline materials overall, yielding crystalline rutile
TiO, primarily and some minor impurity Na-Ti-O phases. The nature of the SSM
reaction causes rapid product formation and does not allow for prolonged crystallization
times at high temperature. Annealed samples generally showed more crystalline rutile
TiO, peaks and verified the evidence of the dopant metals by showing peaks for mixed
phases. Also, sodium mixed phases crystallize upon annealing. It should be noted that
the Co-TiO; and Ni-TiO, samples were the only samples that showed M-TiOx phases

versus Na-M-Ti-O phases.
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2.3.2 M-TiO; Elemental Analysis (EDS and ICP-OES)

The EDS data was taken on either gently pressed ground sample powders on
carbon tape or thinly pre-made sample discs. All of the samples were sputter coated with
carbon to reduce charging. EDS measurements were taken over a large 1 mm area and
several small flat sampling regions. The data in Table 2.2 are average relative atomic
percent values relative to titanium in each sample. As mentioned earlier, the ideal Ti:M
molar ratio should be 0.9 : 0.1 (or 1.0 : 0.11) for M = Cr, Mn, Fe, Co, Ni, and Cu. A
majority of the samples showed dopant ratios close to the target ratio. The chromium
sample had the lowest dopant ratio of 0.037. EDS sampling depth only penetrates the
sample a few micrometers thick. As mentioned earlier, the samples were taken in
sections over a large area to obtain more quantitative information.

Since EDS data is semi-quantitative, a more quantitative measure of the bulk
sample was necessary. ICP gives better quantitative bulk information about the elements
in samples compared to EDS data. The ICP data was collected from samples dissolved in
hot concentrated, H,SO4 and HNOg, as TiO; is insoluble in HNO; alone. All samples
were compared to the concentrations of elemental standards for each metal. The
manganese and cobalt samples are close to the ideal Ti:M ratio having ratios of 1:0.104
and 1:0.102 respectively. All of the other samples have dopant ratios within (~0.40 —
0.70). ICP data shows dopant levels below the expected values which may be due to the
leaching of dopants from acid washing and only partial dopant incorporation into TiO,.
Overall, the data is in fair to good agreement with the EDS data and higher EDS values

may indicate preferential surface allocation of the dopant.



Table 2.2 XRD, ICP, and EDS data is shown for the acid washed M-TiO,
samples. TiO; is rutile phase. Bolded XRD phases are dominant
phases. ICP and EDS data are normalized to titanium content.

Sample

EDS ICP
Type XRD Phases Ti:M molar ratio | Ti:M molar ratio

M-TIOZ
Cr-TiO, TiO,, NayTigO13 1.0:0.046 1.0:0.037
Mn-TiO, TiO, 1.0:0.174 1.0:0.104
Fe-TiO, TiO,, Nag23TiO; 1.0:0.061 1.0:0.063
Co-TiO, TiO,, CoTiO3 1.0:0.115 1.0:0.102
Ni-TiO, TiO,, NiO, NiTiOs3, 1.0:0.090 1.0:0.042
Cu-TiO, TiO, 1.0:0.115 1.0:0.069
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In contrast to typically low ~1% metal dopant levels found in solution methods to

metal doped titanias, the ICP results show there is much higher bulk dopant metal content

present in these SSM synthesized M-TiO, materials. The actual transition-metal dopant

range from being very near to the ideal (Mo 1Tip9O>) Ti:M ratio of 1.0 : 0.11 down to 1.0:

0.05. Given that ICP and EDS data are for acid washed isolated products, it is

encouraging that these acid washed SSM reaction products retain significant amounts of

dopant metal that may be in a combination of places; doped into the TiO, crystal

structure, and on the surface.
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2.3.3 Magnetic Susceptibility of M-TiO, Samples

The magnetic susceptibility of the M-TiO, samples was measured at room
temperature in glass sample tubes. The magnetic data is shown in Table 2.3 for acid
washed samples and in Table 2.4 for acid washed annealed samples. The estimated spin-
only magnetic moment was calculated at room temperature from molar susceptibility
data. The molar susceptibility data was calculated using the equation xm = xg * (molar
mass), removing the TiO, ym value and then scaled per mol of metal in M-TiO, based on
ICP data. The 4 term is the gram susceptibility and was calculated using the equation y4
= yv*(h*7r’/m) where , is the volume susceptibility given by the instrument, h is the
sample height in the sample tube, r is the tube radius, and m is the mass of the sample.
The molar mass is based on the ideal Mg 1Tip 9O, empirical formula. The magnetic

Y2 \where T is the

moment was calculated using the equation pg = 2.83* (ym™* T)
temperature in Kelvins.

The magnetic susceptibility of the non-doped SSM TiO, sample was taken and
gave a small paramagnetic molar susceptibility value of 7.20 x10° cm*/mol. Asa
reference, Degussa P25 TiO, was measured and gave a negative diamagnetic response as
expected. This is because the electronic states in TiO, result in a diamagnetic
arrangement of electrons as the Ti** oxidation state has no unpaired pairs of electrons
(d°). After core diamagnetism was accounted for, the P25 TiO, sample had a very small
paramagnetic response. This may be due to trace impurities. The P25 TiO, sample was

also annealed and tested for its magnetic susceptibility. Surprisingly, there was a small

paramagnetic response from the sample due to minor impurities. The small paramagnetic
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response from the SSM TiO, sample likely comes from the small amounts of impurities

in the material such as a NaxTiyO, phase that may have Ti** (dY) content.

Table 2.3 Magnetic susceptibility measurements are shown for the P25 TiO»,
SSM TiO,, and acid washed M-TiO, samples. ym values have
been corrected for core diamagnetism.

Mass Magnetic Molar Maanetic Magnetic

Sample Susceptibility /1ag Moment
5 Susceptibility

Type Yy X 10 x 10°° (cm¥mol) ps per mol M

(cm’/g) Am (BM)
TiO; (P25) 0.01 0.03 0.27
TiO, (SSM) 0.54 7.20 0.41
Cr-TiO, 6.34 13.6 5.70
Mn-TiO, 7.55 6.00 3.79
Fe-TiO, 17.1 23.5 7.48
Co-TiO, 11.2 9.30 4.72
Ni-TiO; 7.54 14.8 5.95
Cu-TiO, 4.20 4.80 3.37




Table 2.4 Magnetic susceptibility measurements are shown for P25 TiOs,
SSM Ti0,, and acid washed M-TiO, samples that have been
annealed at 1000°C in air for 24 hours. ym values have been
corrected for core diamagnetism.

Mass Magnetic | Molar Magnetic Magnetic
Sample Susceptibility | Susceptibility Moment
Type Xg X 107 ym X 107 pg per mol M

(cm®(g) (cm®/mol) (BM)
TiO, (P25) 0.057 0.034 0.28
TiO, (SSM) 0.384 2.20 2.29
Cr-TiO, 10.60 23.7 7.52
Mn-TiO, 27.70 1.61 1.96
Fe-TiO; 120.00 169 20.08
Co-TiO, 9.42 7.78 4.31
Ni-TiO; 19.10 40.0 9.77
Cu-TiO, 6.92 8.24 4.43
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All acid washed M-TiO;, samples gave small to moderate paramagnetic responses.

From the phases identified from XRD, there is no obvious contribution to this

paramagnetism. One possibility to this response may be due to amorphous reduced

titania species present in the sample. The annealed acid washed M-TiO, samples showed

an increase in paramagnetic response, except for the Mn and Co-TiO, samples, which

had a slight decrease.

If any reduced titania was present in the acid washed sample,

annealing it would fully oxidize the material, causing a drop in the magnetic

susceptibility. Also, the formation of paramagnetic or ferromagnetic phases from the

dopants may cause an increase in yu.
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2.3.4 Diffuse Reflectance of M-TiO, Samples

The diffuse reflectance data of the acid washed M-TiO, samples is shown in
Table 2.5. The samples were analyzed for their onset absorptions and peaks in the
spectra. Table 2.5 shows the onset absorbance events are denoted with “o0” and broad
absorbance peaks are denoted with “p”. Onsets were measured by linear line
extrapolation. Estimated band gap energies were calculated by observing the onset
tangent lines from the plot using the Kubelka-Munk equation shown in Equation 2.4 as a
function of energy.

F(R) = (1-R)%/2R (2.4)

“R” is the diffuse reflectance of the sample and represents the light which is not absorbed
(transmitted and/or reflected) and focused by the integrating sphere part of the accessory.
The estimated band gap energies are converted to electron volts (eV) units.

Degussa P25 TiO, and un-doped SSM TiO, were used as references. P25 TiO; is
a mix of rutile (20%) and anatase (80%) TiO, phases which have band gap energies of
3.0 and 3.2 eV, respectively. Undoped SSM TiO, has an estimated band gap energy of
3.00 eV. The lower band gap energy may be due to the additional impurity phases seen
in the XRD pattern. The M-TiO, samples have smaller estimated absorption energies
within 1.35- 2.55 eV. The extrapolation of the raw data and the Kubelka-Munk
calculations agree reasonably well. Some of the samples have multiple onsets which
could indicate either different absorption processes. Darker colored samples, such as
Mn-TiO, and Co-TiO, have broad absorbance regions over the visible spectra and have

onsets near or within the IR region.



Table 2.5 Diffuse reflectance data of acid washed doped titania samples. The
onset absortion is denoted with “0” and broad peaks “p”. The
estimated band gap energies are in extrapolated. Kubelka-Munk
calculations for each onset value are tabulated for comparison to
extrapolation.

Sample DRS UV-vis absorbance in nm Qbsorgtlltl)(n onseti
Type (type, E in eV) y Kubelka-Mun
’ analysis (eV)
TiO, (P25) | 408 (o, 3.04) 3.05
TiO, (SSM) | 415 (o, 2.99) 3.00
Cr-TiO, 570 (o, 2.18), 700 (p, 1.77), 800 (o, 1.55) 2.15, 1.50
T 670 (o, 1.85), 710 (p, 1.75),920
Mn-TiO, (0, 1.35) 1.80, 1.35
Fe-TiO, 480 (0, 2.59), 490 (p, 2.53), 580 (0, 2.53) 2.45,2.10
. 510 (o, 2.43), 580 (p, 2.14),
Co-TIOz | 660 (p, 1.88), 800 (0, 1.55) 2.40,1.60
g 500 (o, 2.48), 740 (p, 1.68),
Ni-TiO, 810 (0. 1.53) 2.55, 1.55
Cu-TiO, 490 (o, 2.53), 740 (p, 1.68) 2.55

2.3.5 X-ray photoelectron spectroscopy of M-TiO, Samples

The acid-washed metal doped TiO, powders with nominal Mg 1Tig 9O, target

compositions were analyzed by XPS to examine relative composition of metals on the

powder surface and chemical states of the surface species. Table 2.6 summarizes both
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survey scan and regional scan data for the metal doped titania powders. In most cases the

semiquantitative surface compositions (Ti:M ratios) for the powders is comparable to the

bulk analysis results described earlier, with a few notable exceptions. While the bulk and

most of the surface analysis results support that the intended Ti:M ratio of 1:0.11 leading

to a M1 Tip9O, product is generally one with less dopant metal than targeted, both the Cr

and Mn doped samples have very fairly high surface metal dopant relative to their bulk
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compositions. In particular, the Mn-TiO, sample has a nearly 1:2 ratio of Mn:Ti on its
surface. This result was verified on several different reaction products. The high dopant

surface content may have implications in molecular dye adsorption discussed later in this

chapter.
Table 2.6 Summary of Analysis of XPS Data on M-TiO, Powders
.. Ti2p3/2
Compound Surface Ti:-M transition | M2ps; transitions (eV)
(rel. molar amt)
(eV)
Cr-TiO, 1:0.384 458.3 576.8, 579.4
Mn-TiO, 1:0.599 458.0 641.3, 642.7
Fe-TiO, 1: 0.064 458.4 710.7,712.7
780.1, 782.0
-Ti 1:01 458.2 ’ '
Co-TiO, 0.109 >8 784.6, 786.5
Ni-TiO; 1: 0.100 458.2 855.3, 861.4
Cu-TiO, 1:0.089 457.2 g?ég 932.8,933.7,939.8,

The metal dopant’s 2ps/, peak positions are generally consistent with metal
oxidation states found in binary oxides specifically (literature value, eV) Cr®* (576), Fe**
(710.8), Mn** (643), Co** (780.6) and Ni** (855.6), and Cu.*****! In the Mn-TiO, case,
the lower energy shift for the Mn peak suggests that there is some Mn?* species present
on the surface. Degussa P25 TiO; yields a Ti 2ps/, peak at 458.7 eV, and SSM produced
TiO, without dopant has a peak at 458.5 eV which are very near literature titania
values.***? The Ti 2ps;; binding energies for metal doped TiO, in Table 2.6 are
generally close to the pure TiO; values, but several are shifted to lower energies that may

indicate some reduced Ti** present on the surface. In examining the O1s peaks,
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commercial P25-TiO; has one oxygen chemical environment, while all of the M-TiO,

samples clearly indicate several different oxide environments present on the surface.

2.3.5 Scanning Electron Microscopy of M-TiO, Samples

Scanning electron microscope images of the acid washed samples are shown in
Figure 2.9. The undoped acid washed SSM TiO, sample was examined as well. Acid
wash annealed samples were scanned using the same initial preparation techniques except
that the samples were used as free powders and coated with a gold-palladium layer for
improved image quality.

The undoped acid washed SSM TiO, sample showed a mix of large rectangular
blocky shard-like structures and aggregates. The shards range from ~2-10 micrometers
to several tens of micrometers. Aggregates range greatly from ~1-20 micrometers. The
morphology of this sample is useful since all doped samples are mainly TiO, and ideally
should have some similarities. The Cr-TiO, sample also showed a mixture of shard-like
structures and smooth spherical structures. The shards range from several hundred
nanometers to a tens of micrometers and the spherical shapes are as small as 500
nanometers. There was a small amount of charging still even though the sample was
carbon coated.

The Mn-TiO, sample consists of a mix of large blocky 20 to 30 micrometer
structures mixed in with very small aggregates that are ~ 1-5 micrometers. The small
aggregates make up a majority of the sample. The Fe-TiO, is mainly populated by

smooth spherical structures that are ~1-10 micrometers in size. There are large flat
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blocky regions that range from ~5-10 micrometers. There are no rod-like structures
visible as seen in the undoped SSM TiO;, sample.

The Co-TiO, also has a mix of majority round spherical structures and some
blocky, rectangular structures. The spherical structures range from ~100 - 400
nanometers and the blocky structures range from ~2-10 micrometers. The Ni-TiO, also
mainly consists of spherical structures. Throughout the sample, there are a few blocky
structures that are about ~10-20 micrometers, however ~500- 1000 nm spherical shapes
dominate the sample. The Cu-TiO, consists of large rectangular blocky structures that

are ~5-7 micrometers, and small spherical aggregates that are a few micrometers in size.
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Figure 2.9 SEM images of transition metal doped TiO, acid washed samples.
Samples were pressed into thin pellets and carbon coated. The non-doped
TiO, sample is also shown.

The acid washed annealed M-TiO, samples were analyzed in a similar fashion as
the acid washed samples. The SEM images are shown in Figure 2.10. The annealing
process involved heating the acid washed samples to 1000 °C for 24 hours which is
expected to promote grain growth and phase separation in the samples. The Cr-TiO;
showed aggregate smooth blocky structures and smooth spherical structures. These
structures range greatly in size from ~500 nanometers to ~7 micrometers for both blocky

and sphere-like structures.
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The Mn-TiO, sample showed large smooth blocky aggregates that range from ~5-
20 micrometers. There is an indication of truncated corners on some of the blocks. The
Fe-TiO, sample consists of smooth blocky structures in the range of several tens of
micrometers. There are some smaller aggregates that are a few microns in size. The Co-
TiO, sample consists of large faceted islands of particles that are ~2-10 micrometers.
The islands are as large as ~20-40 micrometers. The Ni-TiO, sample consisted of very
uniform rectangular prisms which are ~2-10 micrometers, and small spherical particles
that are few hundred nanometers to ~2 micrometers. The Cu-TiO, sample consists of a
mix of large and small shard-like structures. The large shards range from 1-5
micrometers and the small shards range from ~200-500 nm. Overall, in all cases

annealing leads to clear particle growth within the ~1-10 micrometer region.

Figure 2.10  SEM images of acid washed M-TiO, samples that were annealed in air at
1000 °C.
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2.3.6 Photodegradation of Methylene Blue and Methyl Orange Dyes

Photodegradation of methylene blue (MB) and Methyl Orange (MO) dyes were
performed using acid washed M-TiO, samples. A dye sample with no powder was used
as a blank for both dyes. Undoped SSM rutile TiO, and Degussa P25 TiO, samples were
also used for comparison. The sample vials were placed on a large stir plate about 25 cm
away from the mercury lamp, all of which were contained in a closed photochemical
reactor cabinet shown in Figure 2.11. The samples were allowed to stir in the dark for 30
minutes with the vial caps on to allow surface adsorption and equilibration of the MB or
MO dye. With the vial caps off, UV irradiation was in regular intervals of at least 5
minutes in length. Between each interval, the samples were centrifuged and UV-vis
measurements were taken on the solution. The analyzed solutions were returned to the
original vial and the irradiation was repeated. A similar set of experiments were
performed using a 420 nm cut off filter, shown in Figure 2.10, to limit the UV lamp

output for visible light photodegradation studies.

Figure 2.11  Mercury lamp setup for photocatalysis experiments are shown here. The
420 nm cutoff filter used for visible light photocatalysis measurements is
shown on the right.
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The methylene blue UV experiments were performed over a four-hour period.
The images of the samples in methylene blue solutions are shown in Figure 2.12. The
solutions after the dark stir are shown along with the solutions after the final data point
time of 4 hours. Visual analysis of the samples shows that Mn-TiO, sample adsorbs
majority of the dye during the dark leaving a faint light blue solution in the vial. The
other samples were similar to the dye blank. After the 4 hour irradiation period, majority
of the samples were much lighter in color. The blank sample remains visibly unchanged.

The P25 TiO, sample was colorless. The Mn-TiO, sample left a purple colored solution.

30 min dark stir

_\ \‘ El f ’ ’ After 4 hrs UV

Figure 2.12  Sample vials after dark stir and after UV irradiation of the acid washed M-
TiO, samples. From left to right: Dye blank, Cr, Fe, Ni, P25 TiO,, Co,
undoped SSM TiO,, Mn, Cu.

The plotted data of percent remaining dye in solution over time is shown in Figure
2.13. The negative data point is the initial dye solution absorption. The zero mark is the
solution absorption after the 30 minute dark stir. All of the samples have some initial dye
adsorption. The blank sample does show very slow self-degradation of the MB dye

leaving ~80% of the dye in solution. The P25 TiO, sample rapidly degrades the MB dye
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after 10 minutes to very low levels leaving ~10% of the dye. The Cr-TiO, sample
removes ~55% of the dye during the dark stir. Little additional dye is removed after the 4
hour UV irradiation period.

The Mn-TiO, sample removed ~90% of the dye from solution during the dark stir.
Once irradiated, the dye absorption fluctuates minimally, ending with a final percentage
of ~9%. The fluctuating absorption values could be due to dye being adsorbed and
desorbed from the solid surface during irradiation. The Fe-TiO, sample removed ~60%
of the dye from the solution after the dark stir. After illumination, the sample gradually
degrades the dye to a final percentage of ~10%. The Co-TiO, sample removes ~35% of
the MB dye from the solution after the dark stir and removes ~80 % of the dye after

irradiation.
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Figure 2.13  Plot of methylene blue degradation over the course of 4 hours using acid
washed M-TiO, samples under UV light irradiation. The undoped SSM
TiO, sample is denoted “TiO,” and P25 TiO, is used as the reference TiO;
catalyst.

The Ni-TiO, sample removes ~60 % of the MB dye from the solution after the dark stir.
Total dye removal 0f~90 % is achieved in ~2.5 hours. The Cu-TiO, sample removes
~50% of the dye from the solution after dark stirring. After the ~1.5 hour period, the dye
is degraded by 95 %.

There is a clear difference between the P25 TiO, and the acid washed samples
interaction with the dye with and without light. The general trend is that the P25 TiO, is
poor at adsorbing the dye in the dark but is very efficient at degrading the dye using
oxygen and UV light to photo-oxidize the dye. The M-TiO, samples seem to adsorb

significant amounts of dye in the dark versus P25 TiO; and gradually photo-react with the
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dye over several hours under UV light irradiation. When methylene blue is fully

oxidized, several species remain in the solution and follow Equation 2.5.%°

C16H13N3S+ +51/2 0, > 16 CO, + 3NO;3 + 8042_ +6H + H,O (2.5)

The precise mechanism is complex since several reactive species, such as hydroxyl
radicals or superoxides can be involved in breaking down the dye.

A similar experiment was done using the mercury lamp and 420 nm glass cutoff
filters in order to expose the samples to visible light wavelengths only (A > 420 nm). The
plotted dye absorption data over time is shown in Figure 2.14. An additional P25 TiO,
sample was annealed (1000 °C, air, 24 hours) to achieve the rutile crystal structure, and
was used as a phase comparison to the SSM materials. The dark stir results for each
sample were similar to each other, removing ~40-50% of the dye from solution. The
annealed P25 TiO, sample only removed 10% of the dye from the solution upon dark
stirring. P25 TiO, removed a bit more dye from the solution compared to the same
sample during the UV test. The Mn-TiO, sample did not absorb as much dye compared
to the UV run, however, only removing ~60% of the dye from the solution after dark
stirring. The differences in dark absorption are not dramatically different, which is
encouraging for future tests using the same samples.

The annealed P25 TiO, sample gradually degrades some dye over the 4 hour
filtered UV (A > 420 nm) test. The resulting dye removal is ~40% and the P25 TiO,
sample removed ~70 % of the dye. The Cr-TiO, sample had a slight raise in MB

absorption at the beginning of the run. This is possibly due to UV-Vis particle scattering



68

or desorbed dye upon initial irradiation. Over the remainder of the run, the dye degraded
linearly, removing 55% of the dye.

The Mn-TiO, sample removed ~60% of the dye in solution upon dark stirring.
The Mn-TiO, sample degrades the dye gradually until an hour of irradiation, and then the
degradation slows down considerably. After irradiation 95% of the dye was removed
from the solution. The iron sample removed the MB dye from solution better than the
manganese sample, removing ~80% of the dye in solution after dark stirring. After about
an hour of irradiation, the 90% of the dye was removed, and then the absorption
gradually creeps up over time. This may be due to fine particles suspended in solution
that did not settle upon separation, thus causing light scattering.

The cobalt sample removed ~50% of the dye in solution after dark stirring.
Throughout the run, the dye degraded gradually resulting in 70% dye removal after a 4
hour period. The nickel sample removed ~45% of the dye in solution after dark stirring.
The dye degraded gradually over time resulting in ~60% dye removal from the solution.
Lastly, the copper sample removed ~50% of the dye from the solution after dark stirring.
There was a gradual drop in dye remaining over the 4 hour irradiation period removing

~85% of the dye from the solution.
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Figure 2.14  Plot of methylene blue degradation over the course of 4 hours using acid
washed M-TiO, samples under visible light irradiation using 420 nm
cutoff filters. The undoped SSM TiO, sample is denoted “TiO,” and P25
TiO; is used as the reference TiO; catalyst. An annealed version of P25
Ti0, was used for rutile structure comparison to the other M-TiO,

samples.

The methyl orange (MO) UV photo-degradation data is shown in Figure 2.15. All
of the M-TiO, samples did not absorb much dye during the dark stir. The P25 TiO,
sample, shown in Figure 2.16, had an increase in absorbance due to scattering effects
from the fine particle suspension that could not be fully centrifuged. After the allotted
UV exposure, the M-TiO, samples showed only slight MO dye degradation. The cobalt
sample had the best dye removal removing ~20 % of the dye from solution. The latter

data points for the other M-TiO, samples had a similar fine particle suspension issue seen
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with P25 TiO, which gave a slight increase in absorbance. The P25 TiO, sample

degraded a large percent of the dye over the 4 hour period removing more than 98% of

the dye from solution and a colorless solution. Because of the dramatic difference

between the active P25 TiO, sample and the M-TiO, samples, the P25 TiO, sample is not

shown in the same plot but is shown in Figure 2.16. All of the M-TiO, samples retained

a slightly lighter orange color compared to the dye blank. There was not a visible light

MO experiment done using the M-TiO, samples due to the very low inactivity from using

UV (+ visible) light.
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Plot of methyl orange degradation over the course of 4 hours using acid
washed M-TiO, samples under UV light irradiation. The undoped SSM

TiO, sample is denoted “TiO,”.
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Figure 2.16  Plot of methyl orange degradation over the course of 4 hours using P25
TiO, sample under UV light irradiation.

The degradation mechanism of methyl orange in aqueous solutions is complex
however, similarly with methylene blue dye, MO can be broken down by multiple
reactive species. A study has shown by mass spectroscopy that the dye can break down

to smaller sub-units over time.'*® Generally, many literature sources indicate that the

degradation is the result of hydroxide or superoxide radicals.****°

2.3.7 Hy Generation from Water

Water reduction experiments were attempted with acid washed M-TiO, samples
were done using 1 wt% Pt that was photoreduced onto the surface of samples. Methanol
was used as a sacrificial hole scavenger. Each sample was irradiated under UV light for
approximately 4 hours. A reference 1 wt% Pt loaded P25 sample was tested as well. The

gases that were monitored were Ar, O,, H,0, Ny, CO,, CHsOH, H,, and H'. The H*
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signal is from H; ionizing from the filament. We are aware that O, and CH;OH have the
same mass (32 g/mol), however if there was a pressure increase from this mass, it would
most likely be CH3OH since our reaction flask did not show air leaks (increase in N
pressure).

The M-TiO, samples did not show any appreciable amount of H, over the 4 hour
run time. The reference sample did show a steady stream of H,. The percent of H,

pressure relative to argon pressure is shown in the plot in Figure 2.17.
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Figure 2.17  H, generation over time from the 1wt% Pt loaded P25 TiO reference
sample. The percent pressure is relative to the argon background gas.

The RGA system was allowed to equilibrate for several minutes before the UV lamp was
turned on. The lamp was turned on after 19 minutes. The system has a small background
H, signal before each run which may be from water vapor. The H; signal plateaus

around 42 %, leaving ~58% Ar and trace pressures of all other gas signals.
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2.4 Reaction Analysis

SSM reactions are exchange reactions, meaning that the ions between reagents
ideally exchange between each other. In the reaction between TiCl; and Na,O,, the
targeted solid products seen by XRD are TiO,and NaCl. Titanium is oxidized from Ti**
to Ti**. The reaction is driven by the thermodynamic formation of NaCl (AH; = -411.1
kJ/mol). The reactions proceed from ignition of the combined solids with a resistance
heated 22 gauge nichrome wire. Nichrome wire is an alloy of Ni (58%), Cr(16%), and Fe
(26%), and sometimes small amounts of silicon depending on the brand. It melts at
~1400 °C. Care has to be taken when using nichrome wire with the metal oxide SSM
reactions since the reactions can reach the boiling point of the product salt. NaCl boils at
~1413 °C and is present for a short time as a molten flux, therefore the wire can break if
in contact with the hot products. The reactions cool rapidly, however.

The doped reactions behave similarly to the non-doped TiO, reaction.

Essentially, a small portion of the TiClj is substituted for dopant metal halide. The goal
of the reaction is to cause “doping” of the rutile lattice with small amounts of another
metal cation. The assumption is that the powders are mixed intimately enough to cause
this forced defect of other metal ions in the place of Ti** ions. It was encouraging to see
that in the XRD patterns, few or no visibly crystalline dopant oxide peaks, and the
synthesized titanias were colored with respect to the dopant metal used.

Doping can occur in several ways. The dopants could be localized on the surface
of the rutile crystals. This would explain the color seen of each solid. The dopants could
also be located within the crystal structure vacant sites of rutile. The dopants could also

replace Ti** by bonding to oxygen in a similar 6-coordinate fashion to avoid major lattice
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parameter changes. Some possible candidates for direct Ti** replacement and that will
bond in a 6-coordinate manner are Cr** (0.62A), Mn** (0.53A), Fe®* (0.65A), Co®*
(0.61A), and Ni?* (0.69A) since Ti*" ionic radii is (0.61 A).

The targeted mole ratio of Ti:M (M = Cr, Mn, Fe, Co, Ni, Cu) was 9:1 giving an
ideal chemical formula of TiggMo10,. This assumes that the small amounts of dopant
will interact with the rutile structure intimately as opposed to forming separate oxides.
Also, the thermodynamic data of the common oxides were shown and discussed in
Chapter 1 (Table 1.1). TiO, is the most thermodynamically favorable oxide compared to
the other first row transition metal dopant oxides with a heat of formation value of AH; =
-944.7 kJ/mol and is the major component in the reaction mixture.

The SSM reactions propagate from an initial heat source point producing
products. Assuming that all of the reagents are intimately mixed, TiO, would form
rapidly in the presence of dopant metals. In reality, the powders are dispelled violently
throughout the reaction chamber due to gas formation and pressure build up so there is
most likely a mixture of products with some local variations in M,TiO,. The reagents are
not heated for very long periods of time therefore product crystallization time is limited.
This may also suppress the formation of separated dopant oxides versus metal ions inside

the rutile structure.

2.5 Conclusions

Doped transition metal oxides have been synthesized using a rapid SSM
technique in moderate yields. All of the samples were colored, which indicated that the
dopant was present within the sample. XRD showed that the rutile phase TiO, and some

impurity NaTixOy phases are present. Acid washing aided with significant impurity
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removal, but ultimately some impurities remaining. Some dopant was lost from acid
washing. EDS and ICP showed retention of metal dopants. Annealing studies showed
that the metal dopants are still within the rutile structure since crystalline dopant based
phases were present. The magnetic data of both the acid washed and acid washed
annealed samples allowed us to better understand approximately how the dopant affects
the electronic structure of the materials synthesized, with the annealed samples having a
higher magnetic response than the acid washed samples alone. The fact the samples show
visible light absorption also reinforces the presence of dopant metals. The SEM images
of the acid washed samples showed aggregated particles and rods which produced
smooth surfaces upon annealing.

The methylene blue dye degradation tests showed that the acid washed samples
do have some photo-activity under UV and visible light. P25 TiO, out-performs the M-
TiO, samples under UV light. However, majority of the samples are much better than
P25 TiO, under filtered UV light using the 420 nm cutoff filters and better than undoped
rutile from P25 annealing. Overall in both the UV and visible tests, the sample absorb
the dye better in the dark than P25 TiO,, with M-TiO, and Fe-TiO, samples having the
highest dye removal in the dark.

The platinum loaded undoped and M-TiO, samples did not show H, generation
even after several hours of UV light exposure. This may be due to several factors which
include particle size, crystalline phase, and surface area. Improved synthesis methods
will need to be investigated to encourage H, generation from M-TiO, samples. The

platinum loaded P25 TiO, sample did show H, generation over a course of ~2 hours.
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The next chapter will incorporate the SSM reaction technique using reactions
targeting transition metal phosphide, sulfide, and thiophosphate materials. The goal will

be to synthesize materials to obtain targeted phases quickly.
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CHAPTER 3
SYNTHESIS OF TRANSITION METAL PHOSPHIDES AND
SULFIDES BY SOLID-STATE METATHESIS METHODS

3.1 Introduction and Background

Transition metal phosphides and sulfides have several industrial uses, which have
major influences in the semiconductor and catalysis fields. Often these materials are used

146,147

for corrosion resistance, photovoltaics,'* hydrodenitrogenation (HDN) and

hdyrodesulfurization (HDS) catalysts,***®

electrochemical catalysts, hydrogen evolution
catalysts, mechanical lubricants, battery materials and pesticides. These materials are
targeted for their electronic band structures and crystal lattice parameters.

Several materials require synthesis in large quantities. Therefore a cost and time
efficient reaction route producing high quality products is beneficial. Wet chemistry
methods are often performed to produce specific nanoscale products with unique
morphologies. Hydrothermal and solvothermal methods produce uniform nanoscale
materials. More exotic synthesis using templates can aid with the formation of unique
structures. These techniques often require very specific reagents for desired materials.
Solid state routes are good alternatives to solution phase reactions. These types of
reactions do not require a solvent in the synthesis, but may need them for post reaction
washing.

Traditional solid state syntheses of these materials involve high purity elements,
which are often heated to high temperatures for long periods of time under inert
conditions. The advantage of using the elements is that there is usually no byproduct
materials produced and isolation of products are simple. Also the energy of the reaction
is exothermic since the reagents are elements and have a AH; = 0 kJ/mol. For example,

the synthesis of CuP; from the reaction Cu + 2P - CuP; (AHx, = -121 kJ/mol) should

readily form products. However, the reaction requires long heating times at high
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temperatures under inert conditions or vacuum. There is also the possibility of multiple
phases forming during the allotted heating time. Often, targeted phases are chosen due to
thermodynamic properties of the phase. Depending on the reaction, the product yields
will vary and characterization by X-ray diffraction techniques can be done.

Changing the starting reagents can aid with product formation. Reagents that
form highly stable byproducts can be advantageous for reactions that take very long times
to react. The byproducts need to be easily removed from the targeted materials.
Materials that can be sublimed away from the desired products are ideal. A simple
temperature gradient can be used to cause unwanted materials to condense or deposit on
cooler ends of reaction chambers. Salt byproducts are useful since they can be removed
by polar solvents such as water or methanol. Care needs to be taken into choosing
appropriate solvents that will not damage the targeted metal phosphides or sulfides.

Similar to the synthesis of metal oxide and doped materials mentioned in Chapter
2, transition metal phosphides and sulfides can also be synthesized using solid state
metathesis methods. Extensive work by Parkin has shown that transition metal
phosphides can be synthesized by using NasP and anhydrous metal halides.**® They were
able to produce an array of metal phosphides by heating the reagents in an evacuated
ampoule to 550°C for 4 hours or by simply grinding some metal halides and sodium
phosphide together under inert atmosphere. These reactions were self-propagating. The
driving force behind these reactions was the formation of very stable sodium salts. They
reported that the reactions produced metal phosphides, with yields ~ 90%, and a sodium
halide salt which was removed by washing with methanol. Results from their powder
XRD patterns showed either single or multiple metal phosphide phases.

Parkin et. al. also worked on the synthesis of metal chalcogenide materials using
similar techniques compared to their metal phosphide work.**® They synthesized a range

of metal chalcogenides using Na,X or Na,S;, (X = S,Se, Te) and metal halides. The
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reagents were reacted in a sealed ampoule at 300 °C for 48 hours. They found that their
yields were very high and targeted products were achieved by XRD analysis.

The reactions in this chapter will focus on synthesizing iron, cobalt, nickel, and
copper phosphide, sulfide and thiophosphate (M-P-S) materials using SSM techniques.
The reactions will involve combining metal chlorides, lithium nitride (Li3N) as a
reducing agent, red phosphorus, elemental sulfur, and phosphorus pentasulfide (P,Ss) to
yield the respective metal phosphide, sulfide or M-P-S material, LiCl and N, as
byproducts. All of the reactions are exothermic according to Hess’s Law calculations.
The heats of formation for the respective metal halides and the target products are listed

in Table 3.1.
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Table 3.1 Heats of formation of starting reagents and target products.
Data are from CRC Handbook of Chemistry and Physics 71% Edition, the
book Thermochemical Data of Elements and Compounds, or the book
Metallurgical Thermochemistry. (AH¢ LisN = -164.56 kJ/mol)

Compound Name AH¢ (kJ/mol M)
FeCl; -401
CoCl, -393
NiCl, -306
CuCl, -218
FeP; -221
CoP3 -280
NiP; -129
CuP; -121
FeS, -171
CoS; -153
NiS; -125

CuS -53

3.3 Results and Discussion

3.3.1 Synthesis Analysis of M, M-P, and M-S Materials
The SSM reactions targeting the elemental metals involved heating the metal
halides with LizN. The balanced reactions are the following:

FeCls + LisN > Fe +3 LiCl + 0.5 N, (3.1)
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3 CoCl, + 2 LisN > 3 Co + 6 LiCl + N, (3.2)
3 NiCl, + 2 LisN = 3 Ni + 6 LiCl + N, (3.3)
3 CuCl, + 2 LisN > 3 Cu + 6 LiCl + N, (3.4)

The SSM reactions targeting the products FeP,, CoP3, NiP,, and CuP; involved heating
the metal halides with LisN and red phosphorus. The balanced reactions for each targeted

material are the following:

FeCls + LisN+2P - FeP, + 3LIiClI + 0.5 N, (3.5
3 CoCl, +2 LizN + 9P > 3 CoP; + 6 LiCl + N, (3.6)
3 NiCl, + 2 LisN + 6 P > 3 NiP, + 6 LiCl + N, (3.7)
3 CuCl, + 2 LizN + 6 P > 3 CuP, + 6 LiCl + N, (3.8)

The SSM reactions targeting the products FeS,, CoS,, NiS,, and CuS involved heating
the metal halides with LisN and elemental sulfur. The balanced reactions for each

targeted material are the following:

2FeCl3+2 LisN+4S > 2FeS;+ 6 LiCl + N; (3.9
3CoCl;+2LisN+6S > 3CoS; +6 LIiCl + N, (3.10)
3 NiCl, + 2 LisN +6 S = 3 NiS, + 6 LiCl + N, (3.11)
3 CuCl, + 2 LisN +3S > 3 CuS + 6 LiCl + N, (3.12)

The corresponding heats of reaction for ideal products from the above reactions are in
Table (3.2). The calculated AH, indicate that the LiCl production (AH; = -400.9 kJ/mol)
creates a very exothermic reaction, even in the case of the elemental metal reactions. The
targeted products have slightly exothermic AH¢ values (see Table 3.1). For the SSM
reactions, temperatures typically reach the boiling point of LiCl around ~1380 °C and
then rapidly begin to cool in seconds.®

The yield calculations for the SSM reactions are challenging due to mixtures of
multiple crystalline products from a single reaction and will be determined later. For
clarity, the yields can be separated into three categories: (1) targeted phase yield (2)

resultant yield from major phase detected (3) mass recovery using the metal and P-S
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starting mass. The targeted phase yield is the calculated yield from the balanced reactions
assuming that the desired products have formed. After characterization, most reactions
show multiple phases which made the actual yield a more complicated estimation that
cannot be calculated accurately. The yields appear to vary due to the thermal stability of
each targeted product and the starting metal halides. For the metals, Fe, Ni, and Cu have
high yields, while Co metal forms a low yield. The wash solutions from the targeted
elemental metal reactions consist of a very fine solid suspension and a bulky, denser
solid. The solid materials were separated by first removing the dense solid with a magnet
(or decanting for the copper case), and then centrifuging the fine solid suspension. The
mass recovery compares the initial metal, phosphorus or sulfur reagent mass and the final
washed product mass. The copper recovery percentage is greater than 100% due to
additional mass uptake from precipitated hydroxides during the methanol washing step.
The yields of the metal phosphides and sulfides vary from 40 to 80 %. The iron
phosphide, cobalt phosphide and cobalt sulfide samples have lower yields than the other
samples. This could indicate that the initial reactions that form iron and cobalt metal
were incomplete and translate to incomplete M+P or M+S reactions. The yields for the

targeted products are found in Table 3.2.



Table 3.2 Calculated product yields and AHx, of SSM reactions involving
metal halides, LisN, red phosphorus and sulfur. The yields are for
the “targeted products” based on equations 3.1 -3.12.
Reaction Type Target Yields for Ideal AHpn
(all have Li3N) Product Products (kJ/mol of M)
FeCls Fe 80 % -660.3
CoCl; Co 40 % -315.1
NiCl, Ni 78 % -401.8
CuCl, Cu 3% -486.6
FeCl; + P FeP; 30 % -881.2
CoCl, +P CoP3 42 % -595.4
NiCl, + P NiP; 7% -531.5
CuCl, +P CuP; 49 % -607.6
FeCls + S FeS; 81 % -838.5
CoCl, +S CoS; 19 % -580.3
NIiCl, + S NiS; 54 % -526.7
CuCl, +S CuS 1% -539.8

3.3.2 Powder X-Ray Diffraction (XRD) and Elemental Analysis of M, M-

P, and M-S Products
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The XRD patterns of the products from the reaction of the metal halides and LizN

are shown in Figures 3.1 and 3.2. Figure 3.1 shows the XRD of the product from the

reaction of FeCls and LizN showed crystalline peaks for iron metal (PDF #04-007-9753).

The baseline is high in intensity due to the fluorescence background of iron. No other
peaks are present in the pattern. XRD on the product from the reaction of CoCl, and

LisN revealed peaks for poorly crystalline peaks for cobalt metal (PDF #00-15-0806).
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The pattern has a very noisy base line which is due to the fluorescence background of
cobalt when using copper radiation. There are no other noticeable peaks in the pattern.
Figure 3.2 shows the XRD of the product from NiCl, and LisN shows crystalline
peaks for Ni metal (PDF #00-04-0850) and NiO (PDF #00 47-1049). The XRD pattern
for the SSM reaction between CuCl, and LisN is shown in Figure 3.2 and yielded a
poorly crystalline Cu metal phase (PDF #00-004-0836) with the most intense peaks
corresponding to CuO (PDF #04-007-1375). The presence of the metal oxides in the
XRD is most likely due to reactions of the metal nanoparticles with air or methanol

during workup.
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Figure 3.1 Powder XRD patterns of the iron sample (a) and the cobalt sample (c)
from the SSM reaction between the metal halides and LisN. The reference
bcc Fe metal pattern (b) and fcc Co metal pattern (d) are shown below the
sample patterns.
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Figure 3.2 Powder XRD patterns of the nickel sample (a) and the copper sample (c)
from the SSM reaction between the metal halides and LizN. The reference
fcc Ni metal pattern (b) and CuO pattern (d) are shown below the sample
patterns.

The XRD patterns of the products from the reaction of the metal halides, LisN and
red phosphorus are shown in Figures 3.4 and 3.5. There were no metal halide or LiCl
peaks in any of the samples, which indicated good washing techniques. The XRD pattern
of the product from the reaction between iron chloride and red phosphorus, shown in
Figure 3.4, showed a crystalline orthorhombic FeP pattern (PDF #03-065-2595). The
baseline is high from the fluorescent background of iron. The peaks are small and some
are close to the baseline. The targeted FeP, phase was not observed. No other phases
could be clearly identified from the pattern.

The XRD pattern for the Co-P SSM reaction showed poorly crystalline
orthorhombic CoP (PDF #00-29-0497) phase. There were no peaks for the targeted CoP3
phase. To help improve the crystallinity, the sample was annealed at 500°C for 24 hours
in an evacuated Pyrex ampoule. The XRD pattern of the annealed material, In Figure

3.4, only showed slightly improved crystalline peaks for CoP. The Ni-P and Cu-P SSM
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reaction XRD patterns are showed in Figure 3.5. The Ni-P sample showed crystalline
peaks for the Ni,P (PDF # 03-065-3544). There were no other recognizable peaks in the
pattern. The targeted NiP, phase was not present in the pattern.

The XRD pattern for the targeted Cu-P SSM reaction showed poorly crystalline
CusP (PDF #00-02-1263). The sample was annealed in an evacuated Pyrex ampoule at
500°C to improve crystallinity. XRD of the annealed sample showed much more
pronounced CusP peaks. There are also peaks that match copper metal (PDF# 00-04-

0836). The presence of the copper metal peaks could indicate an incomplete reaction.

Arbitrary Intensity
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Figure 3.3 Powder XRD patterns of the iron phosphide sample (a) and the cobalt
phosphide sample (c) from the SSM reaction between the metal halides,
LisN and red P. The reference FeP pattern (b) and CoP pattern (d) are
shown below the sample patterns.
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Figure 3.4 Powder XRD patterns of the nickel phosphide sample (a) and the copper
phosphide annealed sample (c) from the SSM reaction between the metal
halides, LisN and red P. The reference Ni,P pattern (b) and CusP pattern
(d) are shown below the sample patterns.

The XRD patterns of the products from the reaction of the metal halides, LisN and
sulfur are shown in Figures 3.6 and 3.7. The Fe-S sample in Figure 3.6 showed multiple
phases with a large noisy baseline due to the iron fluorescence background. The most
intense crystalline peaks unexpectedly agree best with an orthorhombic Sg phase (PDF
#01-078-8201). Two other phases present in the pattern are a monoclinic Fe;Sg phase
(PDF #00-029-0723) and monoclinic Fe;1S;, phase (PDF #01-029-0723) which are both
close to a Fe:S composition of 1:1. No other crystalline peaks can be seen in the pattern.

The XRD pattern (not shown) of the Co-S sample showed poorly crystalline CoS
(PDF #04-003-2150). The material was annealed in an evacuated Pyrex ampoule at
500°C for 24 hours to improve crystallinity. The XRD pattern of the annealed sample,
shown in Figure 3.6, showed crystalline peaks of the CoS (PDF #04-003-2150). There
are also very small crystalline peaks for cubic CosS, (PDF #04-004-5624). The targeted

CoS; phase was not observed.
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The XRD pattern of the products from the reaction of nickel chloride, LisN and
sulfur gave a very noisy pattern and is in Figure 3.7. There are indications of peaks for
the hexagonal pattern NiS (PDF #01-078-4718). The sample was annealed at 500°C for
24 hours to improve crystallinity. Two phases were present in the XRD pattern. The
most intense peaks were for a cubic NiS; phase (PDF #04-003-1992). The peaks for
hexagonal NiS (PDF #04-002-6886), are much less intense than the NiS; phase.

The XRD pattern of the copper sulfide product showed a poorly crystalline
material. There are peaks that could indicate a hexagonal CuS phase (PDF #04-004-
8687). To help improve the crystallinity of the product, annealing was done at 500°C for
24 hours. XRD of the annealed sample shown in Figure 3.7, gave very crystalline peaks
that agreed best with the rhombohedral CugSs phase (PDF #00-047-1748). No other

peaks were present in the pattern.
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Figure 3.5 Powder XRD patterns of iron sulfide sample (a) and the annealed cobalt
sulfide sample (c) from the SSM reaction between the metal halides, LisN
and sulfur. The reference Sg pattern (b) and CoS pattern (d) are shown
below the sample patterns.
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Figure 3.6 Powder XRD patterns of the annealed nickel sulfide sample (a) and the
annealed copper sulfide sample (c) from the SSM reaction between the
metal halides, LisN and sulfur. The reference NiS; pattern (b) and CugSs
pattern (d) are shown below the sample patterns.

The elemental analysis data of the metal, M-P, and M-S samples are in Table 3.3.
All of the data were taken from thinly pressed pellets of the materials except for the metal
materials. The data compares the atomic percent ratios of the metal content, P(S) and
chlorine. All of the phases seen by XRD are also listed. The metal samples have no
phosphorus or sulfur. There are very low amounts of residual chlorine in the samples.
The atomic ratios agree well with the XRD patterns seen with the metal samples.

The M-P atomic ratios do not agree well with the phases seen by XRD, being
more phosphorus rich. This may be due to amorphous phosphorus in the sample. For all
M-P materials, the chlorine content was very low. The Fe:P ratio was 1:0.99 which is in
good agreement with FeP that was seen by XRD. The chlorine content was ~0.03. The
Co-P sample had a Co:P ratio of 1:1.64, having a richness in phosphorus. The XRD
phases were CoP and Co,P with about equal intensity. The average phosphorus content

would be 0.75 between the two phases. The Ni-P sample had a Ni:P ratio of 1:1.57
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which is rich in phosphorus according to the XRD phase Ni,P. The chlorine content is
the highest of all of the M-P products, giving a value of 0.23. The Cu-P sample had a
Cu:P ratio of 1:0.19. This is a bit low in phosphorus content according to the phases
seen. The chlorine content was 0.10.

The M-S samples have slightly poor sulfur content with respect to the phases seen
in the XRD and the metal content. The Fe-S sample had a Fe:S ratio of 1:0.57 and very
low chlorine content. This ratio is close to the phase Fe;;Sg seen by XRD. The Co-S
sample had a Co:S ratio of 1:0.95. This ratio is close to the major phase CoS seen in the
XRD. The chlorine content was very low. The Ni-S sample had a Ni:S ratio of 1:0.72
which is a poor in sulfur compared to the XRD phases NiS and NiS,. The chlorine
content was very low. The Cu-S sample had a Cu:S ratio of 1:0.37 which is sulfur
deficient compared to the CugSs phase seen in the XRD pattern. The chlorine content

was the highest of the M-S materials, with a normalized atomic ratio value of 0.27.



Table 3.3 EDS data for the metal, M-P, and M-S samples are given.
Bolded phases are the major phases. The column on the far right
represents the atomic ratios of either phosphorus or sulfur, and
residual chlorine with respect to the metal for each sample.

S?;g’e'e T?,Lg:gsd XRD Phases M : P(S): CI
Fe Fe Fe 1:0:0.03
Co Co Co 1:0:0.02
Ni Ni Ni, NiO 1:0:0.04
Cu Cu Cu, CuO 1:0:<0.01
Fe-P FeP, FeP 1:0.99:0.06

Co-P CoP3 CoP, CoyP 1:1.64:0.07
Ni-P NiP, NiP 1:157:0.23
Cu-P CuP; CusP, Cu 1:0.19:0.10
Fe-S FeS; Fe11Ss, Fe7Ss 1:0.57:0.04
Co-S C0,S;3 CoS, Co3Ss 1:0.95:0.01
Ni-S NiS; NiSz, NiS 1:0.72:0.07
Cu-S CuS CugSs 1:0.37:0.27

3.3.3 SEM Analysis of M, M-P, and M-S Products

Scanning electron microscope images of SSM products targeting elemental
metals, M-P and M-S products were collected. The SEM images of the metal products

from the reaction between the metal halides and LisN are located in Figure 3.8. The

91

images show a mixture of aggregated sub-micrometer sized particles for the iron, cobalt,

and nickel samples. The iron sample consists of large aggregate smooth particles about

2-3 microns in length. The cobalt sample consists of random aggregate particles that are

several microns long. The nickel sample also consists of aggregate particles. There are

some plate-like structures mixed into the aggregates. The plate structures range from 2-5

microns in length. The copper sample showed a mixture of uniform rectangular prisms
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and spheres. These particles range from 80-150 microns. Closer inspection of the
particles showed smaller microstructures within the larger spheres and rectangular
prisms.

The SEM images of the M-P products are located in Figure 3.9. The iron sample
shows a mixture of small and large aggregate particles throughout the sample measuring
several microns in length. The cobalt sample showed a mixture of small aggregate
particles and large blocky or shard-like structures ranging from a few microns to several
tens of microns. The cobalt sample consists of small rough edged particles that are
several microns. The copper sample consists of large blocky structures with small
aggregate particles covering them. The blocky structures have an average size of ~300

microns.
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Figure 3.7

SEM images of SSM metal products from the reactions of metal halides
and LisN. A=Fe,B=Co,C=Ni,D=Cu
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Figure 3.8 SEM images of SSM metal phosphide products from the reactions of
metal halides, LisN, and red phosphorus. A=Fe, B=Co,C=Ni,D=Cu

The SEM images for the M-S products are located in Figure 3.10. The iron
sample showed a mixture of aggregate particles and flat blocky shapes. These particles
have a range of sizes, with some particles reaching sizes of ~40 microns. The cobalt
sample consists of sub-micron particles that form aggregates with a variety of sizes
ranging from a couple of microns to a few tens of microns. The nickel sample consists of
a mixture of small aggregate particles, ranging from a few micrometers, and large blocky

structures measuring up to ~25 microns in length. The copper sample also contains a
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mixture of aggregate particles and larger structures that are covered with small particles

of a few microns in length.
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20.0kV 7.3mm x900 3/1/2015 50.0urr 7 20.0um

Figure 3.9 SEM images of SSM metal sulfide products from the reactions of metal
halides, Li3N, and elemental sulfur. A=Fe, B=Co, C=Ni,D=Cu

The M-P and M-S materials behave differently in terms of reactivity. This is due
to the nature of sulfur and phosphorus at high temperatures. The phosphorus goes
through a structural change to white phosphorus P, tetrahedra, and a molecular gas phase
change at ~416 °C. The gaseous phase change can be troublesome in terms of producing

products. This is not the case for sulfur, since it only undergoes a phase change from a
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solid to a molten liquid ~289°C. The solid-molten liquid interaction of materials can
produce interesting products if the both the phosphorus and sulfur reactions are
combined. The reactions were combined and initial experiments were conducted to
target each of the M-P and M-S products from the reactions mentioned in section 3.3.1.

These products were not seen, but interesting M-P-S phases was observed.

3.3.4 Characterization Results of M-P-S Materials

The synthesis of metal thiophosphate materials brings in new challenges
compared to the metal phosphide reactions. These reactions incorporate elemental sulfur
or P,Ss into the reaction MCI; + LisN (M= Fe, Co, Ni, Cu). Adding another reagent
further complicates the reaction. Elemental sulfur is not as volatile as red phosphorus.
P,Ss is also not as volatile as red phosphorus and behaves more like elemental sulfur
when heated. Once the reaction chamber reaches ~ 289 °C, P,Ss and sulfur will become
molten, viscous liquids and red phosphorus will remain a solid.

The cobalt and nickel balanced reactions have the general form (M = Co, Ni):

3 MCl, +2 LisN + 3P +9 S > 3 MPS; + 6 LiCl +N, (3.13)
3MCl,+2LisN+15P,Ss+15S > 3 MPS; +6 LiCl + N» (314)

The iron and copper balanced reactions have different stoichiometry. The following

balanced equations are listed:

2FeCl3+2LisN+2P+6S > 2FePS;+6 LICl + N, (315)
2 FeClz + 2 LisN + P,Ss + S > 2 FePS3 +6 LIiCl + N, (316)
3CuCl,+2LisN+P+4S > CusPS;s+6 LICl + N> (317)

6 CuCl, +4 LisN+PyS5+3S > 2 CuzPSs+ 12 LIiCl + 2 N, (318)
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As seen with the previous reactions, the nature of the SSM reactions are very violent,
displacing materials all over the interior of the reactor, and being very exothermic.

The ideal yields of these M-P-S reactions are located in Table 3.3. The targeted
yields were calculated assuming that the respective targeted products were isolated. As
noted earlier, the yields are approximations as powder XRD identified multiple phases,
which complicates an accurate yield calculation. P,Ss was used as a molecular
comparison to the reactions using phosphorus and elemental sulfur individually. The
goal was to start with a material that had pre-formed P-S bonds and then to react them
with the metal formed from the reaction between metal halides and LisN. The iron,
nickel, and cobalt samples have similar yields between their (P+S) and (P,Ss + S)
reactions. The cobalt reaction with (P+S) has a higher yield than the (P,Ss + S) reaction.
This may be due to the nature of how the initial reaction with cobalt chloride and LizN
responds to the addition of two reagents that are not as volatile as red phosphorus. The
mass recovery is very similar to the ideal product yield in all cases except for the copper

reactions.



Table 3.4 The calculated target product yields of SSM reactions

involving metal halides, P,Ss and elemental sulfur are shown.

Reaction Type Target Yields of

(all have Li3N) Product Ideal Products
FeCl3+P +S FePS; 25 %
FeCl; + P,Ss + S FePS; 27 %
CoCl, +P+S CoPS; 37 %
CoCly + PS5 + S CoPS; 13%
NiCl, +P +S NiPS3 26 %
NiCl; + P,Ss + S NiPS; 21 %
CuCl, +P+S CuzPS, 62 %
CuCly + PS5 + S Cu3PS, 60 %

3.3.5 Powder X-Ray Diffraction of M-P-S Materials from (P + S)

reactions

The XRD patterns of the products from the reaction of the metal halides, Li3N,

red phosphorus and sulfur were analyzed for crystalline phases. These patterns are
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shown in Figures 3.11 and 3.12. The MPS; known structures consist of M** cations (M =

Fe, Co, Ni) and P,S¢* anions bound in a layered fashion with the sulfur atoms weakly

bonding together vacant layers. The missing layer is a cation layer and can be seen in the

XRD by the presence of the (001) peak at 13°. The copper reaction does not produce a

layered material, but an orthorhombic CusPS, phase product. This structure is composed

of Cu* cation and PS,* anions. Structural representations of CusPS, and CoPS; are
shown in Figure 3.10. The FePS3 and NiPS; unit cells are identical to the CoPS; unit

cell. The missing layer of atoms can be seen in the unit cell with sulfur atoms aligned

towards the gap. The orthorhombic CusPS, unit cell has no such gap.
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Figure 3.10  Unit cell representations of CusPS, (left) and CoPS; (right).

The XRD of the iron thiophosphate (Fe-P-S) sample, shown in Figure 3.11,
showed two phases. The most intense phase was the targeted monoclinic FePS; (PDF
#04-005-1516) and the second phase present was hexagonal FeS (PDF #04-009-7914).
The FePS; to FeS peak intensity ratio was ~ 3:1. There were no iron phosphide phases
present. In the previous section, the iron sulfide reaction yield (~80%) was much higher
than the iron phosphide yield (~30%). This could also indicate that nanoscale iron has a
stronger affinity to bind to sulfur than phosphorus and give some reasoning behind why
FeS is present in the sample.

The XRD of the cobalt thiophosphate sample shown in Figure 3.11 also showed
two phases. The most intense peaks are from hexagonal Cog gsS (PDF #04-003-3441).
Monoclinic CoPS;3 (PDF #01-078-0498) was barely detectable by its (001) peak at 13°.
The baseline is quite high due to the cobalt fluorescent background. The peak ratios of
the two patterns Cog ggS and CoPS; is ~ 8:1.

The XRD pattern of the NiPS; targeted material are shown in Figure 3.12 and also
showed multiple phases. The most intense peaks were from hexagonal NiS (PDF #04-

002-6886). There were two other low intensity phases identified as monoclinic NiPS3
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(PDF #00-033-0952) and hexagonal Ni,P (PDF #04-003-1863). The intensity ratio of
NiS to (NiPS3: NiyP) is approximately 8:1.

The XRD pattern of the CusPS, targeted material shown in Figure 3.12 also
showed multiple phases. The most intense phase was cubic Cu;PSg (PDF #00-033-0483).
There are peaks for the orthorhombic phase CusPS, (PDF #04-007-4285) with similar

intensity to the Cu;PSg phase. Unidentified peaks are present near 16°, 25°, 26°, and 37°.

a * FeS

Arbitrary Intensity

10 20 30 40 50 60 70 80
2 Theta Degrees

Figure 3.11  Powder XRD patterns of the Fe-P-S sample (a) and the Co-P-S sample (c)
from the SSM reaction between the metal halides, LisN, red P and sulfur.
The reference FePS;3 pattern (b) and Cog ggS pattern (d) are shown below
the sample patterns.
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Powder XRD patterns of the nickel thiophosphate sample (a) and the
copper thiophosphate sample (c) from the SSM reaction between the metal
halides, Li3N, red P and sulfur. The reference NiS pattern (b) and the
reference pattern for CusPS, (d) are shown below the respective sample
patterns.
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The M-P-S reactions using red phosphorous and elemental sulfur overall prefer
M-S materials over M-P and M-P-S materials. The metal reduction by Li3N, followed by
the addition of phosphorus and sulfur produces the M-S materials most likely due to the
intimate contact of molten liquid sulfur with the reactive metal nanoparticles versus
gaseous molecular phosphorus. Even when the phosphorous content is high, no M-P
phases were detected. The major XRD phases support this observation. The iron sample
was the only sample that had a major MPS; phase of FePS;. Also FeS was present, and
not FePy phases were present.

The trend of low phosphorus content is consistent with previous experiments.
This was seen in the reactions that targeted the phosphorus rich phases, yet yielded metal
rich phases (ex. Co,P, NiyP, CusP). Also, the trend of sulfur rich phase preferences was
seen in the M-S reactions. The next section will discuss the characterization from the
attempted reactions which use P,Ss, a reagent that has pre-bonded phosphorus to sulfur.

This should aid with reducing phosphorus loss due to vaporization.

3.3.6 Powder X-Ray Diffraction of M-P-S Materials: P,Ss + S Reactions

The XRD pattern of the FePS; targeted products from the reaction of the metal
halides, LisN, P,Ss and sulfur showed several phases. The XRD pattern for this reaction
is shown in Figure 3.13. The most intense phase was monoclinic FePS; (PDF #04-005-
1516). The second phase was hexagonal Feg g75S (PDF #04-006-4096). There is also a
very small unknown shoulder peak at 43°.

The XRD pattern of the CoPS; targeted product from the reaction of CoCly, LizN,
P,Ss, and sulfur showed multiple phases and is shown in Figure 3.13. The most intense
phase was hexagonal CoS (PDF #03-065-3418) followed by the cubic phase CoPy5S1 5
(PDF #04-007-4518). There are no peaks that indicate CoPS3. The base line is very high

and noisy due to the cobalt fluorescent background.
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The XRD pattern of the NiPS; targeted phase from the reaction of NiCly, LizN,
P,Ss, and sulfur showed multiple phases and is shown in Figure 3.14. The most intense
phase is NiS (PDF #04-003-2151). The next most intense phase was NiPSz (PDF #04-
04-0373). Two other phases of equal intensity are NiCl, (PDF #00-022-0765) and Ni,P
(PDF #04-001-9848). There is an unknown shoulder peak at 31°. The presence of NiCl,
is unexpected due to the high solubility of NiCl, in methanol and the phase identification
is based on a single diffraction peak.

The XRD pattern of the CusPS, product from the reaction of CuCly, Li3N, P5Ss,
and sulfur showed multiple phases. The main phase that was present was elemental
sulfur (PDF #01-076-0183). This pattern is not shown. There were peaks for
orthorhombic CusPS, (PDF #04-007-4285). The presence and intensity of crystalline
sulfur indicates that the reaction may have not gone very far towards completion. The
sample was annealed in an evacuated Pyrex ampoule for 24 hours at 500°C. The Cu3PS,
phase is much more intense and all of the other unknown peaks are not present. The
annealed pattern is shown in Figure 3.14. The sulfur peaks are not present in the annealed

pattern, however a few small unidentified peaks are present between ~35-55°.
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Powder XRD patterns of the Fe-P-S sample (a) and the Co-P-S
thiophosphate sample (c) from the SSM reaction between the metal
halides, LisN, P,Ss and sulfur. The reference FePS; pattern (b) and CoS

pattern (d) are shown below the sample patterns.
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Figure 3.14  Powder XRD patterns of the Ni-P-S sample (a) and the annealed Cu-P-S
sample (c) from the SSM reaction between the metal halides, LizN, P2Ss
and sulfur. The reference NiS pattern (b) and the reference pattern for
Cu3PS, (d) are shown below the respective sample patterns.

3.3.9 Elemental Analysis of M-P-S Products

The EDS data for the M-P-S materials synthesized from the metal halides, (P +
S), and Li3N is shown in Table 3.5. The samples were either flat regions of free powders
or pressed pellets. The XRD data showing all phases was added to help understand the
atomic ratio data. All of the samples show very low chlorine content which demonstrates
good washing techniques. A general trend in all of the samples is that the phosphorus
atomic ratios were relatively low. The ideal M:P:S ratios for the iron, cobalt, and nickel
samples should be 1:1:3 and the copper ratio should be 1:0.33:1:33 according to the
targeted phases. The nickel sample has the closest ideal phosphorus ratio.

The iron (P+S) sample has an atomic ratio that more closely resembles the FeS
phases seen in the sample, however this phase is not the major phase seen by XRD. The

cobalt (P+S) sample atomic ratios most likely resembles the Cog gsS phase which is the
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most intense phase seen in the XRD data. The nickel (P+S) sample also has relative
atomic ratios closer to a 1:1 NiS phase. The copper (P+S) sample gives an atomic ratio
that matches the Cu;PSg phase shown in the XRD. The (P2Ss + S) versions have higher
sulfur content than the (P+S) and are close to the atomic ratios of the dominant phases
seen by XRD, except for the nickel case, which is remarkably low.

The EDS data gives information over the regions selected and only a few microns
deep within the sample. The data can be compared to the XRD data in terms of the
crystalline phases seen. If any amorphous material is in the sample, XRD will not be able
to detect this. EDS will show elemental signals for given elements in the sample if they
are amorphous or crystalline. Since the samples have several mixed phases, the atomic

ratios will vary from the ideal targeted phases.

Table 3.5 EDS and XRD data on the M-P-S materials. The XRD phases are
in order of intensity from left to right with the bolded phase as the
most intense phase. Atomic ratios lower than the detection limit of
the instrument is denoted with < 0.01.

Targeted .p- G-
Sample Type Phase XRD Phases M:P:S:Cl
Fe,P+S FePS; FePSs, FeS 1:0.42:0.96:<0.01
Co,P+S CoPS; CoogsS, CoPS; [1:0.16:0.95:<0.01
Ni,P+S NiPS; NIS, NIPSs, 14 . 063:0.72: 0.14
Ni,P
CU7PS@, . . .
Cu,P+S CusPS, CUsPS, 1:0.22:0.83:0.04
Fe, P,Ss+ S FePS; FePS;, FeggsS [1:0.43:1.53:<0.01
Co, P,Ss + S CoPS; CoS, CoPgsS;5 |1:0.28:1.08:<0.01
. . NiS, NiPSg, , ) ,
Ni, P,Ss + S NiPS; Ni,P, NiCl, 1:0.07:0.24:<0.01
Cu, P,Ss + S CusPS, CusPS, 1:0.24:0.89:0.017
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3.3.10 SEM Analysis of M-P-S Products

The SEM images of the M-P-S materials synthesized from (P +S) are shown in
Figure 3.15. All of the samples show aggregate particles of various sizes. The iron
sample had more fused particles than any of the other samples with particles ranging
from ~3-15 microns. The cobalt sample showed large shard like particles with some
defined edges. The sizes of these particles range from a few microns to ~ 10 microns.
The nickel sample consisted of shard-like chunks which ranged from ~10-50 microns.
The copper sample consisted of a mixture of aggregate shard-like shapes. These shapes

range from a few microns to several tens of microns in length.

20.0kV 7.0mm x1 20.0um

10.0um

Figure 3.15  The SEM images of M-P-S materials from the SSM reactions of the metal
halides, LisN and P + S are shown. Samples were free powders pressed
into carbon tape and did not have a conductive coating.
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The SEM images of the M-P-S materials synthesized from the metal halides, LisN
and (P,Ss +S) are shown in Figure 3.16. All samples consist of fused aggregates. The
iron sample has a mix of aggregates and shard-like shapes. These morphologies range in
size from a few microns to ~15 microns. The cobalt sample shows some blocky
structures mixed in with aggregates. The shapes range from a few microns to ~10
microns. The nickel sample consists of islands of fused aggregates. The aggregates
range in size from 2-10 microns. The islands are several tens of microns. The copper
sample has interesting morphology. There is a mix of fused blocky and round smooth
shapes. The blocky structures range in size from ~2-5 microns with longer growth in one

direction. The round shapes range from ~1-10 microns.

Figure 3.16  SEM images of M-P-S materials from the SSM reactions of the metal
halides, LisN and P,Ss + S
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3.4 Reaction Mechanism Analysis

SSM reactions in the bomb reactor occur rapidly in a quick cooled, molten LiCl
product flux, which can yield metastable materials and unusual phases. The metal halide
reactions with LisN produced nanoscale metals, some of which have air reactivity over
time. The reasoning behind why the metals are present is that the metal nitrides that may
form will rapidly decompose due to extreme temperatures. The synthesis of NisN for
example, is also targeted in SSM experiments. This reaction is exothermic and has the
following balanced reaction: 3 NiCl;, + LisN = NisN + 6 LiCl + N, AHx, = -456 kJ/mol
Ni. While NizsN may form, the reaction temperature is dependent on the boiling point of
the LiCl salt, which is ~ 1380 °C. Ni3gN decomposes in an inert atmosphere to Ni metal
and N gas at ~ 300 °C. The material will not survive in the hot molten flux of LiCl,
leaving Ni metal and any unreacted starting material behind. Similarly, this also occurs
to iron, cobalt, and copper nitrides. This makes sense since the respective metals were
seen in the XRD patterns for each SSM reaction of the metal halides and Li3N alone.

The complexity of the SSM reaction mechanism increases with the addition of red
phosphorus. Red phosphorus sublimes at ~ 416 °C to white phosphorus under inert
atmosphere. Since the nature of the reaction will reach at least 1380 °C for a short time,
the red phosphorus becomes a very reactive molecular gas. The white phosphorus
allotrope reacts with the nanoscale metal from the reaction between halides and LisN. At
this point, there is a competition for product formation between the metal particles and
M-P materials. The vaporization of phosphorus also limits the formation of phosphorus
rich phases, hence the metal rich phases seen in the XRD patterns. Since these reactions
occur very rapidly, the thermodynamics of the reaction are difficult to interpret or
control.

The SSM reactions propagate, heating neighboring solids to produce products. In
order for metal phosphides to form, the metal halide, red phosphorus and LisN need to be

in intimate contact with each other. If phosphorus is not around, the elemental metal will
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form instead. It is assumed that the powders are homogeneous from grinding prior to
heating, but mixing is limited to grinding with a mortar and pestle and the lack of solvent.
In addition to this, the red phosphorus sublimes, leaving the vicinity of the other solid
reagents and then re-depositing quickly due to cooling. The enthalpy of formation
between the elemental metals and metal phosphides favors the metal phosphides as seen
in Table 3.2. However, elemental metal is seen in some of the XRD patterns, thus
indicating incomplete (M + P) reactions.

The addition of sulfur causes the reactions to behave differently. The SSM
reactions between the metal halides, sulfur and Li3sN produce M-S products and no
elemental metal byproduct. This may be due to how sulfur behaves at high temperatures.
Sulfur melts at ~115 °C and begins to boil at ~444 °C. Upon phase transformation from
solid to liquid, sulfur will become a very viscous dark red liquid. Further heating will
cause vaporization. The liquid form of sulfur would be in better intimate contact with the
metal particles formed from the reactions between the metal halides and LisN than
phosphorus vapor, and becomes more reactive, thus producing M-S products. The M-S
reactions also have AH,y, that are more exothermic than the elemental metal reactions and
will produce M-S phases if the reagents are in contact for sufficient amounts of time.

Adding both red phosphorus and sulfur to the SSM reactions consisting of metal
halides and Li3N brings in a more complex reaction scheme. From the characterization, it
has been seen that M-S and M-P-S materials form. There are no metal or M-P phases
present in the XRD patterns. These products make sense according to the previous
reaction mechanism theories. The heats of formation between the M-P and M-S
materials are similar with the phosphides being more favorable in most cases, but not
dramatically different. Both M-S and M-P energies are more favorable than the
elemental metals. The presence of M-S material is seen due to the flux like behavior of
sulfur. The lack of the M-P material is most likely due to the fact that the M-P-S

materials are more stable and that some of the phosphorus sublimes out of the mixture.
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The sulfur flux seems to be able to keep some phosphorus intimately mixed in and thus
the M-P-S materials form.

This idea also leads into the possibility of a stepwise reaction mechanism of the
metals reacting with the elemental sulfur first and then reacting with phosphorus vapor.
Another possibility is that the available phosphorus could also form PCls, a by-product
seen in ampoule reactions in our previous work. PCls is a liquid at room temperature and
would vaporize upon exposure to air. If this is the case, the metal sulfides and metal rich
phases would be more prevalent.

The reactions with P,Ss simplify the reaction mechanism by having pre-formed P-
S bonds. P,Ss melts at ~288 °C and boils at ~514 °C. The behavior of this solid is similar
to elemental sulfur containing a phosphorus component that does not sublime out. The
reactions involving P,Ss produced mainly M-P-S materials and some M-S materials.
Note that additional elemental sulfur was added to balance the reactions. This may
contribute to additional M-S formation. However, according to the XRD patterns, the
major phases were the M-P-S materials, except for the nickel reaction that had NiS as the

major phase.

3.5 Conclusions

The SSM reactions between the metal halides, LisN, red phosphorus and sulfur
yielded a variety of phases. The general reaction mechanism involves the initial
formation of reactive metal nanoparticles that react with phosphorus and sulfur, with a
preference to form metal rich or sulfur containing phases. The use of P,Ss tends to form
M-P-S phases better than using the elements individually. The target phase yields for the
reactions vary from each reaction. The yields that are noticeably low indicate that the
initial reaction of MCIly = M is not very successful.

The EDS data varied with the metal to P(S) content compared to the phases seen

in the XRD. The metal reactions showed very low to no chlorine content which indicates
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good overall metal halide reaction with the other reagents and effective washing
techniques. The M-P reactions had phosphorus rich atomic ratios relative to the metal
while the M-S reactions were slightly poor in sulfur content. The M-P-S reactions had
low phosphorus content but high sulfur content, as seen from the M-S phases seen in the
XRD data. The SEM data overall showed aggregates of varying sizes depending on the
reaction.

To help improve targeted phases, the reactions can be done in sealed ampoules.
The next chapter will utilize previous research on metal phosphides and expand the work
with metal sulfide materials. The goal is to simplify the SSM reactions to reduce

byproduct formation and to improve overall yield and product purity.
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CHAPTER 4
SYNTHESIS OF TRANSITION METAL PHOSPHIDES AND
THIOPHOSPHATES USING SEALED AMPOULE REACTIONS

4.1 Background Info on Transition Metal Phosphides and

Thiophosphates: Synthesis and Structure

Ampoule synthesis is one method used in solid state chemistry to conduct
reactions in a sealed, inert or evacuated atmosphere. The closed environment allows a
direct interaction between solid reagents. Glass tubes are chosen initially for their
inertness and affordability. Common low temperature (T <600 °C) ampoule synthesis is
done in Pyrex glass ampoules. Higher temperature reactions can be done using silica (T
~ 1100 °C) or metal ampoules. Care has to be taken for reactions within sealed tubes,
since pressure build up from gas evolution can explode glass tubes. It is advised to pre-
calculate the maximum possible pressure (~5-10 atm) before performing reactions that
evolve gas.

The previous chapter involved the synthesis of transition metal phosphide, sulfide
and M-P-S materials using a rapid solid state metathesis approach. This process
produced materials in modest yields very quickly. One major disadvantage was that the
reactions produced multiple phosphide or sulfide phase materials which made product
analysis and characterization challenging. This chapter will focus on a more direct
approach to synthesize single phase materials using glass ampoule heating. These
reactions are advantageous since there is one targeted volatile byproduct, PCls, which can

be eliminated by temperature gradients. The reactions involve reacting metal chlorides
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with elemental red phosphorus, yellow sulfur, and P,Ss to target different M-P, M-S, and
M-P-S phases. Initial work using MCly and red or white phosphorus was described in our
previous work using pressed pellets.> The current studies show that the use of pellets is
generally not required.

Since these reactions will be done in sealed ampoules, pressure must be taken into
account. The SSM reactions in Chapter 3 rapidly produced N, gas as a byproduct, but the
reactor vented gas easily. The ampoule reactions in this chapter do not use LisN as a
reagent, so N, gas is not an issue. There is a volatility issue with phosphorus once the
temperature reaches ~416 °C where it vaporizes into a P, species. The main volatiles in
sealed ampoules should be phosphorus, PCl3, and possibly sulfur chloride species. The
pressure was calculated for the estimated ampoule volume and was ~4 atm of pressure for
all reactions assuming complete reactions.

There is an extensive list of metal phosphide, sulfide, and M-P-S phases that could form
from the ampoule reactions. These materials are commonly synthesized from solution

151

phase methods™" or from the elements in the solid state and are often targeted for their

uses as semiconductors, in lithium ion batteries,®>* fuel

cells, and
hydrodenitrogenation and hydrodesulfurization (HDN/HDS) catalysis.*****>**" Some of
the common metal phosphide phases for each metal are: for iron- Fe,P, FeP, FeP,, FePy,
for cobalt- Co,P, CoP, CoP,, CoP3, CoP4, for nickel NigP3, NisP2, NisP4 NisP, Nij2Ps,
Ni2P, NiP, NiP,, NiPs, for copper- CuzP, Cu,P;, CuP, CuP,. Similarly, there are several

metal sulfide phases and some of the common phases for each metal are: for iron Fe;Sg,

FesS,4, FesS, Fe,Ss, FeS, FeS,, for cobalt, CogSg, C03S4, CoS, CoS,, for nickel, Nij7S;g,
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Ni7zSe, NigSs, Ni3Ss, NisS,, NiS, NiSy, and for copper, CusziSis, CugSs, CuSy, Cu,S, Cus,
CuSo.

At normal to low pressures and at moderate temperatures (T <500 °C), metal rich
phases are typically observed. Compounds can be synthesized in a manner of ways such

as solvothermal/hydrothermal synthesis, %>

reduction of phosphate or sulfate materials,
or by ampoule heating using solid state metathesis reactions. Chalcogen rich phases,
such as NiP,, are traditionally synthesized at high temperatures and pressure from the
elements.*® The solids are pressed together in an anvil press coupled with a
thermocouple type of detector to record the temperature. Pressures and temperatures are
on the order of 65 bars and 1200 °C.**°

Mixed phases of phosphorus and sulfur compounds can also form. These
materials are used for their semiconducting properties'®* and improved magnetic'®*1¢3
and electrical properties,*®** battery applications from intercalation of ions and
molecules within the layered MPS; family of materials. The commonly observed phases
observed for the respective metals are: for iron FesP,Sg FePS, FePSs, for cobalt CosPSe,
Co,PS3, CoPS, CoPSs, for nickel NisP2Sg, NisPSg, NiPS, NiPSs, and for copper, CusPS,,
CuPS,.

The heats of formation of the reagents and targeted products are identical to the
products in Table 3.1 in Chapter 3. Since the LizN/LiCl reagent/product pair is not
present here, the overall reactions in this chapter are not as exothermic as the SSM
reactions. The reactions and their thermochemistry will be described in the following

sections. Briefly, the reactions involve MCIy (M = Fe, Co, Ni, Cu) and (P + S) or (P2Ss +

P) in sealed ampoules. The products were isolated by transporting PCl3 to the opposite
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end of the ampoule using a temperature gradient. The targeted products were chosen
either by their thermo-chemical stability or phases seen in previous research. Prior
research suggests target phosphorus rich phases as metal rich targets yield phosphorus
rich and MCly reagents. Reactions conditions such as temperature, time, and pressure

could form non-traditional phases.

4.2 Experimental Section

4.2.1 Starting Materials

Transition metal phosphides (M-P) and thiophosphates (M-P-S) were synthesized
using sealed Pyrex ampoules. Metal sulfide (M-S) synthesis was also attempted, but was
not successful. This will be discussed in detail in the later sections. Medium or heavy
walled glass tubes (I.D. ~ 9 mm, O.D. ~13 mm) in combination with small reagent
masses, were used to prevent any explosions. Explosion containment using pavement
bricks on the exit sides of clam-shell tube furnaces was implemented as well. The
starting reagents and their respective purities are the following: FeCl; (Alfa Aesar, 98%),
CoCl; (Alfa Aesar, 99.7%), NiCl, (Alfa Aesar, 99%), CuCl, (Alfa Aesar, 98%), red
phosphorus (Aldrich, 99%), sulfur (Alfa Aesar, 99.5%), P,Ss (Sigma Aldrich, 99%),
methanol (Fisher Scientific, 99.9%), acetonitrile (Fisher Scientific, 99.9%), and
ammonium hydroxide ((Fisher Scientific, 14.8 M) that were used as wash solvents in

SOme cases.



117

4.2.2 Synthesis of M-P and M-S Materials

Transition metal phosphides were synthesized in sealed ampoules using metal
halides and red phosphorus. We have synthesized some of these materials in a recent
publication in pellet form. The materials produced in our current work were synthesized
in the free powder form with similar reactivity and yields. Typically 0.500 g of the metal
halides NiCl; (3.86 mmol), CuCl; (3.72 mmol), CoCl; (3.85 mmol) and FeCl; (3.08
mmol) were reacted with stoichiometric amounts of red phosphorus which were designed
to yield the respective metal phosphide and PCl; byproduct (volatile liquid at room
temperature). The starting materials were ground together in an argon filled glove box
with an agate mortar and pestle and then loaded in either a Pyrex or quartz medium wall
thickness (~9 mm O.D.) glass tube using a custom made glass funnel. The tube was then
attached to a Cajon compression fitting with a Teflon valve attached. The valve was
closed and the setup was removed from the glove box. The tube was evacuated on a
Schlenk line by opening the valve of the connector slowly to vacuum, and after ~ 15
minutes of evacuation, the ampoule was flame sealed under dynamic vacuum. All
reactions minus the iron reaction were heated in a horizontal Linberg Blue M-clamshell
tube furnace to 500 °C with a ramp rate of 100 °C per hour (max temperature of 500 °C
achieved in 5 hours). The iron reaction used a quartz tube and was heated to 700 °C with
a ramp rate of 100 °C per hour. All reactions were heated for approximately 18-24 hours
at the reaction temperature.

After heating, the end of the tube without solid was pulled out of the furnace
slowly, and allowed to cool down to room temperature. During that time, a colorless

liquid condensed at the cold end. When no further liquid condensed, the furnace was
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turned off and the entire tube was allowed to cool down to room temperature. Once
completely cooled, the tube was opened in air in the hood by making a scratch at the
center of the ampoule with a tungsten carbide knife and then snapped open carefully in
air. A small amount of smoking occurred on the liquid end. No smoking was seen from
the solid. The solid was allowed to sit in air for several minutes, weighed and then stored
in a glass vial in the argon filled glove box.

The metal sulfide synthetic attempts involved similar reactions of metal halides
FeCls, CoCly, NiCly, or CuCly, with elemental sulfur in sealed, evacuated Pyrex
ampoules. The reaction conditions were identical to the metal phosphide reactions. The
reactions were heated to 500 °C at a ramp rate of 100 °C per hour, and then held at 500
°C for approximately 18-24 hrs. After heating, the end of the ampoule without solid was
pulled out of the furnace, allowing any liquid to condense. Typically yellow liquid
transports were observed. The tubes were opened in the same fashion as mentioned
earlier once cooled to room temperature and the solid was collected and stored in the

glovebox.

4.2.3 Synthesis of M-P-S Materials

Transition metal thiophosphates were synthesized using a similar synthesis
description for the transition metal phosphides. The reactions were done using two
different sources of phosphorous and sulfur: elemental red phosphorus + sulfur, and red
phosphorus + P,Ss, a molecularly mixed version of the elements. Initial experiments
involved targeting specific individual metal phosphides and sulfides (e.g. FeP, and FeSy).
The targeted mixed phases were not observed versus other products. More information

on these experiments will be discussed in the following sections. Later experiments
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involved targeting a thermodynamically stable family of layered MPS; materials. The
copper reactions targeted CusPS, since copper does not form a MPS; phase.

For the M-P-S reactions using the elemental P/S reagents, stoichiometric amounts
of the metal halides FeCls, CoCl,, CuCl,, or NiCls,, red phosphorus, and sulfur were all
ground together using an agate mortar and pestle in the argon filled glove box. The
powders were loaded into a Pyrex tube, evacuated, and sealed under vacuum. All
reactions were heated to 500 °C, with a ramp rate of 100 °C/hr, and held at 500 °C for
~18-24 hours. The ampoules were cooled in a similar fashion as with the previous
reactions, however, in addition to a colorless liquid transporting, in some cases a
yellowish-white solid would transport as well. The samples were stored in glass vials in

the argon filled glove box.

4.2.4 Sample Characterization

Powder X-ray diffraction (XRD) was done using either a Siemens D5000 or a
Bruker D8 Advance DaVinci Diffractometer. All materials were scanned using nickel
filtered Cu K-a X-ray irradiation, 40kV and 40mA energy output, with a 2-theta angle
range from 10 to 80 degrees 20. The step size was 0.05 degrees and the slit widths of the
X-ray source and detector were 1.00 mm and 5.90 mm respectively. The samples were
prepared for analysis by first grinding them down to fine powders using a mortar and
pestle. The samples were mounted onto pre-cut glass microscope slides, affixed by air
drying in an acetone slurry or by using a very thin layer of vacuum grease. M-S isolated
“products” were prepared with a vacuum grease matrix since the acetone slurry method

dissolved them. All samples were pressed down flat before examination. The
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morphology and elemental analysis of the samples was investigated using scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) on a Hitachi
S3400 (thermionic) or S4800 (field emission) system. Samples were prepared by
pressing pre-ground samples onto carbon tape on aluminum stubs. The samples were not
coated with conductive coatings. EDS sample stubs were prepared in a similar fashion
but with thin pellets made from a KBr hand press. The magnetic susceptibility was
measured using a Johnson-Matthey magnetic susceptibility balance. This was done by
grinding the products using a mortar and pestle and then loading them into the sample
tube. The products were tested for their magnetic attraction at room temperature.
Diamagnetic corrections ion were performed on the data. Optical measurements were
performed using a solid state UV-Vis LabSphere RSA attachment on an HP 8453 UV-
Vis spectrometer at room temperature. Sample preparations were done by embedding the
material into a pre-cut piece of filter paper and then clamped between two glass
microscope slides. The samples were tested or their diffuse reflectance. The absorption
data was converted to Kubelka-Munk units and the approximate energy band gap and
onsets were determined. The vibrational properties of the metal thiophosphate materials

were analyzed in KBr pellets using a Nicolet Nexus 760 FT-IR spectrometer.

4.4 Results and Discussion

4.4.1 Synthesis and Analysis of M-P and M-S Materials
Figure 4.1 shows an example M-P (also M-S) ampoule reaction schematic. As
noted in the figure, the metal halides and red phosphorus (or sulfur) are loaded into one

end of the Pyrex (or silica) tube and slowly heated. When the temperature reaches ~416
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°C, red phosphorus undergoes a structural change to white phosphorus and begins to

volatilize as molecular tetrahedral P,.

Hot zone ~ool end
T>416°C —

Near 416°C

‘ - ! ‘: ) PCl, stm

Volatile gas formation
MClx +P/S MP, or MS,

Figure 4.1 Schematic of ampoule M-P (or M-S) synthesis

Over time as the temperature increases to 500 °C, the formation of the M-P product and
gaseous PCl3 develop, which has been analyzed in our previous research. Also, MCly
begins to darken at ~250 °C. The PCl; can be removed by pulling the ampoule end
without solid out of the hot zone of the tube furnace. By doing so, PCl; transports and
condenses as a colorless liquid. The M-S reactions have a similar reaction procedure
with postulated SCI, formation instead of PCls. SCI; is a reddish liquid and should
transport similarly to PCl;. Unlike phosphorus, sulfur goes through a molten liquid phase
first before evaporation at ~444 °C.

The following balanced reactions were used for the metal phosphides to target

phosphorus rich phases detected by our earlier work:?
3 MCl; + 8 P = 3 MP; + 2 PCl; (M= Ni, Cu) (4.1)

3CoCl, + 11 P > 3 CoP;3 + 2 PCly (4.2)
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FeCl; + 3P > FeP, + PCl; (4.3)
The ampoule reactions targeting M-P and M-S materials yielded dark or black solids after
heating at 500 °C. The M-P reactions also yielded a colorless liquid PCl; transport.
Care has to be taken when opening the ampoule due to possible pressure build-up of
PCls. Also, when opened the ampoule is angled towards the liquid to prevent mixing of
the dark solid and the PCls.
The attempted metal sulfide reactions which were similar to M-P reactions

targeting S-rich phases were carried out using the following balanced reactions:

2 FeCl; + 7S = 2 FeS, + 3 SCl, (4.4)
2 CoCl,+5S > Co0,Ss + 2 SCl (4.5)
NiCl, +3S > NiS, + SC, (4.6)
CuCl, +2 S > CuS +SCl, (4.7)

The ampoule reactions produced a yellow liquid transport that solidified to a yellowish
white solid near room temperature. The targeted SCl, byproduct should be a red liquid at
room temperature. The presence of the yellow liquid could indicate that S,CI, forms. The
heats of formation of SCI, and S,Cl; are -40 kJ/mol and -58 kJ/mol, respectively. Once
the ampoule was opened, the solid products resembled darker versions of the metal
halides. Longer air exposure of these solids caused a color change that resembled
hydrated metal halides, which suggests very little M-S formation. Also, taking the
recovered solids and adding them to methanol dissolves the solid, yielding similar colors

to those of the metal halides dissolved in methanol.
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From characterization of these M-S materials, it was seen that little or no metal
sulfide products were formed. Solid analysis of the transported material from one of the
M-S reactions showed small presence of S,Cl; in a sulfur matrix. The product yields and
heat of reactions for the M-P and M-S samples are shown in Table 4.1. The metal
phosphides produced at 500 °C, minus the iron reaction, have relatively high yields
around ~90%. The higher temperature 700 °C iron reaction has a lower yield of 54%.
The sulfide reactions yield no products because the starting reagents were detected using
characterization techniques and the thermochemical data explains why the MClIy + S
reactions fail. The AHx, for all of the metal phosphide products are exothermic while in

contrast, the sulfide reactions all have endothermic AH,y, values.



Table 4.1 Sealed ampoule targeted products with yields (washed yields).
N.R. indicates no reaction and N/A indicates no wash step
required.

Reaction | Target Product (kAJll_II';]XSD '\I'(ai\ilgdest i?(s)ij(fjst:
FeCl; + P FeP, -113 117% (54 %)
CoCl, +P CoP3 -83 87 % (N/A)
NiCl, + P NiP; -19 91 % (89 %)
CuCl, +P CuP, -95 93 % (90 %)
FeClz + S FeS, +189 N.R.
CoCl, +S C0,S3 +296 N.R.
NiCl, + S NiS; +158 N.R.
CuCl; +S CuS +145 N.R.
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The XRD results for of the M-S reactions are shown in Table 4.2. These patterns
all correspond to starting metal halides and were darker versions of the halides, for
example, anhydrous CoCl; is light blue and the recovered product for the copper reaction
was a darker light blue. The iron case showed peaks for monoclinic FeCl,(H,0), (PDF
#04-012-4995) and FeCl; - 4H,0 (PDF #00-016-0123). The cobalt sample showed very
poorly crystalline peaks for the monoclinic CoCl, (H,O)¢ (PDF #04-002-3173) and CoCl,
- 6 H,O (PDF #00-029-0466). The nickel sample showed very crystalline peaks for the
rhombohedral NiCl, (PDF #00-022-0765). The copper XRD pattern showed crystalline
peaks for cubic CuCl (PDF #00-006-0344) and peaks for the orthorhombic CuCl,(H20),
(PDF #04-009-5606). The XRD data demonstrate that the MCIy + S reactions are
unsuccessful in directly producing MS products, which is consistent with the

expectations from the thermochemical data in Table 4.1.
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Table 4.2 Crystalline phases seen in powder XRD patterns from the sealed
ampoule reactions of metal halides and elemental sulfur. Bolded
phases are dominant phases.

Reaction Phase(s) Observed by Powder XRD
FeCl; + S FeC|2(Hzo)2, FeCl, - 4 H,O
CoCl, +S CoCl, - 6 H,O
NiCl, + S NiCl,
CuCl, +S CuCl, CUC'Q(Hzo)z

4.4.2 Powder XRD and Energy Dispersive Spectroscopy (EDS) of M-P Materials

Powder X-ray diffraction of the M-P materials synthesized from the metal halides
and red phosphorus was done to analyze crystalline phases. The XRD pattern from the
ampoule reaction between FeCl; and red phosphorus showed is shown in Figure 4.2. The
major phase present was the orthorhombic FeP, (PDF #04-003-1993). The second minor
phase that was present was monoclinic FeCl,(H,0), (PDF #04-010-9787). There was
also minor tetragonal SiO, (PDF #00-039-1425) seen in the XRD pattern. The presence
of crystalline SiO; is the result of devitrification of the glass reaction tube perhaps by the
FeCls. The presence of FeCl, suggests that the reaction was not complete. Also, some
reduction of the FeCl; has taken place since FeCl, was seen. The hydrate is most likely
due to exposure of the halide to air. Washing of this sample was done in methanol to
remove the FeCl,(H20),. The remaining product was FeP, and SiO,. The XRD pattern
of the methanol washed sample is shown in Figure 4.2.

The XRD pattern for the cobalt phosphide sample from the reaction of CoCl, and

red phosphorus is shown in Figure 4.3. Cubic CoP; (PDF #04-004-4318) was seen and
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no other peaks were present. Peaks for cobalt chloride were not present. This was a good
indication of a reaction nearly complete and therefore no washing step was performed. In
addition to this, there was the presence of PCl3 liquid in the ampoule cool end, and the
product yield was 87% as seen in Table 4.1.

The XRD pattern for the nickel phosphide sample from the reaction of NiCl, and
red phosphorus is shown in Figure 4.4. The pattern showed predominately highly
crystalline, cubic NiP, (PDF #04-003-2351). There are very small peaks that represent
monoclinic Ni(PO3), (PDF #00-028-0708) and Ni3(PO,), (PDF #00-035-0987). The
presence of this phase could indicate that the anhydrous metal halide reagent may have
had some waters of hydration prior to reacting with red phosphorus. Another possible
reasoning may be the exposure of the NiP, material to moist air. The sample was washed
in concentrated ammonium hydroxide (NH,OH) for 24 hours at room temperature to
remove the phosphate phases. The washed pattern, showing only cubic NiP,, is shown in
Figure 4.4.

The XRD of the copper phosphide sample is shown in Figure 4.5. The pattern
showed two phases. The first most intense phase was monoclinic CuP, (PDF #01-076-
1190). There were also peaks for the cubic CuCl (PDF #04-007-3885). The relative
peak intensities of these two patterns are approximately 5:1 CuP,:CuCl. The presence of
CuCl indicates that the reaction either did not go to completion or some of the CuP, may
react with PCl3 on extended contact. The sample was washed in 100% acetonitrile at
room temperature for 24 hours to remove CuCl. The washed pattern, showing only CuP,

is shown in Figure 4.5.
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Figure 4.2 Powder XRD patterns of the as synthesized iron phosphide (a) methanol
washed version (b), and the reference FeP, pattern (c).
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Figure 4.3 Powder XRD patterns of the cobalt phosphide sample (a) and the
reference pattern CoP3 (b).
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phosphide sample, (b) the NH,OH washed nickel phosphide sample, and
(c) the reference NiP, cubic pattern.
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phosphide sample, (b) the acetonitrile washed copper phosphide sample,
and (c) the reference CuP, pattern.



129

The EDS of the M-P products are located in Table 4.3. The M-P all samples
showed close to the ideal M:P ratios of 1:2 or 1:3 for the CoP3 case, having some excess
phosphorus content. The ratios were consistent with the phases seen by XRD. The
unwashed FeP, and CuP, samples showed lower than expected M:P ratios however. This
may be due to low phosphorus content on the surface. Both FeCl; and CoCl, have low
melting points (306 °C and 498 °C respectively) and would melt or in the iron case,
sublime at the reaction temperature of 500 °C. This could result in any unreacted halide
to reside on the surface M-P products, thus giving rise to higher chlorine content. The
washed versions of these two samples had a much better M:P ratio close to the ideal
values. The unwashed and washed FeP, samples did show appreciable amounts of
silicon which made sense since SiO, peaks were seen in XRD patterns. Also the FeP,
was still P-rich which indicates that amorphous phosphorus may be present. In all
samples, minus the unwashed samples, the chlorine content was extremely low and at the

detection limit of the instrument.
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Table 4.3 EDS atomic percent values relative to the metal content and the
observed XRD phases of the M-P products are shown. Bolded phases
are dominant phases. The (w) denotes a washed sample.

Targeted Yields Based
Reaction g on Target XRD Phases M:P:Cl
Phase
Phase
FeP,, FEC|2
0 . .
FeCl; +P FeP, 117 % (H,0)s, SIO, 1:1.88:0.38
FeCl; + P (W) FeP, 54 % FeP,, SiO, 1:2.32:<0.01
CoCl, +P CoP; 87 % CoP; 1:3.72:<0.01
. . NiP,, Ni(PO3),, . ,
0
NiCl, + P NiP, 91 % Nis(PO,), 1:2.37:<0.01
NiCl, + P (w) | NiP; 89 % NiP, 1:2.26:<0.01
CuCl, +P CuP, 93 % CuP,, CuCl 1:0.84:0.10
CuCl, +P (w) | CuP; 90 % CuP, 1:2.03:<0.01

4.4.3 SEM Images of M-P Materials

Scanning electron microscope images were taken for the M-P products and are
shown in Figure 4.4. All of the samples were free powders that were pressed lightly onto
carbon tape which were mounted on aluminum stubs. The letter-number combination
(ex. Al, A2) is the same sample that has been zoomed in for analysis of smaller

structures.
The FeP, sample consists of a mixture of aggregates that consist of large groups

of fused plate-like shapes. These plates are ~3-5 microns long and appear loosely packed
in the larger aggregate structure. The CoP3; sample consists of large ~100-300
micrometer shard-like blocky structures coated by smaller ~10-20 micrometer aggregated
particles. The NiP, sample consists of a mixture of small ~3-5 micrometer particles and

large blocks that range in size from ~10-60 micrometers. The CuP, sample consists of
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uniform groups of fused faceted plates. The large plates range from ~30-50 micrometers
in length. The plate-like blocks have much longer lengths along two dimensions than the
thickness. The thickness of most structures is ~10 micrometers. Of all of the M-P
samples, the copper phosphide sample had a very shiny visible luster which may be due

to the large CuP, crystalline aggregates.
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Figure 4.6 SEM images of M-P products (A = Fe, B = Co, C = Ni, D = Cu). Zoomed
in versions in the right column are denoted with the number 2.
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4.4.4 Magnetic Susceptibility of M-P Materials
The M-P materials were analyzed for their room temperature (298 K) magnetic
susceptibility. The molar magnetic susceptibility (%), the magnetic moment and the spin

only magnetic moment (ug) values were calculated using the equations:

Am = %g * (MW) (4.8)
pg=2.83(ym * T)"? (4.9)
pe = (n(n+2))"? (4.10)

g IS the gram susceptibility given by the instrument, MW is the molecular weight of the
MPy product, T is the temperature in Kelvins and n is the number of unpaired d-electrons.
The samples were corrected for their core diamagnetism and for the glass sample holder
(SiO; ym -19.5 x 10°® cm*/mol CRC value). Tabulated data for the samples are shown in
Table 4.4. Literature values for each compound are -1.63 x 10 emu/mol FeP,'® -14.0
x 10°® emu/mol CoP3'®" -19.0 x 10 emu/mol NiP;and -44.0 x 10 emu/mol CuP,”® The
literature susceptibility values were converted from the given units of emu/g to cm®/mol
by using the relationship of lemu/g = 47 x 10 m*/kg and then using the molar masses of
each MPy.

All samples were washed, except the cobalt sample, and had relatively low
paramagnetic responses. The Fe-P sample showed silica peaks by XRD, which is
diamagnetic. The average EDS data was used to obtain an approximate amount of silica
in order to perform additional diamagnetic correction. The Co-P sample had the highest
paramagnetic response of all of the M-P samples. The Cu-P sample had a small
diamagnetic response after the diamagnetic correction was applied. The literature values
of the MP, materials are all diamagnetic. Our samples show small paramagnetic
responses most likely due to small amounts of paramagnetic ions, such as Fe** (d°®), Co®*
(d"), or Ni** (d) , that were not detected in the phases seen by XRD. Traces of Cu* (d°)

could be present in the CuP, sample which would reduce the diamagnetic response.
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Table 4.4 Magnetic data values for washed M-P samples are shown. The spin
only cases assume diamagnetic d- orbltal arrangements for diamagnetic
literature values. yw units are cm*mol. LS =low spin, Oy, = octahedral
d-orbital splitting, SP= square planar d-orbital splitting.

. Literature
. Spin Onl EXxp. EXxp.

Reaction | Products i/llr” dyy Value xpl - BpM

: o (x 107 | XM (x10™) | pe (BM)
FeCl;+P | FeP, Fe?*, d°(On, LS) | -2.04 2.97 0.84
CoCl, + P | CoP3 Co*, d° (O, LS) -1.76 5.19 1.11
NiCl, + P | NiP; Ni**, d®(SP) -2.39 2.10 0.71
CuCly + P | CuP, cu*, d® -5.53 -0.16 Diamag.

4.4.5 Synthesis and Characterization of M-P-S Products

The thermodynamically favorable M-P ampoule reactions described above
propagated by PCl3 elimination and yielded major phase products of FeP,, CoP3, NiP,,
and CuP, while analogous M-S reactions fail. The current section combines M-P and M-
S reactions using both phosphorus and sulfur to obtain M-P-S materials. Similarly, a
second set of reactions were done using P,Ss and phosphorus for comparison of the
reagents used, targeting the same products. Initial experiments were done targeting
individual mixtures of both M-P and M-S products however the separate phosphide and
sulfide products were not seen in XRD patterns. Often mixtures of M-P and M-P-S
materials were observed. Except for NiS; seen in the Ni-P-S reaction, M-S phases were
otherwise not detected. In contrast to Chapter 3 SSM reactions targeting MPy and MS,,
mixtures, the products targeted in this section were FePSs, CoPSs, NiPS; and CusPS,
since these were the key phases seen repeatedly in our early ampoule experiments. The
copper targeted product is different since the CuPS; phase is not stable and was not
observed in initial reactions. The M-P-S reactions were balanced accordingly using MCl,

or MCls:
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3MCl,+5 P +9 S — 3 NiPS; + 2 PCl; (M = Ni, or Co) (4.11)
FeCly+2 P +3 S— FePS; +PCl; (4.12)
3CUCl, +3P+4S — CusPS; + 2 PCls (4.13)

Similarly to the SSM reactions described in Chapter 3, reactions using the pre-bonded
phosphorus and sulfur atoms in P,Ss have slightly different balanced reactions.
Additional phosphorus was needed to balance the equations. The reactions follow the

general equations:

3MCl; +1.8P,Ss + 1.4 P — 3 MPS; + 2 PCl3 (M = Ni, Co) (4.14)
FeCl; + 0.6 P,Ss + 0.8 P — FePS; + PCl; (4.15)
3 CUCI, + 0.8 PS5 + 1.4 P — CugPS, + 2 PCls (4.16)

For both P + S and P,Ss + P sets of experiments, the iron, cobalt, and nickel
materials yielded black solids while the copper reactions yielded green solids. The
product yields for samples range from the 60 - 90 % and are shown in Table 4.5. In
general, the P + S samples have slightly lower yields than the P,Ss + P reactions. The
iron case is the exception here, having roughly 93% vyield for the P + S version and the
copper reaction using P + S has over 100% yield. This is probably due to some
transported solid material that was collected from the ampoule in addition to the
crystalline product. Generally, product separation from the byproducts is simple since
the PCI; condenses on the opposite, cold end of the ampoule. However, in some cases,

the addition of sulfur results in yellow or brown solids transport in addition to PCls.
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Some of these solids may not have completely transported from the product, thus

providing additional mass.

Table 4.5 Product yields from the ampoule reactions targeting M-P-S

materials
Reaction Target Yields Based on
Product Targeted Products
FeCls+P +S FePS; 93 %
FeCls + P,Ss + P FePS; 84 %
CoCl,+P+S CoPS3 62 %
CoCl; + P,Ss +P CoPS3 79 %
NiCl, +P + S NiPS; 63 %
NiCl, + P,Ss + P NiPS; 87 %
CuCl, +P+S CusPS, 103 %
CuCl, + P,Ss + P CusPS, 94 %

4.4.6 Powder X-Ray Diffraction (XRD) and Energy Dispersive Spectroscopy
(EDS) of M-P-S Products

The powder XRD patterns of the metal thiophosphate materials synthesized from
the metal halides, red phosphorus, and sulfur are shown in Figures 4.7 and 4.8. The XRD
pattern of the iron thiophosphate product showed crystalline monoclinic phase FePS;
(PDF #00-033-0672). There is one very small unidentified peak near the baseline at 30°.
The iron fluorescence background was less of an issue in this sample as compared to
other iron containing samples.

The XRD pattern of the cobalt thiophosphate sample showed two crystalline

phases. Each phase has approximately the same relative intensity. The monoclinic phase
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CoPS; (PDF #01- 078-0498) is present along with the cubic phase CoPy5S; 5 (PDF #04-
007-4518). The baseline of the pattern is high due to the fluorescence background from
cobalt. The nickel thiophosphate sample XRD pattern also showed two phases. The
most intense phase was monoclinic NiPS3; (PDF #01-078-0499). There are very small
peaks for a secondary cubic phase NiS;, (PDF #04-003-4307). The relative intensity ratio
of NiPS3; and NiS; are approximately 4:1. The XRD pattern for the copper thiophosphate
sample showed only highly crystalline peaks for the orthorhombic CusPS, phase (PDF
#04-004-0447).

The XRD patterns of the products synthesized from the metal halides, P,Ss and
red phosphorus are shown in Figures 4.9 and 4.10. The reaction conditions are identical
to the P + S subset of reactions. The iron thiophosphate sample showed single phase
monoclinic FePS; (PDF #00-033-0672). The cobalt thiophosphate sample showed single
phase monoclinic CoPS; (PDF #01-078-0498). The nickel thiophosphate sample showed
peaks for monoclinic NiPS; (PDF #01-078-0499). There is a small peak at 16° which
could indicate NiCl,, however no other NiCl, peaks are present. The copper

thiophosphate sample showed single phase orthorhombic CusPS, (PDF #04-004-0447).
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Powder XRD patterns of the iron thiophosphate (a) and cobalt
thiophosphate (c) samples from the sealed ampoule reaction of the metal
halides and P + S. The respective reference patterns of FePS; (b) and
CoPS; (d) are located below the sample patterns.
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Powder XRD patterns of the nickel thiophosphate (a) and copper
thiophosphate (c) samples from the sealed ampoule reaction of the metal
halides and P + S. The respective reference patterns of NiPS3 (b) and
Cu3PS, (d) are located below the sample patterns.
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Figure 4.9 Powder XRD patterns of the iron thiophosphate (a) and cobalt
thiophosphate (c) samples from the sealed ampoule reaction of the metal
halides and P,Ss + P. The respective reference patterns of FePS; (b) and
CoPS; (d) are located below the sample patterns.
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Figure 4.10  Powder XRD patterns of the nickel thiophosphate (a) and copper
thiophosphate (c) samples from the sealed ampoule reaction of the metal
halides and P,Ss + P. The respective reference patterns of NiPS; (b) and
Cu3PS, (d) are located below the sample patterns.

The EDS data for the M-P and the M-P-S is shown Table 4.6. The table shows
the relative atomic ratios between the metal, phosphorus and sulfur content. For all
samples, the chlorine content was quite low or near the detection limits of the instrument
which indicates effective reactions. All samples had high phosphorus content which
deviated from the ideal M:P ratio of 1:3 for Fe, Co and NiPSs, and 1:0.33 for Cu3PS..
The M:S ratio was also higher than expected, with the Fe (P+S) sample having the closest
to the ideal M:S ratio of 1:3.04. The S/P ratio for all samples however was lower than the

ideal. From these ratios, this indicates that the samples are phosphorus-rich.
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Table 4.6 EDS data for the M-P-S products. The data represents the relative
atomic percent values scaled to the metal content. Bold phases are
major phases in multiphase systems.

Targeted

Phase XRD Phases M:P:S:Cl S/IP

Reaction

FeCl3+P +S FePS; FePS; 1:1.29:3.04:0.08 2.35

CoCl; +P+S CoPS; CoPSs, CoPpsS15 | 1:1.95:452:<0.01 | 232

NiCl, +P +S NiPS; NiPSs, NiS; 1:1.34:3.34:0.02 2.49
CuCl, +P+S CusPS; | CusPS, 1:046:1.25:<0.01 |2.70
FeCls + P,Ss + P | FePS; FePS3 1:136:3.24:<0.01 | 237
CoCly+ P,Ss + P | CoPS; CoPS; 1:197:513:<0.01 |2.60
NiCl; + P,Ss + P | NiPS;3 NiPSs, NiS; 1:124:3.20:<0.01 | 2.58
CuCly + P2Ss + P | CusPSs | CusPS, 1:040:1.20:<0.01 |3.01

4.4.7 SEM images of M-P-S Materials

The SEM images of the M-P-S products from the reactions of the metal halides
and (P + S) are shown in Figure 4.11. The Fe-P-S sample showed several faceted
hexagonal plate-like structures. These structures range from 3-5 micrometers across and
are roughly 1 micrometer thick. The Co-P-S sample showed large blocky structures
which ranged from 50-300 micrometers. The zoomed in version showed a network of
fused octahedral and blocky structures which are several hundred nanometers in size.
The Ni-P-S sample showed large aggregates of fused particles which range from single
micrometers to several tens of micrometers. Similarly, the Cu-P-S sample showed
aggregates, however more defined blocky structures are mixed in. The blocky structures

range from a few micrometers to several tens of micrometers.



143

The SEM images of the M-P-S products from the reactions of the metal halides
and (P,Ss + P) are shown in Figure 4.12. The Fe-P-S sample showed flat plate like fused
structures mixed in with aggregate particles. The plates range from ~ 3-15 micrometers.
The plate thickness is a few micrometers. The aggregates are a few micrometers in size.
The Co-P-S sample showed fused blocky structures with defined edges that range from
~3-5 micrometers. The Ni-P-S sample showed aggregates of particles and plates that
were few micrometers to tens of micrometers in size. The Cu-P-S sample showed a
mixture of large blocky structures and small aggregates. The large blocky structures

range from ~ 10-20 micrometers. The aggregates range from ~ 1-5 micrometers.
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Figure 4.11  SEM images of M-P-S materials from using the metal halides and (P+S).
A =Fe, B=Co, C=Ni, D=Cu. Zoomed in versions are denoted with a
number 2.
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Figure 4.12  SEM images of M-P-S materials from the reaction of the metal halides,
and (P,Ss+ P). A=Fe, B=Co, C =Ni, D=Cu. Zoomed in versions are
denoted with a number 2.



146

4.4.8 Magnetic Susceptibility of M-P-S Materials

The M-P-S materials were analyzed for their room temperature magnetic
susceptibility. Ideally, the MPS; samples should consist structurally of 2 M?* cations and
(P,Se)* anions per formula unit. The CusPS, structure consists of 3 Cu* and PS,> ions
per formula unit. The magnetic measurements of the M-P-S materials are shown in Table
4.7 and the data was calculated using Equations 4.8-4.10. The Fe-P-S samples in both
the (P + S) and (P,Ss + P) reactions had the highest magnetic susceptibility values from
all of the samples. The magnetic moment of the (P + S) iron sample is close to a spin
only case for a Fe?* d® high spin value of 4.90 Bohr Magnetons (BM) while the (P,Ss +
P) sample is slightly higher. The single phase CoPS3; sample from (P,Ss + P) had values
close to a Co?* d’ spin only value of 3.87 BM. The mixed phase CoPS3/CoPqsS: 5 sample
was lower.

The Ni-P-S samples had similar values and both were lower than the ideal Ni*
case (2.83 BM). This is most likely due to the presence of NiS,. The Cu-P-S samples
also had similar low magnetic moment values, which is nearly diamagnetic. The copper
samples were ideally (Cu®, d*°) diamagnetic. Once diamagnetic corrections were made,
the samples had very weakly paramagnetic responses which were lower than any of the
other samples. This could indicate that there are small amounts of paramagnetic

impurities that are below the detection of XRD giving paramagnetic responses.
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Table 4.7 Magnetic data values for washed M-P-S samples are shown. The spin
only cases assume octahedral high spin M** or M* accordlng to
literature values for MPS3 materials. yu units are cm*/mol. (*Cited
reference for MPSspesr.)

M™ g EXxp. Literature Exp.
Reaction Products o B'I\/I oy Values m
spin ps (BM) (x10%) | pert (BM)'*? | (BM)
FeCls +P +S FePS; Fe”*, d° 4.90 103 | 4.94 4.98
CoPS;, 20 7
CoCl,+P+S COPsSys Co™', d’, 3.87 3.34 493 2.87
NiCL+P+s | NPSs 1\ 8 o83 179 | 3.90 2.10
NiS,
CuCl;+P+S | CusPS; |Cu*, d® 0.00 |-0.076 | Diamag. 0.46
FeCls + P,Ss + P | FePS, Fe™, d°, 4.90 11.7 | 4.94 5.28
CoCly + P,Ss + P | CoPS3 Co*,d’, 3.87 5.87 4.93 3.02
NiCl, + P,Ss + P H:;& Ni?, d®, 2.83 200 | 3.90 2.23
CuCl, + PS5+ P | CusPS, | Cu*,d™ 0.00 |-0.020 | Diamag. 0.48

4.4.9 Fourier Transform Infrared Spectroscopy (FT-IR) and Diffuse

Reflectance Spectroscopy (DRS) of M-P-S Products

The MPS3; (M = Fe, Co, Ni) and CusPS, samples synthesized from MClIy and

(P+S) were analyzed for their P-S bond vibrations. A stack-plot of select IR spectra is

shown in Figure 4.13. All of the samples had a very strong vibration around 570 cm™

which is characteristic of the PS; asymmetric stretching frequency.*® The presence of a

broad peak ~3400 cm™

is seen from using a KBr matrix. The Fe-P-S sample has a very

intense peak at 572 cm™ and has two small unidentified peaks at ~1300 cm™ and ~1100

cm’™ that could arise from absorbed organics. The Co-P-S sample has a very intense peak
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at 580 cm™. The Ni-P-S sample has an intense peak at 572 cm™. The Cu-P-S sample had
an intense peak at 500 cm™ which is lower than all other samples. This is most likely due
to the structural differences between the MPS3; materials and CusPS,. The IR data for the

samples synthesized from MCI and P,Ss + P showed similar results.

Arb. %T

4000 3500 3000 2500 2000 1500 1000 500

=1
Wavenumbers cm

Figure 4.13  Selected IR data for M-P-S samples synthesized from MCly and (P +S).

The diffuse reflectance data of the M-P-S materials are shown in Table 4.8.
All samples except for CuszPS,, were shiny and black. Because of this, these samples had
very broad absorptions across the visible light region and do not have onset drops in
absorbance until the far edge of the visible region or into the IR region. The DRS
accessory and the UV-Vis spectrometer used for these measurements is limited to
accurately recording absorption events beyond 1000 nm. The absorption onsets in this
region for select samples were also not strong. The rough estimates of band gaps were

calculated using the Kubelka-Munk (KM) function:
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F(R) = (1-R)% 2R (4.17)
where R is the diffuse reflectance of the sample which is derived from the percent
transmittance. Extrapolation of the onset absorption events from a plot of the KM
function versus energy in electron volts gives rise to estimated band gap energies of the
samples. All of the black solids have similar, very small band gaps which indicates that
the material behaves more metallic like. The Fe-P-S samples and the Ni-P-S sample
synthesized using (P,Ss + P) have two absorption onsets. This could be related to the
electronic states of the material. The CusPS, samples have slightly higher band gaps and
have absorption drops at ~ 530 nm (green light) which corresponds to the approximate

brownish-green color of the material.

Table 4.8 DRS data from the M-P-S samples. Bold phases are the dominant
phases seen by XRD. Samples with multiple onset drops are separated
by a semicolon and the major absorption event is in bold.

Onset .
. Est. Band Gap Literature
Reaction Products Abs. (eV) Band Gap (eV)
(nm)
FeCl; +P +S FePS; 760 1.63 1.507°
CoPS3, 171,172
CoCl, +P+S CoPysSys 940 1.32 1.40
NiCl, +P + S NiPSs, NiS, 915 1.36 1.60"°
CuCl, +P +S CusPS, 520 2.38 2.36%¢!
FeCls + P,Ss + P | FePS; 780 1.59 1.507°
CoCl, + P,Ss + P | CoPSs 745 1.66 1.40174172
NiCl, + P,Ss + P | NiPS3, NiS, 740 1.68 1.607°
CuCl, + P,Ss + P | CusPS, 525 2.36 2.36%
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4.5 Reaction Analysis

The M-P and M-P-S materials were synthesized from the metal halides and
elemental red phosphorus (and sulfur) at 500 °C. The halides are stable at the reaction
temperature, remaining solids until much higher temperatures. CuCl, does begin to melt
at 498 °C however but no visible “melt” was seen during the reaction. Darkening of the
halides roughly begins around ~275-300 °C which could indicate initial small reactions
with red phosphorus. As the temperature rises, two main events are occurring: 1)
breaking of M-Cl and P-P bonds and formation of M-P and P-Cl bonds, 2) rearrangement
of polymeric red phosphorus to tetrahedral P, with an increased reaction rate with MCl.
The phase transition of red phosphorus to white at ~416 °C initiates a dramatic color
change in the solids, often being very dark brown or black. The reaction temperature was
set to 500 °C (or 700 °C for FeP,) with a 18-24 hour hold to ensure a complete reaction
and maximum crystal growth since the diffusion rate of solid-solid interactions are very
slow.

The byproduct is PCls, and its vapors in the tube are generally colorless.
Undesirable byproduct, or unreacted starting halides were seen in some samples and
required appropriate washing to remove them. The iron sample, which was heated to 700
°C, showed silica peaks in the XRD which is the result of halide attack on the glass tube.
Iron (11) chloride was also present which indicated that a reduction of the FeCl; took
place. The reduction may be the result of prolonged exposure to PCls at high
temperature. Phosphorus in the PCl3 structure does have a lone pair of electrons that
could assist with reducing the FeCls, and the temperature elevation may perpetuate this

process. The reaction had little byproduct liquid and the liquid did not behave like PCl;
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(smoking and volatile in air) which supports the idea of secondary reactions that could
form air stable products such as POCls.

The Co-P reaction produced CoP3 according to XRD without any detectable
undesirable byproducts. The melting point of CoCl; is 735 °C therefore it is stable at the
reaction temperature. The nickel sample produced mainly NiP; and small amounts of
nickel phosphate. The presence of the phosphate is most likely the result of poorly dried
starting materials. The anhydrous NiCl, was used as received, being shipped and stored
under argon without any prior drying and the nickel phosphate phases were not seen in
previous experiments. Low levels of H,O could have produced MPOj side products
though. The red phosphorus was dried under vacuum at ~200 °C for 30 minutes prior to
cooling and storage under argon in the glove box for future use in all reactions. An
alternative explanation could be that the tube was opened in air when the solids were not
completely cooled to room temperature.

The Cu-P reaction behaved ideally, forming PCl; and CuP; in high yield. The
CuP, sample had a notably shiny luster and produced uniform cubic blocks. This may be
due to the fact that CuCl, begins to melt very close to 500 °C and reacts more intimately
with phosphorus. There were peaks in the XRD that showed CuCl however. Similar to
the iron reaction, the reduction could be the result of PCl; interaction with the halide.
The product morphology did not change after removal of CuCl with acetonitrile.

The M-S reactions were all unsuccessful due to the starting metal halide reagents
present in the XRD patterns. The AH,, for all of the reactions (Table 4.1) are all
endothermic which helps explains this. Also, from physical observation of the reaction,

the “products” did not resemble M-S products which are black solids. At 500 °C, sulfur
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will become gaseous, FeCl; will sublime and CuCl, will begin to melt. NiCl, and CoCl,
will remain solids since their melting points are 1001 °C and 735 °C respectively and will
not be as reactive with sulfur. Overall, none of the reactions were very reactive. The
transported material resembled sulfur, since it was yellow in color. Analysis of one of
the by-product yellow solids did show signs of Sg and S,Cl,. The presence of S,Cl,
indicates that there was a very small reaction with the metal halides, but the reaction is
not favorable towards M-S formation.

The M-P-S materials were synthesized from the metal halides and (P+S) or (P2Ss
+P). The reaction conditions were similar to the M-P reactions, giving off a liquid by-
product, but also a yellow or brownish solid. The solids could be transported sulfur. The
reactions proceed to form M-P-S materials with some NiS, forming in both nickel cases.
This is unexpected since the M-S reactions were all unsuccessful. One can speculate that
the MCly and (P+S) reactions proceed by forming the metal phosphides first and then
sulfur can react with the phosphide materials. Another possibility is that phosphorus and
sulfur can react together to form a reactive PSy species, and then further react with MCly
to form products. Perhaps these two reaction pathways occur simultaneously. It is worth
noting that P,Ss and other P,S, products are known to be formed from heating
phosphorus and sulfur.

The MClIy and (P,Ss + P) reactions most likely behave similarly to the (P+S)
versions since the physical properties of P,Ss and S are similar, with P,Ss being much
more reactive however. The melting and boiling points of P,Ss are 288 °C and 514 °C
respectively, therefore at the maximum reaction temperature of 500 °C, P,Ss would be a

liquid. At this point P,Ss would be very reactive and in concentrated liquid contact with
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MCly. The additional red phosphorus would be gaseous P4. Likewise with the (P+S)
reactions, either the P,Ss or P4 can react with the MCly, and most likely both reactions

occur simultaneously.

4.6 Conclusions

Transition metal phosphides and thiophosphates were synthesized successfully via
sealed ampoule techniques. The reactions were driven by producing PCl; which was
easily removed by a temperature gradient. The reactions containing sulfur or P,Ss have
PCl3 transport and a yellowish solid. All solids, except for the CusPS, product, were
black. Some M-P products contained small amounts of soluble secondary phases. The
reaction heating time may be a variable that may improve initial product purity. All
reactions were done using stoichiometric amounts of reagents. Adding a small excess of
phosphorus could encourage any unreacted metal halide to fully react; however the risk is
that in M-P-S reactions, this could cause metal phosphide phases to form in addition to
the M-P-S phases.

Since single phases can be targeted from both the M-P and M-P-S reactions, one
can think of ways to modify the morphology or structures of samples. The next chapter
will utilize the results from the M-P and M-P-S reactions and use flux growth

environments to encourage interesting morphologies.
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CHAPTER 5
SYNTHESIS OF M-P AND M-P-S MATERIALS USING DEPOSITION
AND FLUX GROWTH TECHNIQUES

5.1 Introduction and Background

Flux growth is a useful technique for obtaining unique structures, single crystals,
and materials that are often difficult to obtain using conventional solid state techniques.
In solid state chemistry, reactions are limited to the diffusion rate of reagents to form
products by overcoming solid-solid surface interactions. This is very low, often requiring
several grinding and heating sessions. Addition of relatively low melting fluxes helps
facilitate the interaction between solids to form products.

Common fluxes (or solvents) used in solid state synthesis are low melting metals
such as indium (156 °C), tin (232 °C), lead (327 °C), and bismuth (271 °C). Depending
on the reaction and products desired, metals need to be chosen for their inertness, or in
certain cases, their reactivity. Fluxes also need to able to be separated from the products
easily and not reactive towards the reaction vessel. Several metal carbonates, halides,
nitrates, and other salts can also be used as fluxes. The melting points of these salts vary,
therefore reactions must be chosen carefully. For example, alkali metal salts (and their
respective melting points) such as Na,COj3 (851 °C), NaCl (801 °C), or NaNOj3 (308 °C)
are a few compounds used in flux synthesis. Caution also must be taken when using
materials that can decompose upon heating, such as nitrates, since these compounds can
decompose and release NOy based gases.

Inorganic molten salt fluxes are chosen for similar reasons as the metal fluxes.
The main difference between metals and molten salt fluxes is that the molten salts are
ionic, showing more polar dissolution behavior. The issue with using salt fluxes is often
their high melting temperatures. Several reactions require low temperatures for ideal

product formation and stability. One approach to avoiding high reaction temperatures is
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to use eutectic mixtures of salts. This consists of mixing two or more salts in specific
ratios according to phase diagrams to achieve a lower melting temperature than the
individual salts.

Metal phosphides have been synthesized using metal fluxes in the literature. Work
by Wold et al. have reported that single crystals of CuP,, NiP, and RhP3 can be
synthesized in tin fluxes by using stoichiometric amounts of the elements and 85% tin,
heating to 1150 °C for 12-15 hrs.”® Jeitschko et al. synthesized ternary and binary
skutterudite type materials including CoP3 and NiPs using tin fluxes.*”

In this chapter, two sets of growth techniques for M-P and M-P-S materials are
described as follows: flux assisted growth synthesis and their deposition onto P25 TiO,
(~80 % anatase, ~20 % rutile) powders. M-P and M-P-S materials were synthesized
using both salt eutectic and metal fluxes. The eutectic flux chosen was KCI and LiCl.
The melting point of KCI and LiCl are 770 °C and 605 °C respectively. When these salts
are mixed in a 55:45 KCI:LiCl ratio, a solid solution is formed with a melting point range
within 348-361 °C.'"* The solid flux is relatively unreactive towards Pyrex and is
separated from the products with methanol and water. Tin and bismuth metal fluxes were
also used for flux growth comparison. The surface growth onto TiO, was done by
depositing one reagent onto the TiO, surface and then performing an ampoule exchange
reaction seen in Chapter 4. The goals behind the growth techniques are to obtain targeted
M-P and M-P-S materials with interesting morphologies that are altered by each flux and
to improve photocatalytic activity of TiO, using M-P and M-P-S materials grown on its

surface.
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5.2 Experimental Section

5.2.1 Starting Materials

Transition metal phosphides (M-P) and thiophosphates (M-P-S) were synthesized
using a eutectic salt flux, tin flux, bismuth flux or deposited directly on P25 TiO, in
Pyrex or silica ampoules. The starting reagents and wash solvents with their respective
purities are the following: FeCl; (Alfa Aesar, 98%), CoCl, (Alfa Aesar, 99.7%), NiCl,
(Alfa Aesar, 99%), CuCl, (Alfa Aesar, 98%), red phosphorus (Aldrich, 99%), sulfur
(Alfa Aesar, 99.5%), P25 TiO, (Degussa Corp.), LiCl (Aldrich 99%), KCI (Aldrich,
99%), mossy tin metal, bismuth metal chips (Cerac, 99.9%), methanol (Fisher Scientific,
99.9%), distilled deionized water (18 MQ) 6 M HCI (Fisher Scientific, diluted) and 7 M

HNO; (Fisher Scientific, diluted).

5.2.2 Synthesis of M-P and M-P-S Materials Using a KCI-LIiCl Eutectic
Flux

A pre-made KCI-LiCl eutectic flux was prepared by combining dried KCI and
LiCl in a 55:45 mass ratio into a large (O.D. 2.5 cm, 1.D. 2.2 cm) Pyrex tube connected to
a Cajon compression fitting with a valve in the glove box. The tube was removed from
the glove box and evacuated on the Schlenk line. The salts were melted with an
oxygen/methane gas torch under vacuum and then allowed to re-solidify and cool to
room temperature. The cooled tube was re-introduced into the glove box and the solid
was broken into small pieces using a hammer and aluminum foil. The pieces were then
ground to a fine powder using a large ceramic mortar and pestle and stored in the

glovebox.
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The synthesis of the transition metal phosphides and thiophosphates using KCI-
LiCl salt flux were done using 0.25 g of the metal halides FeCl; (0.00154 mol), CoCl,
(0.00193 mol), NiCl; (0.00193 mol), or CuCl; (0.00186 mol) and stoichiometric amounts
of red phosphorus, and sulfur for M-P-S materials. The pre-made ground salt flux was
added in three fold excess to the total mass of the reagents and all reagents were ground
together using an agate mortar and pestle in the argon filled glove box.

The solids were loaded into either a Pyrex or quartz tube using a custom made
glass funnel. The tube was connected to Cajon compression fitting with a valve. With
the valve closed, the tube assembly was removed from the box, attached to a Schlenk
line, evacuated, and then sealed under vacuum. The tube was placed in the tube furnace
at a slight angle to keep liquid flux at one end, and heated to 500 °C with a ramp rate of
1.67 °C/min (~100 °C/ hr) and held at 500 °C for ~18 hours.

The ampoules were allowed to cool by first pulling the end of the tube without
solid out of the tube furnace to allow transported byproducts to condense. The entire tube
was allowed to cool to room temperature after no additional byproduct condenses. Once
cooled, the ampoules were opened carefully in air in the fume hood. The solids were
difficult to remove without the use of hot solvent. The KCI-LiCl flux based reactions
required hot methanol coupled with sonication first to remove the solids from the tube.
Once all solids were removed from the tube, they were loaded into a beaker with ~100
mL of methanol. Vigorous magnetic stirring was done for about 10 minutes. The solids
were isolated using centrifugation. Room temperature deionized water was used as a

second wash for 10 minutes to remove KCI. After washing twice in DI water, the solids
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were re-suspended in small amounts of DI water and dried in air at room temperature.

All materials were stored in the glove box.

5.2.3 Synthesis of M-P and M-P-S Materials Using Metal Fluxes

The synthesis of the transition metal phosphides and thiophosphates using tin or
bismuth metal fluxes were done using 0.25 g of the metal halides FeCl; (0.00154 mol),
CoCl; (0.00193 mol), NiCl; (0.00193 mol), or CuCl, (0.00186 mol) and stoichiometric
amounts of red phosphorus, and sulfur for M-P-S materials. The metal halide, and
phosphorus or sulfur was added to a Pyrex tube using a custom made glass funnel. The
Pyrex tube was pre-loaded with tin or bismuth metal, which had up to a fifteen fold mass
excess to the total mass of the reagents. The tube was tapped gently to push the metal
halide, phosphorus or sulfur between the metal chunks.

The tube was connected to a Cajon compression fitting with a valve. With the valve
closed, the tube was removed from the box, attached to a Schlenk line, evacuated, and
then sealed under vacuum. The tube was placed in the tube furnace at a slight angle to
keep liquid flux at one end, and heated to 500 °C with a ramp rate of 1.67 °C/min
(~100°C/hr) and held at 500 °C for ~18 hours.

The ampoules were allowed to cool by first pulling the end of the tube without
solid out of the tube furnace to allow transported byproducts to condense. The entire tube
was allowed to cool after no additional byproduct condenses. Little to no transported
liquid was seen for the M-P and M-P-S samples and the transported liquid did not smoke
in air. Once cooled to room temperature, the ampoules were opened carefully in air in

the fume hood. The products were isolated from the tin flux using ~150 mL of warm
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(~80 °C) 6 M HClI, and for the bismuth flux, ~150 mL warm 7 M HNOj3 was used stirring
constantly in both cases. Dissolving the fluxes often take long periods of time even in
highly corrosive environments. The tin flux samples usually required several hours to
dissolve the metal, while bismuth flux samples took only slightly shorter times to
dissolve. The resulting agueous supernatant for the tin samples were all colorless,
however the bismuth samples often had a greenish color. Also, bismuth samples evolved
brown NO, gas. The samples were removed from the acid solutions once all evidence of
gas production from bubbling ceased. The samples were rinsed several times in DI water
until the pH of the wash solution was neutral. The samples were dried in air at room

temperature and then stored in glass vials in the glove box.

5.2.4 Synthesis of M-P and M-P-S Materials on P25 TiO;

Transition metal phosphides and thiophosphate materials were deposited on P25
TiO, using solvent evaporation and drying of metal halide precursors and then reacting
them with P (or S) in sealed ampoules. Typically, 0.25 g of the metal halides, FeCls
(0.00154 mol), CoCl; (0.00193mol), NiCl, (0.00193 mol), or CuCl, (0.00186 mol), were
added to a 100 mL Schlenk flask with 0.25 g of pre-dried P25 TiO, and a stir bar in the
argon filled glove box. A rubber septum was added to the flask and the stopcock was
closed. The flask was removed from the glove box and attached to a Schlenk line in
which approximately 50 ml of degassed methanol was added via cannula transfer
technique. The flask was allowed to stir for several minutes and then was placed in a
warm water bath. The rubber septum was replaced with a glass stopper and a liquid

nitrogen cold trap was added to the Schlenk line. The flask was evacuated until all of the
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methanol was removed by the trap. The flask was allowed to dry in the warm water bath
for an additional 30 minutes under vacuum. Once dry, the flask was closed and returned
to the glove box. The solids were removed and added to a mortar along with an
appropriate amount of red phosphorus, plus sulfur for the M-P-S materials, and then
ground together intimately.

The combined solids were loaded into a Pyrex or quartz ampoule using a custom
made glass funnel and a Cajon compression fitting was attached. The valve on the fitting
was closed, and the tube was brought out of the glove box. The tube was placed on a
Schlenk line, evacuated, and sealed under vacuum using an oxygen/methane torch. The
sealed ampoule was placed into a tube furnace and heated to 500 °C, or 700 °C for the
iron reaction, with a ramp rate of 1.67 °C/min (100 °C/hour). Once the maximum
reaction temperature was achieved, the reaction was allowed to heat for ~18 hours.
When the heating program was finished, the ampoule end without solid was carefully
pulled out of the tube furnace and allowed to cool to room temperature to allow any
transportation of volatile byproducts to occur. Once no additional byproduct transported
and condensed, the entire ampoule was allowed to cool to room temperature and then
opened carefully in the hood in air. The solids were weighed and then stored in the glove

box for future characterization.

5.2.5 Sample Characterization
Powder X-Ray Diffraction (XRD) was done using either a Siemens D-5000 or a
Bruker D-8 Advance DaVinci Diffractometer. All materials were scanned using nickel

filtered Cu K-a X-ray irradiation, 40 kV and 40 mA energy output, with a 2-theta angle
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range from 10 to 80 degrees. The step size was 0.05 degrees and the slit widths of the X-
ray source and detector were 1.00 mm and 5.90 mm, respectively. The samples were
prepared for analysis by first grinding them down to fine powders using a mortar and
pestle. The samples were mounted onto pre-cut glass microscope slides, affixed by air
drying in an acetone slurry or by using a very thin layer of vacuum grease. All samples
were pressed down flat before examination. The morphology and elemental analysis of
the samples was investigated using scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) on a Hitachi S-3400 (thermionic) or S-4800 (field
emission) system. Samples were prepared by making thinly pressed pellets using a KBr

hand press.

5.3 Results and Discussion

5.3.1 Analysis of M-P and M-P-S Materials Using KCI-LiCl Eutectic Salt Flux

The balanced reactions for the KCI-LiCl eutectic salt flux reactions are the same
as the reactions seen in Chapter 4, where MP,, MP3, MPS3 or CusPS, are
stoichiometrically targeted with PCl; byproduct formation. The only adjustment is the
addition of the premade flux, which was in 3x mass excess with respect to the starting
MCIy and P(S) reagents. The colors and yields of the M-P and M-P-S products are
shown in Table 5.1. The M-P reactions all produced colorless liquid by-product which
smoked in air, indicating the presence of PCls. Likewise, the M-P-S reactions produced
familiar byproducts, which were a colorless liquid and brownish yellow solid transport.
The Fe-P reaction at 500 °C was not successful however, which was verified from
characterization techniques. Also, when removing the flux with methanol and water, the

Fe-P reaction’s solution was orange, leaving hardly any solid product, indicating that



162

FeCl; was present. All other reactions had low to moderate yields between 2% - 68%.
The Ni-P and Co-P samples were lighter colored (dark gray) than the pure black colored
versions in Chapter 4. The Cu-P sample was matte dark gray and not shiny black as seen
in Chapter 4. The M-P-S samples all had familiar colors. The only change was that there
was a visible luster in the Ni-P-S and Cu-P-S samples. The yields were calculated based
on the targeted M-P and M-P-S products seen in Chapter 4. Samples that had low yields
also had colored methanol wash solutions indicating incomplete reactions and dissolved
metal ions.

Powder XRD stackplots of the M-P products are shown in Figure 5.1 and key
results are summarized in Table 5.1. The Fe-P sample is not shown due to an amorphous
pattern. The Fe-P sample was resynthesized and gave the same result. It was seen in
Chapter 4 that the Fe-P ampoule reaction required higher heating to 700 °C, therefore the
failed reaction is not too surprising. A higher temperature Fe-P reaction was not
attempted since the salt fluxes will attack silica tubes. The Co-P sample showed only
cubic CoP3 (PDF# 04-004-4318). The Ni-P sample showed only cubic NiP, (PDF# 04-
003-2351). The Cu-P sample was interesting, showing two phases. The major phase was
monoclinic CuP, (PDF# 01-076-1190) and the secondary phase was triclinic Cu,P
(PDF# 01-077-5934). The unusual Cu,P, phase has been synthesized in the literature by
Nilges et al.'”> The reaction conditions involved using red phosphorus, Cul and CusP
heated to 547 °C for one week. The resulting material produced Cu,P2 needle shaped

crystals embedded in red solid.
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Table 5.1 Characterization results for M-P and M-P-S materials synthesized in a
KCI-LiCl flux at 500 °C. Bolded XRD phases are dominant phases. All
EDS data was scaled according to the respective metal.

Yields
. Target XRD h.o.
Reaction Product Color | Based on phases M:P:S:ClI
Target

FeCl; + P FeP, dark 2% amorph. (no iron present)
brown
dark ) A -

CoCl, +P CoP; 44 % CoP; 1:452:0:0.05
gray

NiCl, + P Nip, | dark 68% | NiP, 1:2.50:0:<0.01
gray
dark CuPy,

CuP 0 1:3.63:0:0.1

CuCl, +P uP; brown 8% CUsPag 3.63:0:0.13

FeCl,+P+S | Feps; | dark 9% FePS, 1:1.24:2.34:<0.01
brown

CoCl,+P+S | CoPS;3 black 20 CoPysS15 | 1:0.79:2.86:<0.01

. - shiny NiPSs, : : :

NiCl, +P +S NiPS3 black 35 % NiS, 1:1.26:3.37:<0.01
shiny

CuCl,+P+S | CusPSs | yellow- | 63 % CuszPS, 1:0.35:1.19:0.02
green
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Figure 5.1 XRD stackplot of the M-P products synthesized from KCI-LiCl eutectic

salt flux. The respective patterns are: (a) Co-P sample (b) reference CoPs3,
(c) Ni-P sample, (d) reference cubic NiP,, (e) Cu-P sample, and (f)
reference CuP,.

Powder XRD plots of the M-P-S products are shown in Figures 5.2 and 5.3. The

Fe-P-S sample showed monoclinic FePS; (PDF# 04-005-1516). The baseline is high due

to the fluorescence background from iron and there is a small unidentified peak at 24°.

The only pattern that remotely comes close to matching is the pattern for Sg. This does

not make much sense because any unreacted sulfur would have transported away. The

Co-P-S sample also has a fluorescence background and showed peaks similar to

CoPgy5S15 (PDF# 04-007-4518). This is the first time that this phase has been seen alone

without the CoPS3 phase. CoPg5S15 was first seen in the ampoule reaction between

CoCl, + P + Sin Chapter 4. It adopts the pyrite structure and can be envisioned as a
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CoS; phase, which also has the pyrite structure, with phosphorus substituting some of the

sulfur atoms, yielding an empirical formula of Co(PxS1-x)» Where x = 0.25. The sample

pattern is shifted to the left of the CoPy5S; 5 pattern and shifted to the right of the CoS,

pyrite pattern (not shown). This indicates that there is most likely a solid solution

between these two phases. The flexibility of substituting phosphorus for sulfur within the

CoS; structure has been investigated by Nahigian et a
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XRD stackplot of the M-P-S products synthesized from KCI-LiCl eutectic
salt flux. The respective letters are for each pattern: (a) Fe-P-S sample, (b)
reference FePSs, (c) Co-P-S sample, and (d) reference CoPy 5515,
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The Ni-P-S sample (Figure 5.3) showed monoclinic NiPSz; (PDF# 00-033-0952)

and very small peaks for cubic pyrite NiS, (PDF# 04-003-1992). The (001) peak at 14°

which represents the interlayer Van der Waals gap (001 peak) is much more intense in

this sample than any of the other MPS; synthesized materials. The Cu-P-S sample

pattern is also shown in Figure 5.3. This sample showed single phase orthorhombic

CusPS4 (PDF# 04-007-4285).

Arbitrary Intensity

Figure 5.3
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XRD stackplot of the M-P-S products synthesized from KCI-LiCl eutectic
salt flux. The respective letters are for each pattern: (a) Ni-P-S sample, (b)
reference NiPSg, (c) Cu-P-S sample, and (d) modified reference CusPS,.

The energy dispersive spectroscopy data (EDS) for the M-P and M-P-S samples

are shown in Table 5.1. The data represents atomic percents of each element relative to

the metal content. For example, for the targeted MP, samples, the ideal P/M atomic

percent ratio should be 2. For the MPS3; samples the ideal P/M ratio should be 1 and the
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ideal S/M ratio should be 3. For CusPS, the ideal ratios are 0.33 for P/M and 1.33 for
SIM.

The Fe-P sample was amorphous, which was seen by XRD. The EDS data
showed no iron signal. The only elements present were silicon, oxygen, and chlorine.
This makes sense since presumably, all of the FeCl; was washed away during the
methanol and water washes. The silicon is present probably from the attack of the metal
halides on pyrex. The M-P samples generally showed higher than ideal phosphorus
content, very small amounts of residual chlorine. Very little to no oxygen signal and no
potassium signal (not tabulated) was seen for the samples.

The M-P-S samples had a slight excess in phosphorus content compared to the
major phases seen by XRD. The sulfur content for the iron and copper samples were
slightly lower than expected. The nickel and cobalt samples also had an excess in sulfur
content. All of the samples had chlorine contents that were near or below detection levels
of the instrument. The oxygen content was also negligible, within uncertainties of EDS
analysis of light elements.

The SEM images for the M-P materials grown from KCI-LiCl salt flux are shown
in Figure 5.4. The Fe-P sample is not shown due to unsuccessful product formation. The
Co-P sample showed several large fused shard-like aggregates. The large pieces ranged
from ~20-40 micrometers. Closer inspection of the large aggregates showed clusters for
fused smaller shards that were approximately ~2-10 micrometers in size. The nickel
sample showed similar results, consisting of more blocky clusters of shards which ranged
from sub-micrometer to several tens of micrometers in size. The Cu-P sample showed an
interesting morphology. The sample consisted of fused blocky structures surrounded in
clumps of needle-like clusters. The blocky structures varied in size from about ~5-10
micrometers. The needles vary greatly in length across the sample region, ranging from

single micrometers to ~40 micrometers. The needle thickness is ~ 500 nanometers. The
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needles may be Cu,P,q as such morphology was previously observed for Cu,P,o by
Nilges as well.®

The SEM images for the M-P-S materials grown from KCI-LiCl salt flux are
shown in Figure 5.5. The Fe-P-S sample showed aggregates of small rounded spherical
structures which ranged from single micrometers to approximately 10 micrometers. The
Co-P-S sample also showed spherical structures that were more defined and mixed in
with some blocky structures. The spheres ranged from a few hundred nanometers to ~ 1-
2 micrometers. The blocky structures were ~7-10 micrometers. The Ni-P-S sample
formed large fused plate-like structures. The plates ranged from ~20-30 micrometers
across. The plate thickness was ~3-4 micrometers. The Cu-P-S sample formed large
islands of small fused blocky structures that ranged from ~700 nanometers to ~3
micrometers. The bulky islands varied greatly, often being in the several tens of

micrometers.
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Figure 5.4 SEM images of the M-P products synthesized using the KCI-LiCl flux. A
= Co, B = Ni, C = Cu. Numbered images represent either a zoomed in
image or area of interest.
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Figure 5.5 SEM images of the M-P-S products synthesized using the KCI-LiCl flux.
A =Fe, B=Co, C =Ni, D=Cu. Numbered images represent either a
zoomed in image or area of interest.
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From analyzing the SEM images and the product phases, the growth of the
particles can begin to be rationalized. Reactions are often better facilitated in a liquid
phase than solid phase interactions. Melting the KCI-LIiCl flux yields a colorless liquid
that rapidly solidifies to a very hard solid solution if not heated above ~353 °C. The ionic
KCI-LiCl flux is not very viscous when melted but becomes very sluggish when it
dissolves the metal halides. Crystal growth seemed to be limited to the phosphorus
diffusion into the molten flux. The metal halides dissolve into the ionic flux rapidly,
changing color in the flux while red phosphorus tends to sit on the surface interface of the
flux. Phosphorus does start to change its phase around the melting temperature of the
flux, so more gaseous P4 units are present than polymeric red phosphorus. In order to
form products, the P, gas has to be in contact with the metal halide surface. It is difficult
to determine how well P4 gas diffuses through the molten slurry of flux and metal halide.
However over time, black (or greenish-yellow for CusPS,) colored products can be
clearly seen throughout the flux which resembles veins as the reaction cools down.

In order to aid with the diffusion of phosphorus into the flux, three different
reaction attempts were made. The first method involved grinding the metal halides
together with red phosphorus and then grinding them together with the premade flux.
The mixed solids were then heated to 500 °C. The second method involved adding the
metal halides to the pre-made flux and allowing them to dissolve into the flux. The flux
color changes when then metal halides are dissolved into it, (e.g. deep blue/green for
NiCl,) and becomes various lighter shades of the anhydrous MClIy when cooled. Red
phosphorus was then added on top of this cooled mixture and then heated to the
maximum reaction temperature of 500 °C. The third method was to replicate the same
steps in the second method but to grind the flux/metal halide mix and then grind it with
the red phosphorus before heating the entire mixture to 500 °C.

Product formations from each of these steps were similar however. Regardless of

how intimate phosphorus was to the metal halides, there was always a very visible
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separation of the flux/metal halide mix and red phosphorus. One possible explanation is
understanding how the compounds are bonded. Both the flux and the metal halides are
ionic, having the chlorine atoms donating electrons to the metal orbitals, which explain
why the metal halides dissolve into the flux rapidly. However the phosphorus is more
covalent in nature, sharing electrons between p-orbitals in both the polymeric and P,
states. The differences in bonding help explain why there is a visible separation between

the reagents that could limit growth and explain low yields for some reactions.

5.3.2 Analysis of M-P and M-P-S Materials using Metal Fluxes

The balanced equations used for the metal flux reactions were identical to the M-
P and M-P-S (using red P and S) in Chapter 4. The yields and colors of the samples are
shown in Table 5.2. Only data on the tin flux samples are shown since the bismuth flux
samples were not very successful. As mentioned earlier, all of the bismuth samples gave
a greenish color in the aqueous layer when removing the flux with HNO3. After the
washing step, these reactions gave little to no sample powders.

Majority of the tin flux samples had a visible luster to them. From a physical
observation, all of the M-P and M-P-S samples, minus the Cu-P-S sample, showed
similar product colors seen in Chapter 4. The Cu-P-S sample was expected to yield a
greenish-yellow powder, but produced a black solid instead. The yields were moderate to
good ranging from 30-80% across all samples.

The powder XRD stackplots for the M-P products grown in a tin flux are shown
in Figures 5.6 and 5.7. The Fe-P sample showed three phases. The major peaks in the
pattern represent orthorhombic FeP, (PDF# 04-003-1993). This is a very promising

result since the tin flux promotes the formation of FeP, at a lower temperature (500 °C)
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than what was seen in Chapter 4. There were also peaks for FeP (PDF #03-065-2595) and
for SnP3 (PDF #04-007-1068). The presence of a tin phase indicates that the flux is
reactive towards red phosphorus. The Co-P sample showed two phases. The major
phase was cubic CoP3; (PDF #04-004-4318). There were peaks for CoP (PDF #04-004-
3080). Three unidentified peaks were present at 27°, 45°, and 54°. The Ni-P sample
showed two main phases. The major phase was monoclinic NiP, (PDF #04-007-3963)
and the minor phase was cubic NiP, (PDF #04-003-2351). This is the first time that we
have observed the NiCl, + P reaction produce the thermodynamic monoclinic NiP,
product. The Cu-P sample showed two major phases. The major phase was monoclinic

CuP, (PDF #01-076-1190) and the minor phase was CusSnP;o (PDF #04-010-1052).
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Table 5.2 Characterization results for M-P and M-P-S materials synthesized in a tin
flux.
Yields
: Target Based on XRD b.c.
Reaction Product Color Target phases M:P:S:Cl
Product
FeCls + P FeP, dark | o of FePs, FeP. 1 1. 1.09:0:<0.01
gray SnP3
CoCl, + P CoP; ET;ZK 81 % CoPs, CoP | 1:2.47:0:<0.01
, - shiny NiP» . .
NiCl, + P NiP, black 61 % (mon.cub.) :2.53:0:<0.01
CuCl, +P CuP; black | 30 % CuPy, :2.24:0:<0.01
2 0 CU4SHP10 T B '
FeCl;+P + S FePSs black | 29 % FeP, FeP, :1.14:0.02 : <0.01
CoCl, +P+S | CoPS; black | 37 % ggg; CoP, :1.93:0.01:<0.01
NiClL+P+S | NiPS; | SNy | 4006 NiPy, £1.29 - <0.01 : <0.01
2 gray Ni,SnP - hed . SUULLSU
dark CuPy,
CusPS 0 :1.82 :<0.01:<0.01
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Figure 5.6 XRD stackplot of the M-P products synthesized from tin flux. The
respective letters are for each pattern: (a) Fe-P sample, (b) reference FeP»,

(c) Co-P sample, (d) reference CoPs3,
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Figure 5.7 XRD stackplot of the M-P products synthesized from tin flux. The
respective letters are for each pattern: (a) Ni-P sample, (b) reference
monoclinic NiP,, (c) Cu-P sample, (d) reference CuP,.

The powder XRD stackplots for the M-P-S products are shown in Figures 5.8 and
5.9. The general yet unexpected trend that was seen in all of the samples was that no M-
P-S phases were seen for any of the samples. The Fe-P-S sample showed two phases;
FeP (PDF # 03-065-2595) and FeP, (PDF # 04-003-1993). The FeP peaks are much
broader than the FeP, peaks, and are shifted slightly to lower 2-theta values. The FeP,
peaks are sharp and centered. The Co-P-S sample showed a mixture of cobalt phosphide
phases. These phases were CoP; (PDF # 04-004-4318), CoP (PDF # 04-004-3080) and
CoP, (PDF #04-003-4573). There is an unidentified peak at 33.5°. The Ni-P-S sample

showed two main phases. The phases monoclinic NiP, (PDF # 04-007-3963) and Ni,SnP
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(PDF # 04-010-2577) were present and in equal intensity. The Cu-P-S sample showed

two phases. The major phase was monoclinic CuP, (PDF # 01-076-1190), and the minor

phase was CusSnPyo (PDF # 04-010-1053).
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Figure 5.8 XRD stackplot of the M-P-S products synthesized from tin flux. The
respective letters are for each pattern: (a) Fe-P-S sample, (b) reference

FeP, (c) Co-P-S sample, (d) reference CoP.
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Figure 5.9 XRD stackplot of the M-P-S products synthesized from tin flux. The
respective letters are for each pattern: (a) Ni-P-S sample, (b) reference
Ni,SnP, (c) Cu-P-S sample, (d) reference CuP..

The EDS data for the M-P and M-P-S samples synthesized in a tin flux are shown
in Table 5.2. The M-P samples were generally near the desire phosphorus content or in
slight excess. For all cases the chlorine content was below detection limits of the
instrument. In the Fe-P, Cu-P, Ni-P-S, and Cu-P-S samples, very small tin atomic
percent was detected. All other samples had no detectable tin. The M-P-S samples all
had phosphorus content close to the XRD phases seen with most sample being in slight
excess. Also, all samples had sulfur content that was at the detection limits of the

instrument. The Ni-P-S sample’s phosphorus content seemed to be an average between

the major phases seen by XRD.
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The SEM images for the M-P materials grown from tin flux are shown in Figure
5.10. The Fe-P sample showed uniform small smooth blocky structures. The blocks
range from ~500 nm to 6 micrometers. The Co-P sample showed aggregates of fused
round particles. Individual particle regions are within ~1-5 micrometers across. The Ni-
P sample showed a mixture of shard-like structures and small blocky particles. The
shards vary in size anywhere from a few micrometers to several tens of micrometers.
The small particles range from ~400 nanometers to single micrometers. The Cu-P
sample consists of large ~20-30 micrometer shard-like constructs that are comprised of
smaller ~5-10 micrometer shards.

The SEM images for the M-P-S materials grown from tin flux are shown in
Figure 5.11. The Fe-P-S sample consists of shard-like structures that range from ~5-20
micrometers. The Co-P-S sample is comprised of very small aggregate particles that are
several hundred nanometers to a few micrometers in size. The Ni-P-S sample consists of
large blocky structures that are ~5-10 micrometers long. The Cu-P-S sample is a mixture
of aggregate particles, blocks and long plate-like structures. The aggregates are within
sub-micrometer sizes, the blocks are ~15 micrometers in length, and the plates are ~40-60
micrometers long. The plate growth seems to represent a single, somewhat hexagonal

plate growing in one direction.
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Figure 5.10  SEM images of the M-P products synthesized using tin flux. A=Fe, B=
Co, C=Ni, D=Cu. Numbered images represent either a zoomed in
image or a different area of interest.
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Figure 5.11  SEM images of the M-P-S products synthesized using tin flux. A =Fe, B
= Co, C = Ni, D = Cu. Numbered images represent either a zoomed in
image or a different area of interest.
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Crystal growth in a tin flux produces a variety of morphological changes to M-P
and M-P-S materials. The molten metal engulfs the solids reagents and can dissolve
elements such as phosphorus better than ionic fluxes. The flux can also force close
contact of reagents and provide a uniform heating environment. Also, the density of
liquid tin is ~7 g/cm®thus applying pressure around the solids. This is denser than the
KCI-LiCl flux. This may explain the compactness of The Fe-P and Co-P materials.

Cooling the flux slowly can aid in improved crystal formation as well.

5.3.3 Analysis of M-P and M-P-S Materials Deposited on P25 TiO,

M-P and M-P-S materials were synthesized on P25 TiO, via evaporating
methanol from a mixture of the metal halides and P25 TiO,. This resulted in metal
halides being deposited on the surface of P25 TiO,. The precursor composite material
was reacted with phosphorus (and sulfur) in sealed ampoules. After heating to 500 °C,
the anatase and rutile phases of TiO, were still seen. The reactions are similar to the
ampoule reactions from Chapter 4 and the targeted products were the same. The TiO; is
used as a growth surface for the M-P and M-P-S materials in hope to encourage
interesting surface particle morphologies, and to utilize the products in UV photocatalysis
(see Chapter 3 for TiO, photocatalysis details) or photo-electrochemical catalysis. The
products are colored, being lighter versions of the pure M-P or M-P-S materials, with
some samples having a shiny luster.

The product color and yields are shown in Table 5.3. The yields are calculated
from the mass of the M-P or M-P-S material only, minus the presumably unreactive TiO,.
The M-P samples were black or gray and the yields were modest at ~30-45 % except for

the Ni-P sample, which had a yield close to ~80 %. The M-P-S samples were similar in
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color except for the Cu-P-S sample which had the characteristic olive green color seen for
Cu3PS, in Chapter 4. The yields were ~40-68 % however the Ni-P-S sample had a much
smaller yield of 13 %. This is surprising as the XRD show that both NiP, and NiPS; are
produced by this synthesis method.

The powder XRD patterns of the M-P samples deposited on TiO, are shown in
Figure 5.12. All of the powder XRD patterns for the deposition reactions showed both
anatase and rutile phase TiO,. The Fe-P sample showed only small signs of a possible
FeP phase (PDF# 03-065-2595). This is not surprising since a higher reaction
temperature reaction is needed to obtain the targeted FeP, phase. The Co-P sample
showed orthorhombic CoP (PDF# 03-065-2593) and no peaks for CoP3. The Ni-P
sample showed peaks for cubic NiP, (PDF# 04-003-2351). Another nickel phosphide
phase was also seen. This was NisP, (PDF# 04-014-7901) and was much less intense
than NiP,. The Cu-P sample showed two main copper phosphide phases. The major
copper phosphide phase was monoclinic CuP, (PDF# 01-076-1190). The phase Cu,P;
(PDF# 00-047-1566) was seen as a minor phase. There were very small peaks that
indicate the presence of CuCl (PDF# 04-007-3885).

The powder XRD stackplotted patterns for the M-P-S materials grown on TiO,
are shown in Figure 5.13. Again, each sample showed both anatase and rutile phases of
TiO,. The Fe-P-S sample showed monoclinic FePS; (PDF# 04-005-1516). The Co-P-S
sample showed the cubic pyrite structure phase of CoPysS:5 (PDF# 04-007-4518).
Similarly seen in the previous sections, this phase and CoS; are off set on opposite sides
of the pattern, suggesting a solid solution between these two phases. The Ni-P-S sample

showed monoclinic NiPS3 (PDF# 00-033-0952). Lastly, the Cu-P-S sample showed
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orthorhombic CusPS, (PDF# 04-007-4285).
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Figure 5.12  XRD stackplot of the M-P products deposited on the TiO, surface. The
respective patterns are: (a) Fe-P sample, (b) Co-P sample, (c) Ni-P sample,
(d) Cu-P sample, (e) reference anatase TiO,, (f) reference rutile TiO,.
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Figure 5.13  XRD stackplot of the M-P-S products deposited on the TiO, surface. The
respective patterns are: (a) Fe-P-S sample, (b) Co-P-S sample, (c) Ni-P-S
sample, (d) Cu-P-S sample, (e) reference anatase TiO,, (f) reference rutile
TiO,.

The elemental analysis data for the M-P and M-P-S samples deposited on TiO; is
also shown in Table 5.3. All data was scaled according to the iron, cobalt, nickel, or
copper content. Each sample had relative phosphorus content that was close to the phase
compositions seen by XRD. The Fe-P sample had a large excess in phosphorus however,
which did not reflect the crystalline phases seen in XRD. The Cu-P sample had an
average phosphorus content for the two copper phosphide phases seen in XRD. The
chlorine content was relatively low for all samples. The iron sample had the highest

chlorine content most likely due to incomplete reaction of FeCls.
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The M-P-S samples all were phosphorus rich and all except for the Co-P-S

sample were slightly sulfur poor. The chlorine content was very low and in the Co-P-S

and Cu-P-S sample.

Table 5.3 The product color and yields of the M-P and M-P-S materials deposited
on TiO,. Bolded XRD phases are major phases. All EDS data was scaled
according to Fe, Co, Ni or Cu content.

Yields
Reaction Target Color Based XRD M:P:S:Cl
Product on Phases
Target
dark . , o
FeCls +P FeP, gray 43 % TiO,, FeP :4.05 :0:0.44
dark . . N -
CoCl, +P CoP3 aray 31% TiO,, CoP :2.69:0:0.26
NiCl, + P NiP, | black |94% | 192NP2 114670005
NisP4
light 0 CuPy, TiO,, _ A
CuCl, +P CuP, aray 43 % Cu,P-, CuCl :2.73:0:0.08
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The SEM images of the M-P deposited materials on Degussa TiO, are shown in

Figure 5.14. The Fe-P, Co-P and Ni-P samples all have similar shapes which consists of

large aggregates. These particles range from 5-20 micrometers. The Ni-P sample has

very small needle looking nano structures covering the large particles. The Cu-P sample
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consists of fused blocky structures that seem to grow outwards from a core aggregate.
The blocky structures are large and are ~10-30 micrometers in size.

The SEM images of the M-P-S deposited materials on TiO, are shown in Figure
5.15. The Fe-P-S sample consists of round plate like structures that appear to be
emerging from very small aggregate particles. The plates range from ~2-10 micrometers
across. The plate thickness varies with the plate size. Larger plates have ~1-2
micrometer plate thickness while sub-micrometer plates have thickness of ~300-500
nanometers. The Co-P-S sample consists of very small aggregates which are only a few
micrometers in size. Closer examination shows nanoscale aggregates on the surface of
the larger particles. The Ni-P-S sample shows a mixture of blocky structures, plates and
aggregate particles. The blocky structures are ~ 5-10 micrometers long. The plates are
quite thin, being ~ 2-5 micrometers long and ~400-500 nanometers thick. The aggregates
are ~300-500 nanometers. The Cu-P-S sample showed thin rectangular prism emerging
from very small aggregate particles. The prisms are ~3-10 micrometers long and ~300-

500 nanometers across. The aggregates are ~300-500 nanometers.
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Figure 5.14  SEM images of the M-P products deposited on TiO,. A=Fe,B=Co,C=
Ni, D = Cu. Numbered images represent either a zoomed in image or a
different area of interest.
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Figure 5.15 SEM images of the M-P-S products deposited on TiO,. A=Fe, B=Co, C
= Ni, D = Cu. Numbered images represent either a zoomed in image or a
different area of interest.
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Growth of the M-P and M-P-S crystals on TiO, seems generally successful but
does vary by the targeted product. TiO, acts as a growth support for products and is not
presumed to react with the metal halide or phosphorus. The anatase and rutile phases are
preserved after heating to 500 °C and are generally maintained. In addition to this, there
were no phosphate or sulfate materials present in the XRD patterns. The methanol
evaporation technique allows the metal halide to adhere to the surface of titania,
providing a growth point for the M-P and M-P-S materials. The ampoule reactions
behave similarly to those in Chapter 4, with red phosphorus volatizing into P, gas and
reacting with the surface of the metal halides. Since lower phosphorus content phases are
observed, it may be feasible that surface Ti-O groups or water in methanol may react with
gaseous P4 prior to M-P formation. Excess phosphorus may promote targeted phases

FeP,, CoP3, and CuP;, on TiO..

5.5 Conclusions

The materials synthesized in the fluxes were partially successful and showed
changes in the morphology for both the M-P and M-P-S materials. The challenge with
using fluxes is finding the optimal reaction conditions according to the desired phases,
yield, and morphology. The yields suffered for some of the reactions most likely due to
the addition of excess flux, the stability of MClIy species in the flux, or other variables
include the reaction temperature and reaction longevity. Each reaction would need to be
optimized by adjusting several of these variables.

The KCI-LIiCl eutectic salt flux reactions showed interesting morphologies
changes compared to Chapter 4 solids. The M-P samples in Chapter 4 were blocky
aggregates of various sizes. The most noteworthy sample was CuP, which made uniform
cubic blocks. The KCI-LiCl flux produced more fused smooth shapes and in the copper

phosphide case, a mixture of smooth shapes covered in needles. It should be noted that
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the KCI-LiCl flux reactions produced single phases minus the copper case. The iron case
was unsuccessful most likely due to low reaction temperature using the current flux. The
M-P-S reactions produced similar products seen in Chapter 4. The morphologies were
also different, often being more granular in shape. The Ni-P sample had the most
dramatic change, going from fused aggregates to large plates.

The tin flux reactions gave very crystalline materials with good yields and showed
interesting morphologies. The M-P products all became more granular and smooth
compared to their blocky counterparts in Chapter 4. The M-P-S products became more
fused blocks or aggregates. It should be noted that no actual M-P-S samples were seen
when using the tin flux. This was probably due to the high reactivity of tin with sulfur.
Powder XRD was done on some samples (that could be physically removed from the
flux) before washing in HCI. The patterns showed predominately SnS. SnS is very
soluble in HCI and therefore was washed away during the removal of the tin flux. This
left only M-P and M-Sn-P phases after washing. The corrosive extraction environment
may also alter the yield of the products. However, preliminary tests with exposing
Chapter 4 materials to the same corrosive environments showed no change in the M-P
samples.

The bismuth reactions seemed to fail as evidence by the colored wash solutions
and very low yields. Removal of the bismuth flux was a challenge since HNO3; was
needed. Hot concentrated HCI was attempted, but the flux only darkened or took
extremely long periods of time to begin to dissolve. The use of HNO; could have been
detrimental to the products formed. Preliminary tests with materials synthesized in
Chapter 4 were exposed to the same corrosive conditions to test for any product
solubility. There were no obvious changes in color or phase by XRD. Perhaps the
presence of bismuth alters the overall reaction negatively. One theory is that bismuth
does have an affinity for halides. Perhaps the bismuth reduces the metal halides by

removal of chlorine, leaving only the metals to react with phosphorus (and sulfur)
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causing the reaction to become more thermodynamically unfavorable. Also, preliminary
XRD of unwashed materials showed BiCl; in some samples, which supports this theory.
The M-P and M-P-S deposition reactions on P25 TiO, produced mainly desired
materials. The Fe-P and Co-P samples however, did not yield the targeted FeP, and CoP3
products respectively. The XRD patterns showed highly crystalline peaks for both

anatase and rutile even after being heated to 500 °C.
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CHAPTER 6

CONCLUSIONS AND FUTURE OUTLOOK

6.1 Solid State Metathesis Synthesis

The following chapter will review all of the conclusions obtained from the
chapters in this thesis. Also, the challenges behind the work performed will be discussed
along with future insights into the research. The goal is to lay a path for new innovative
routes to improved synthesis techniques and applications with the materials from this

thesis and beyond.

6.1.1 Metal oxide materials

Transition metal oxide materials were synthesized using SSM techniques from
stoichiometric amounts of metal halides and Na,O,. The reactions produced colored
TiO, materials with respect to the metal dopant used in moderate yields. Acid washing of
the sample improved the purity of the materials. Interestingly, crystalline dopant phases
were not seen, yet atomic ratios of the dopant to Ti were promising. Annealing also re-
enforces the fact that the dopant metals are indeed in the TiO, sample since the dopant
began to show phases in XRD patterns. So far, all reactions have used stoichiometric
amounts of dopants to target a specific chemical formula. The addition of dopants to
achieve a 50:50 dopant to Ti ratio has been tried in some experiments and still no dopant
phases have been seen. Dopant amounts higher than this begin to show oxide phases
along with rutile TiO,.

Work to improve the synthesis of solid state reactions can be investigated by
attempting to isolate single phases. The challenge of SSM reactions was that multiple
phases were seen by characterization techniques. Single phases can be isolated by using

non-reactive matrixes to suppress the violent behavior of the reaction. Adding NaCl or
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LiCl for example can suppress reagents from expelling from the reaction container. The
amount of salt is critical. Too much salt will greatly reduce the propagation rate of SSM
reactions, thus reducing the yield. Uniform heating of the materials, such as in a sealed
autoclave or pressure reactor, would be required to propagate the reactions.

The location of the dopant is questionable still, and needs to be investigated. The
sheer color of the samples can indicate surface concentration of the dopant metals.
Surface analysis of the samples can help determine dopant locale. EDS data gives insight
to approximate dopant location since it is a surface analysis technique. XPS analysis is a
more sensitive surface technique which also gave the electronic environment of the
dopant. Ultimately, a laser ablation addition to XPS can give information of the amounts
of dopant from various sample depths.

Future work with SSM oxide reactions can involve targeting oxynitride materials.
Early work on a GaN:ZnO solid solution synthesis was attempted. Literature has shown
that this solid solution shows catalytic activity for water splitting under visible light.*”"17®
The reaction involved combining stoichiometric amounts of GaCls, ZnCl,, LizN, and
Na,O, into the bomb reactor. This reaction is extremely reactive when physically mixed,
causing auto ignition in the glovebox. The materials were analyzed by XRD and showed
ZnGay04. The reaction most likely became too hot for nitrides to form. Perhaps adding
salt to this mixture such as NaCl will suppress the reactivity. Preliminary work with
synthesizing ZnO has also been done and doping of the hexagonal wutrzite structure with

transition metals was done in a similar fashion as with the TiO, work.
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6.1.2 Metal phosphide, sulfide and thiophosphate materials

Transition metal materials were synthesized in moderate yields. Each type of
reaction produced mixed phases of either metal rich phosphides, metal sulfides, and
layered MPS3 (M= Fe, Co,Ni) or orthorhombic CusPS,. When phosphorus and sulfur are
mixed, either M-P-S products or metal sulfides are formed. This was due to phosphorus
volatilizing out of the reaction mixture. To help suppress this, using a matrix such as
LiCl, can help slow the reaction speed and keep materials within the reaction container.
LiCl will act as a flux and can also help isolate single phase materials. Since SSM
reactions can reach very high temperatures, M-P materials may have formed and
decomposed. Some M-P and M-P-S materials will decompose beyond 600 °C.

Stoichiometric amounts of materials were used to target the M-P and M-P-S
phases. Excess amounts of red phosphors could encourage M-P phases to form.
However, the risk of excess red phosphorus is the fire hazard of unreacted white
phosphorus in air. The choice of starting reagents may also be altered to better target
desired phases. Compounds such as NagP, Na,S, LisP, or Li,S can be used instead of
Li3N to target M-P and M-S products respectively. Therefore the reactions using the
halides for NiP, for example would be 3 NiCl, + 2 NasP + 4 P = 3 NiP, + 6 NaCl AHx,

=-1670.76 kJ/mol which is exothermic. NaCl can be washed away with water.

6.2 Ampoule synthesis

6.2.2 Metal phosphide materials
Ampoule reactions produced single phase materials much better than SSM
reactions, mainly due to the longer reaction time and simpler reactions. For some of the

ampoule reactions, metal halide was present in the sample according to XRD or EDS.
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Longer times may give more pure products. The reaction temperatures may be increased
as well, however most MPy, and M-P-S materials will begin to decompose above ~600
°C. Also, all ampoule reactions used stoichiometric amounts of materials. Excess
phosphorus, sulfur or P,Ss may drive reactions to produce desired products. Care has to
be taken since the danger with excess P and S content is the increase in possible volatiles.

The M-P ampoule reactions yielded materials in good yield over a relatively short
reaction time. The FeP, reaction suffered which is most likely due to the short reaction
time. Also the FeP, product showed silica which may be due to the reactive nature of
FeCls. A similar reaction with FeCl, was done and still silica was seen from XRD. The
halides may need to be contained in alumina vessels within silica tubes to prevent
reactions with silica.

Some metal halide was seen in the FeP,, and CuP, samples which indicate an
incomplete reaction or a lack of reagent materials. To remedy this, much longer reaction
times over several days or the use of excess phosphorus can be used. Excess phosphorus
would ensure that all of the metal halide will be reacted, but again the volatility danger is
present.

Some future work with metal phosphide ampoule synthesis can involve targeting
the synthesis of other useful phosphides such as GaP, InP for their semiconducting
properties, WP, for its water splitting capabilities,’” or mixed metal phosphides. Some
early work on Gap and InP synthesis was attempted using GaClsz, Ga(CsHgO5)s, InP3, or
In(CsHgO2)3 (CsHgO, = acetylacetonate or acac) and red phosphorus in sealed ampoules
at 500 °C. The reactions were not very successful yielding starting reagents, or black
powders which were a mixture of carbonaceous material and starting reagents.
Adjustments to these reactions will need to be done which may include changing the
starting material or increasing the heating temperature and time, or carefully choosing

reactions that are more energetically downhill.
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6.2.3 Metal sulfide materials

Metal sulfide material synthesis was not successful in sealed ampoules. This is
most likely due to the endothermic nature of the reactions. It is promising though that the
byproduct of one experiment showed signals for S,Cl, from GC-MS analysis. Most of
the reactions produce a yellow liquid (solid when cooled) transport, which is most likely
SoCl, and Sg. The reactions are just not energetically favorable. In the case of
endothermic reactions, applying more energy to the reaction will push the reaction back
to reagents. Increasing the reaction temperature and time could improve reactivity
between different precursors. Using a more reactive form of sulfur or a sulfur containing
salt such as Na,S, can be used to encourage M-S product formation. Na,S would form
NaCl as a byproduct and can be removed easily. The reaction would be identical to an
SSM reaction. Performing a reaction with CS; is doable, but dangerous due to volatility
of the CS,. CS; will dissolve sulfur which can be advantageous for reacting with metal

halides.

6.2.4 Metal thiophosphate materials

Metal thiophosphate materials produced layered monoclinic FePSs, NiPSs,
CoPS3, and orthorhombic CusPS,. Stoichiometric amounts of starting reagents of P + S
or P,Ss +P gave similar products. The P + S versions had small metal halide signals. To
improve this either a slight excess in P and S can be used. The P,Ss versions gave more
crystalline materials and low to no chlorine content. The P,Ss reactions did yield solid
transports which could have indicated incomplete reactions.

Reactions with multiple metals can be attempted for a mixed layered MyM’1.4PS3
phase. A reaction targeting a CoosNiosPSs material was attempted, but multiple phases
were seen in the XRD, including NiPS3, CoPy5S;:5, and CoPS3. There are other MPS3

compounds that can be synthesized as well. The leading MPS3; compound seen in
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literature is MnPS; for its intercalation chemistry of molecules that improve its physical
properties.®® Synthesizing this compound was attempted from the reaction 3 MnCl, + 5
P+9S > 3MnPS; + 2 PCl; in a sealed Pyrex ampoule at 500 °C for 1 day. The
reaction yielded a mix of a gray and green solid. Powder XRD showed small peaks for
MnPS; but major peaks of MnCl, hydrate, indicating a poor reaction. This reaction can
be modified by using a longer reaction time, using a different manganese reagent, or
perhaps using a flux.

Intercalation within the MPS; structures usually involve cationic molecules since
the sulfur atoms (&6 charges) are directed towards the VVan der Waals gaps in the MPS;
structures. Salts such as LiCl, NaCl, KCI, NH4CI and organometallic materials such as
cobalticenium®®* would be useful for nonlinear optics, battery materials, changes in
magnetic properties, and have been investigated in research.'®? The process usually
involves reacting MPS3 materials with n-butyl lithium for Li* intercalation,® ion
exchange soaks in saturated salt solutions for Li*, Na*,K*, NH," intercalation,'®* and
heating in organic solutions with cobalticene.’® Intercalation of organic molecules is of
high interests within the MnPS; structure and could be used in biological applications.
Such techniques have been investigated in the literature.'®

Pyridine and bipyridine like structures have been exclusively used in research as
an intercalant within MPS3 compounds ****% Intercalation of these molecules involves
soaking or heating the MPS3; materials in pyridine under inert atmosphere for long
periods of time.'®® Pyridine intercalation has shown to also improve the physical
properties of the MPS3; materials such as Attempts to intercalate pyridine into some of the
materials synthesized in Chapter 4 were made. The reactions involved heating NiPSs,
FePSs, or CoPS;3 in refluxing pyridine or acidified pyridine for several days. Changes in
the XRD peaks were not seen however. The materials will most likely require IR or

NMR to determine if pyridine is in fact intercalated.
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Extending the MPS; systems into MPSe; systems is of great interest as a next path
in our group. Substituting selenium for sulfur can yield useful semiconducting materials
such as FePSe; which has a band gap of 1.3 eV."® Some experiments have been
attempted using elemental selenium and heating to 500 °C for 1 day to target MPSes.
CoPSe; was attempted using CoCl,, red phosphorus, and selenium, but it was
unsuccessful yielding CoSe; and CoCl,. NiPSe; was also attempted using NiCl,, red
phosphorus and selenium. The reaction produced a mix of NiPSe; and NiSe,. These
preliminary reactions could lead to future synthesis of other MPSe; materials. A final
summary of both the SSM and ampoule based reactions of the M-P, M-S and M-P-S

materials are shown in Figure 6.1.
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Figure 6.1 Reaction pathways for MP, MS and MPS materials.

6.3 Flux and Deposition Synthesis

6.3.2 M-P and M-P-S from eutectic salt fluxes

The M-P and M-P-S materials produced desired products in low to moderate
yields. The yield may be improved by modifying the flux amount. Initial experiments
were done using equal amounts of starting reagents and flux. This yielded undesired
products and starting material. A large amount of flux was used (30x excess) to test
product formation. This reaction showed essentially no product. The 15x excess amount

of flux reactions were a middle ground point that gave reasonable yields of products.
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Fine tuning of these experiments can be performed to optimize the phase and yield of
products.

The LiCI/KCI premixed flux is hard to prepare since it forms a very hard solid
after cooling. Improvements to remove the solid are to use liquid N, to cause cracking of
the salt solid solution, or to cool the hot liquid flux over a flat surface for easy removal.
Some experiments using a NaCI/KCI flux were attempted. The premade flux was much
easier to make than the LiCI/KCI flux. These reactions were done in silica tubes since
the eutectic melting point of the flux is 650 °C. The challenge with these reactions was
that the alkali salts attack silica in molten form over long periods of time. Monoclinic
NiP, was synthesized using the NaCI/KCI salt flux (8x excess) with 27% yield. SEM of
the materials showed rhombohedral shapes. Other M-P and M-P-S materials can be

attempted, but they may decompose if left in the hot flux for too long.

6.2.3 M-P and M-P-S from metal fluxes

The M-P and M-P-S materials were synthesized in varied yields. The tin fluxes
reactions produced M-P products with low to moderate yields and interesting
morphologies. It was inspiring to see that FeP, forms in the tin flux at 500 °C instead of
700 °C, interesting uniform truncated cube-like structures, and with no silica peaks in the
XRD. This was the goal of using the tin flux. The M-P-S material was not seen since
SnS forms and was washed away with the flux in concentrated warm HCI. Only M-P and
MPSn phases were present. Improvements with the tin flux would involve optimizing the
flux amount and reaction times for better yields.

The bismuth flux reactions had very poor yields. This is most likely due to the
nature of bismuth with metal chlorides. Another choice in metal starting reagent may

produce better reactions in bismuth fluxes. Also, the harsh oxidizing washing conditions
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in HNO3; may have dissolved or decomposed products. HCI appears to only slightly
work by only darkening the flux. Alternate separation techniques need to be investigated.
There are other metals that can be used as fluxes. Lead is a low melting metal
that has been used as a flux and as a eutectic with bismuth. Indium and gallium can be
used as well. The overall concern is separating the fluxes from the products. Each one of
these metals is soluble in acids. HCI works well with the M-P products since they are
still present after removing the tin flux. Finding the optimal flux amount of each flux for

the desired products is ideal.

6.2.4 M-P and M-P-S Deposition on P25 TiO;

The M-P deposition on P25 TiO; did produce metal phosphides while preserving
anatase and rutile in the appropriate ratios however, the Ni-P and Cu-P reactions were the
only reactions that produced the target NiP, and CuP, products. The Fe-P reaction was
expected to not form FeP, since we have only synthesized the phase at 700 °C or using
the tin flux at 500 °C. The Co-P reaction was surprising to not form CoP3 since it was
seen at 500 °C in Chapter 4. The P25-TiO, may inhibit product formation just by being a
physical barrier. The M-P-S products formed crystalline targeted phases in good yields.
It was encouraging to see that no secondary phases formed with the mixes of phosphorus
and sulfur (or oxygen) as well since some NiS; is sometimes seen in the Ni-P-S reactions.

Some future experiments that could be done with deposition experiments could
involve deposition of different amounts of products on P25 TiO,. Estimated amounts of
M-P and M-P-S material that was deposited on the surface on P25 TiO, ranged from 15-
30%, which in a co-catalyst standpoint is very high. Perhaps much smaller amounts of
M-P and M-P-S can be targeted. The amount of P25 TiO, may need to be adjusted as

well since it may inhibit product formation.
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6.4 Catalysis Conclusions

6.4.1 Organic molecule degradation

Methylene blue and methyl orange photooxadation reactions were performed
using UV or filtered UV light. The transition metal doped TiO, samples showed
moderate degradation of methylene blue under both UV and visible light, and much
better degradation than un-doped TiO,, but are still out matched by P25 TiO, under UV.
The doped samples out-perform P25 under visible light however. The particle size and
surface areas of the SSM products is no match for P25 TiO, unfortunately. Even though
quick reaction times do not allow for elaborate crystalline growth, the particles are large
compared to P25 TiO,. Also, only rutile TiO; is formed P25 TiO, has the advantage of
having an effective band gap range from anatase and rutile (3.0-3.3 eV), ~50m?/g surface
area, and a 3:1 mixture of anatase to rutile. The transition metal doped TiO, samples are
good at adsorbing the dye in the dark however, particularly the Mn-TiO, sample. The
dye was “removed” by this sample very effectively, just not by photooxidation. One
theory is that the surface oxygen atoms in the rutile structure (and doped structures) bind
the methylene blue dye effectively.

The transition metal doped TiO, samples showed very little activity towards
methyl orange photooxidation or physical adsorption, and again are out performed by
P25 TiO,. Methyl orange is an anionic azo dye while methylene blue is a cationic dye
with no azo group. The dye may not bind to the surface of the doped samples effectively.
It would be ideal to synthesize doped TiO, samples that had an average 3:1 anatase to
rutile ratio and have high surface areas. By doing this, the samples most likely will be
more comparable to P25 TiO, for dye degradation. The SSM reactions will need to

propagate slower or have a structure modifying agent added to the reagents.
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6.4.2 Water oxidation and reduction

Water photoreduction was examined with ~1 wt% Pt deposited materials using
methanol as a sacrificial hole scavenger. The transition metal doped TiO, samples
showed no H; production over several hours. The standard reference material was
platinum coated P25 TiO, which showed a steady increase in H, production over several
hours. Also, ~5 wt% Pd on P25 TiO,was tested and showed similar results. Tests were
done with rutile only P25 TiO, (annealed to 1000 °C), and anatase TiO,, both in which
were ~1% platinum coated. Neither sample showed H; generation over several hours.
This verifies that the particle size and mixes of phases are crucial to water reduction
reactions. Also, platinum coated M-P-S and M-P-S on P25 TiO, were also tested for
water reduction and showed no H; generation.

There are several criteria that a material must be met in order to generate H, from
water. The material must have a band gap energy of at least 1.23 eV, which is the
difference in energy between the redox potentials of the oxidation and reduction of water.
Smaller band gaps less than 2.30 eV may require an electrical bias voltage or another
reagent to induce the reduction. The material must also have a small particle size and
high surface area. The sample must be crystalline and lack defects. Detailed explanation

of these factors are located throughout the literature.'®

6.4.3 Electrochemical Water Reduction

Early electrochemical tests were performed on M-P and M-P-S materials. The
experiments were done through collaboration with the Leddy Group at The University of
lowa Department of Chemistry. Each test was performed by Matt Lovander. Onset
potential values for the hydrogen evolution reaction (HER) was determined for each

sample and compared to commercial standard materials. The samples were imbedded
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into a custom made carbon wax electrode which is shown in Figure 6.1. The samples that
were tested were NiP; (cubic), FePS3, CoPSs, NiPS3; and commercial Ni,P (Aldrich,
98%). The reference material tested was 10% Pt on carbon black (E-Tek) and the blank

was carbon wax (graphite powder, Aldrich and parafin wax, Aldrich).

Figure 6.2 Carbon wax electrodes

Each sample was tested in a three-electrode cell with a 0.50 M H,SO, solution at room
temperature under continuous stirring. N gas was used as a purge. All runs were done
using a Bioanalytical Systems 100b Potentiostat. The data was collected at a 5mV/s scan
rate. The HER onset potentials are shown from the current density vs potential plots
(Polarization Curves) in Figure 6.2. The NiP, sample has the smallest HER onset of -40
mV and is followed by CoPS; (-60 mV), Ni,P (-100 mV), NiPS3 (-175 mV), and lastly
FePS; (-240 mV). The reference 10 % Pt on C has an HER onset of +60 mV and the
carbon wax blank’s offset is at -590 mV. The data is promising since it helps explain why
these materials were not able to split water using light. As mentioned earlier, from
photoreductive water splitting, catalysts with band gaps lower than 2.30 eV may require

an electrical bias to split water. The estimated band gaps from DRS analysis (shown in
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Chapter 4 Table 4.8) of FePS3 is 1.63 eV, CoPS3 is 1.66 eV, and NiPS3 is 1.36 eV. The
NiP, sample was analyzed using DRS but it did not have any onset absorption drops

across the entire visible spectrum.

NiP, Materials Pressed in Carbon Wax MPS; Materials Pressed in Carbon Wax
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Figure 6.3 Current density vs potential plots for NiP, (cubic), Ni,P, and MPS; (M=
Fe, Co, Ni).

Our current ongoing research involves synthesizing other MPS3; materials which involves

improving the MnPS; synthesis and investigating the CdPS; material. We are also testing

the MPS3 materials and CoP3, CuP; and the CusPS, materials for their HER capabilities.

6.5 Concluding Remarks

The research done in this thesis demonstrated the use of SSM and ampoule
reactions to synthesize metal oxides, phosphides, sulfides and thiophosphate materials.
The use of fluxes in ampoule reactions enabled new synthesis pathways for our group to
use for improved morphology of M-P and M-P-S materials. Much more research can be
done with the applications of these materials in catalysis. The degradation of organic

pollutants is very useful in industry. Quick, cost effective, environmentally friendly and
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reusable, heterogeneous catalysts are ideal. Water reduction is a very powerful technique
that has been applied in several areas of research by various materials. The next step is
how to store the “fuel” safely.

It would be useful to bridge the gap between quick effective solid state synthesis
and ideal sample particle size and morphology. This is a difficult and challenging task
since several factors on each end oppose one another, but it can be done. There are
several variables that can be adjusted which opens up opportunities for continuation in
this research. Hopefully, this research has inspired future researchers to discover

adaptations and improvements in the field.
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