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Abstract

The development of renewable and environmentally friendly processes to generate fuels
and chemicals necessary for modern human society is paramount as the continued consumption of
finite fossil fuels is felt environmentally and economically. Using renewably sourced electricity,
electrochemistry can both store energy in chemical bonds for use as a fuel, such as hydrogen, as
well as synthesize commodity chemicals that are precursors to a wide array of modern products,
such as ammonia. At the heart of these electrochemical systems are electrode materials that must
fulfill three key requirements. They must be robust enough to survive the potentially harsh
conditions of a target reaction for long periods of time, active enough to drive the target reaction
to completion at a reasonable rate and are not prohibitively expensive. Many materials have been
investigated for a wide array of renewable energy applications to meet the above requirements;
however, many modern systems still rely upon expensive noble metal catalysts to achieve
reasonable rates and long catalyst lifespans, limiting the growth and sustainability of renewable
energy development. This necessitates the cultivation and investigation of new materials using

elements and compounds that have not been previously studied for a particular process.

Antimony (Sb), a p-block semi metal, is a relatively under-studied element for use in
electrochemical systems, stemming from the difficulty in working with an element that evaporates
before it melts and can form a volatile gas in a reducing environment. However, its position as a
semi-metal, with both properties of non-metals like selenium and phosphorous, as well as metallic
properties like iron or cobalt, leads to a rich array of potential chemistry that can be investigated
for use as materials in sustainable electrochemical systems. The work reported herein is focused

on the investigation of Sb containing compounds as water oxidation catalysts in acidic media,



i

quaternary metal oxides for photoelectrochemical water splitting, and nitrogen reduction catalysts

for electrochemical ammonia synthesis.



iii

Acknowledgements
For me, graduate school has been the most difficult part of my life so far with many twists,
turns, uphill slogs and downbhill sprints. Which is why I am eternally grateful to those that have
supported me during my time in graduate school. There are many people who have been there for
me in a tremendous variety of ways, however, I would like to specifically acknowledge several

different groups of them for their outstanding support during my time in graduate school.

My mother, Victoria, and my two younger sisters, Brooke and Morgan, may now all live
in different states across the country, but they have always been there for me whether it be a text
to ask how I am doing, a short visit over the weekend, or us seeing each other over the holidays.
Without their support I may have not even gone to graduate school. I would especially like to thank
my mother for supporting me throughout my entire education and always being there at my highest
highs and lowest lows. Thank you Mom, I could not have done it without you. I also wish to give
thanks to Ashley Luehrs for all the love and support she has given me during some of the hardest
times | have gone through in graduate school. Thank you for being there for me and I hope to

continue to share my life’s journey with you in the future.

I would also like to thank my numerous peers who provided daily healthy social
interactions and support throughout graduate school. In particular, I would like to thank Garrett
Wheeler who was always happy to chat about whatever new problem I had run into in lab or the
latest video games we were both playing. I still recall us spending maybe too much time chatting
about the latest Pokemon game we happened to be playing. I also greatly enjoyed the Food Cart
Fridays that he coordinated almost every Friday; they were a great way to separate myself from
work but still get to hang out with coworkers in a less formal setting every week. After Garrett

graduated in 2018, Ann Lindberg and I continued the tradition of going out for lunch every Friday



v
to take a short break from work and chat about how we both were doing, whether it be about our
research or how our lives in general were going. Most importantly, I would like to thank Chris
Papa, who graduated the year I joined, for leaving me a sunny lab bench to do science at and a nice
alcove desk to work from. Besides my coworkers, there were many others that helped and
supported me throughout my time in graduate school. The many members of the chemistry
department staff that provided guidance, let me hold informational interviews with them, said hello
every morning in the hallway, and just chatted about their lives with me really helped to make me
feel at home. Thank you Jeff, Bruce, Cheri, Arietta, Desiree, Matt, Heike, Ilia, Blaise, Steve, Mike,

Sue, and many others!

But even with all the support of those above, I could not have made it through graduate
school without my research advisor Kyoung-Shin Choi. She has been patient, considerate, and
provided weekly guidance on how to become a better scientist. For that [ am eternally grateful and
believe that not only have I matured as a scientist because of her thoughtful guidance, but also as

a person. Thank you Kyoung-Shin, I hope to stay in contact with you in the coming years!



Table of Contents
AADSTIACE ...ttt et h et h bt et h et s h e bt eat e bt et eaeents i
ACKNOWIEAZEIMENLS.......eiiiieiiieiieiie ettt ettt et et st e et e s teeebe e seessseenseesseeenseenseas il
TaABIE Of CONLENLS ..ottt sttt ettt sb et et sae e st ebeeaees v
Chapter One: What can be done with antimony? .........ceeecneecseecsseecsseecsneccsnnees 1
LT INEEOAUCIION ...ttt sttt et b et b et ea et e e saeeteeneeaeas 2
1.2 Antimony oxides for water 0Xidation in aCId ...........ccceerieriieiienieeiiee e 6
1.3 Antimony oxides and sunlight t0 SPlit Water ...........ccceeriiriiienierieeiiee et 8
1.4 Antimony and bismuth for ammonia SYyNthesis ..........ccccceeeeieiriieiriieee e 11

Chapter Two: Electrochemical Synthesis and Investigation of Stochiometric,
Phase-Pure MnSb,Os Electrodes for the Oxygen Evolution Reaction in Acidic

IMEAEA c.ccuueiicniiiiineicsinieissneicsssstesssssnessssseesssssesssssassssssassssssesssssassssssssssssesssssssssssssssss 16
2.1 INEEOAUCTION ...ttt sttt et b e st e e bt e et e beesabeenbeeseeesanean 17
2.2 EXPEIIMENTAL.....oeiiiiiiiiiieeiiieciie ettt ettt eae e et e e etaeesbee e aseeessseessseeessseesnsseessseeenns 19

2200 MAECHIQLS. ...ttt 19
2.2.2 SYNLNesSiS Of MISD2O. ........ccueeueiiiiiiiiiiee e 20
2.2.3 CRAVACLEFTIZALION. ..ottt ettt 20
2.2.4 Electrochemical characterization. ..................cccucueveieeiiiieiiiie st 21
2.3 Results and DISCUSSION ..c...evuiiuiiriieiiniienieeiesieeie sttt sttt ettt ettt et e b e 23
2.3.1 Synthesis, Characterization, and OER performance of MnSb:Oe. ...............cccveuee... 23
2.3.2 POSt OER ANGIYSIS. .......ooovveeeeeeieeee ettt enaaa e 27
2.4 CONCIUSION ...ttt ettt et ettt et e e at e et e e bt e e it e e bt e saeesabeebeesneeenteas 32
2.5 REICTEICES ... ettt ettt et e bt e et e bt e st e e bt e bt e sabeebeeeaeas 33

Chapter Three: Electrochemical Synthesis and Investigation of
Stoichiometric, Phase-Pure CoSb:0s Electrodes for the Oxygen Evolution

Reaction in ACIdIC Media c...uceeeeneeissnicssnncssncssnncssancsssncsssnessnscsssscsssscsssscssssessasns 36
3.1 INEOAUCTION ...ttt et b e et e e bt e et e bt e e st e beesaeeenbeenbeesaneas 37
3.2 EXPEIIMENLAL.....oiiiiiiiiiiiiiiie ettt ettt ettt e e e tee et e e nbe e saeenbeenbeesnneenseas 40

3200 MATEFIALS. ... s 40
3.2.2 SYNLNESIS Of COSDI0G. ..o 40
3.2.3 CRAFACIEFIZALION. ...ttt 41

3.2.4 Electrochemical CRAFACIEVIZATION. .........cccc.ooeeeeeeeeeeee e et 42



vi

3.3 Results and DISCUSSION ...c..iiuiiiiiiiieiieiieei ettt sttt ettt et e st e st e e bt e ssaeeaee s 43
3.3.1 Synthesis, Characterization, and OER performance of CoSb>O................ccueevun.... 43
3.3.2 POSt OER ANGIYSIS. ......ooceeeeiieeeie et nae e 49
2.3.3 ActiVity fOr the CER ..........ccccccoeiiiiiiiieee ettt 53

3.4 CONCIUSION ...ttt ettt ettt be et et sb et e bt et e b eatesae e 56

3.5 RETETEICES ...ttt sttt sttt b et st 56

Chapter Four: Electrochemical Synthesis and Investigation of Bi- and Sb-
containing Quaternary Metal Oxides as Photoelectrodes for Solar Water

SPIEING ccuevriiiiniiiiinieniinienssnnessssicsssssissssssessssssossssssssssssesssssssssssssssssssssssssssssssssssnssss 60
4.1 TNEEOAUCTION ...ttt ettt b et sttt sttt et ebt et e bt e be et e sae e 61
4.2 EXPETIMENTAL......iiiiiiiiieiieiieeie ettt ettt ettt e st e et e e teeenbeebeessaeensaenseesnseenseas 64

G 2.1 MAEEFIALS ...t 64
4.2.2 SYNLRESIS OF BISD ........oooeieieieeeee et 65
4.2.3 Synthesis of quaternary metal OXIdes.................cc.cccveeeeeeeieeeeieeeiieeeeieeeiee e 65
4. 2.4 CRATACIEFIZATION ...t ettt ettt 67
4.2.5 Photoelectrochemical characterization ...................cccccccovcienoiiiianieesiiaiesieee e, 67
4.3 Results and DISCUSSION ..c...eruiiuiiriieiiniienieeierie ettt sttt ettt ettt ettt e e 68
4.3.1 Synthesis of BiSh precurSor filIs ...........ccccccovvieiiiiiiiiiiiiieeeee e 68
4.3.2 Conversion of the precursor BiSbh into quaternary metal oxides................................. 70
4.3.3 Characterization Of CusBizSh30 14 .......ccccocuiviiiiiiiiiieiieee et 77
4.3.4 Hybrid microwave annealing treatment of Cu2Bi3Sb30 14 .........ccccvevvevevceeaniiiainannn. 85
4.4 CONCIUSIONS ...ttt ettt et e b e et e bt e s at e et e e bt e sab e e bt e sabesabeebeesseesnneas 88
4.5 REICTEICES ...ttt ettt e bt e ettt e s it e et e e sbeesateebeeeaeas 91

Chapter Five: Investigation of Bi, Sb and BiSb for the electrochemical

nitrogen reduction reaACtiON..... . eiicceeeecssneicsssnnessssnncssseecssssecsssssesssssassssssesssssesssssss 94
5.1 INEEOAUCTION ...ttt ettt ettt et sttt et b et sae et et e b e 95
5.2 EXPEIIMENLAL.....eiiiiiiiiiiiieiiecie ettt ettt s e ettt e e e ebeesaaeenbeensaeenseenseenens 100

S. 200 ML IALS ...t 100
5.2.2 Synthesis of Sb, Bi, GNA BiSh ................ccccoooviieiiiiiiiieeeiee et 101
5.2.3 CRATACIEFIZALION ...ttt 102
5.2.4 Electrochemical characterization..................c.ccoccceioueiieiiieiiiiiiaiese et 102

5.3 RESUILS ANA DISCUSSION . eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 104



vil

5.3.1 Synthesis and Characterization of Bi, Sb, and BiSh.................ccccccceevvvviencveenienannne.. 104
5.3.2 ENRR performance of Bi Gnd Sb ................ccccoovveeiiiiieiiiiiiiiiesieecie e 111
5.3.3 ENRR performance Of BiSD .............cccooovieiiiiiiiiieeiiee e 115
5.4 CONCIUSIONS ....euieiieiieitet ettt sttt ettt et b e bt et e bt et e eaeenbeeaees 119
120

DS RO ETEIICES ..ottt e et eeeeeeeeeeeeeeeeeeeeeeeeeeeeees



Chapter One: What can be done with
antimony?



1.1 Introduction

The planet Earth is an incredible place. It is the only known planet that can sustain life as
we know it and has a tremendous amount of diversity in its living organic creatures and non-living
geological features. However, this diversity is relatively delicate and the rapid growth of humanity
has caused unintended side effects upon the environment of the wonderful blue marble we call
home. As these environmental effects of human expansion become more and more prevalent, there
are many people who seek to live a more sustainable and less environmentally taxing lifestyle by
taking actions like recycling, using less wasteful products, driving electric cars, etc. For me, the
desire to contribute to a more sustainable future has led me down the path of scientific research,
in particular to the field of materials development for use in renewable energy applications. The
primary goal of scientific research is to help people understand the past, live safely in the present,
and protect the future. This illustrates the importance of sharing what scientists actually discover
and that everyone should be able to understand the work done by scientists. I, therefore, appreciate
the assistance and directive of the Wisconsin Initiative for Science Literacy at the University of

Wisconsin-Madison during the writing of this chapter meant for non-scientific audiences.

Before we get into how the element antimony fits into my research, let us first check out
the element itself. Looking at the periodic table, we find antimony in a relatively quiet
neighborhood, with a few well-known neighbors like lead and tin, in the lower right region of the
table (Figure 1). We can notice that the chemical symbol for antimony (Sb) does not follow the
typical method of naming that we see in other elements like carbon (C) and hydrogen (H) that use
the first (or first two) letter(s) of their full names as their chemical symbol shorthand. The letters
“Sb” actually originate from the Latin name for antimony, “stibium.” Several other elements have

this method of naming including more well-known elements like iron (Fe, ferrum), lead (Pb,



plumbum), and gold (Au, aurum). Therefore, so we don’t have to spell out “antimony” every time

I want to mention the element, I will use the shorthand “Sb” instead.
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Figure 1. The periodic table of elements with antimony (Sb) highlighted in blue.

Sb as a pure element is a semi-metal, meaning it acts somewhere between a metal, like
iron, and a non-metal, like sulfur. It can conduct electricity like a metal, but also melts and
evaporates at relatively low temperatures like a non-metal. This gives it unique properties but also
makes it more challenging to work with as you cannot treat it wholly as a metal or wholly as a
non-metal. This is part of the reason Sb is relatively unexplored as a material or part of a material
for modern applications. That doesn’t mean it isn’t used for some things though! It has a few
relatively niche uses including as an alloy with lead in lead acid batteries in cars and as a part of

flame retardants in clothing, children’s toys, and car seat covers.

Because of this relative obscurity, I didn’t even think about Sb when I entered graduate
school. By happenstance, as a second-year graduate student in 2016, I worked on a project using

Sb, although this initial project did not develop enough to be included within my thesis. However,



I was intrigued by this element I had heard almost nothing about and wondered what else I could
do with it. Over the next couple of years and working with my research advisor, Professor Kyoung-
Shin Choi, we developed a series of projects to investigate Sb and Sb-containing compounds for a

variety of renewable energy applications. This thesis is the result of that work.

The primary tool I used to synthesize and investigate the Sb materials in the following
sections was electrochemistry. Electrochemistry can be thought of as chemistry that is done with
electricity, and you likely come into contact with a material made by it or one that uses it many
times a day! For example, when someone says “chrome-plating” for their tire rims, what they are
referring to is the process of electrochemically plating chromium (the shiny metal) onto the tire-
rim to protect it. Many important metals for our modern society, like copper and aluminum, are
purified using electrochemistry and every single battery in a laptop, phone, pacemaker, and hearing

aid relies upon electrochemistry to function.

The heart of electrochemistry is the electrochemical cell which contains several important
components that are required for the cell to function (Figure 2), kind of like how an animal or
plant cell has several parts that are required for them to function. Every electrochemical cell
contains two electrodes, an anode and cathode. These electrodes sit inside a conductive solution
composed of water and ions dissolved in the water. Having some ions in solution is important,
because pure water by itself is actually not conductive! Many cells also contain a third electrode,
called a reference electrode, that is used to measure the voltage at our anode or cathode electrodes,
but it itself doesn’t participate in any reactions. All of these electrodes are hooked up to a device
called a potentiostat labelled P. The potentiostat can control the current or voltage at our electrodes

and measure the response from our electrochemical cell.
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Figure 2. A model electrochemical cell with the three electrodes (cathode, anode, reference)
hooked up to a potentiostat (P) while immersed in a water solution containing dissolved ions.

Having the two electrodes (anode and cathode) immersed in a conductive solution is
important because electrochemistry is all about moving charges, i.e. electrons, from one place to
another, in this case moving electrons from the anode to the cathode. This means that at the anode
we are doing oxidation, or the removal of electrons from something in solution (or water itself).
Electrons are negatively charged, so by removing them from our target compound (or water) we
are making our target compound more positive, i.e. more “oxidized”. These electrons then travel
to the cathode where they reduce a compound (or water) dissolved in solution. Because we are
adding electrons that means this compound is now more negative, i.e. more “reduced.” A common
mnemonic to remember this is OIL RIG “Oxidation Is Loss, Reduction Is Gain,” where oxidation

is loss of electrons and reduction is gain of electrons.

Thinking back to the example of chrome-plating, the un-plated car rim is used as a cathode
in a water solution containing dissolved chromium ions. Using a stainless steel anode, water is
oxidized into oxygen gas producing electrons. The electrons are then sent to the un-plated rim

cathode to reduce the positively charged chromium ions to neutrally charged chromium metal.



This metal uniformly coats the rim and leaves a nice shiny layer on the surface! While more
complicated analysis can be done to understand what might be happening in greater detail at the
different electrodes, the simple dual process of oxidation and reduction defines all electrochemical

experiments.

Now that a basic understanding of electrochemistry has been developed, we can return to
the work I have done with antimony (Sb). There are three primary fields of renewable energy
materials that I investigated, which will be overviewed in the following three sections. Each
section is a little bit different and will therefore contain introductions to their respective field of
study and explanations on the different terminology used within each section. Section 1.2 describes
the work I have done on developing Sb-containing oxide materials for water oxidation in acidic
solutions. Section 1.3 is about how I developed a method to create quaternary Sb-containing metal
oxides to split water using sunlight. Section 1.4 explores the results of using Sb and bismuth (Bi)

to produce ammonia from nitrogen gas.

1.2 Antimony oxides for water oxidation in acid

This section contains a brief summary of the work I have done for chapters two and three
of my thesis. Specifically, it focuses on developing acid stable electrodes for water oxidation.
“Acid stable electrodes” means that the electrodes (cathode or anode) are stable and do not corrode
in acid. When you think of corrosion in acid, think about how your stomach acid is full of
hydrochloric acid that dissolves your food. The electrodes I made can resist being dissolved in
those kinds of harsh conditions. As mentioned in the chrome plating example above, “water
oxidation” is performed by oxidizing water at our anode. This final process produces the fully
oxidized form of water, oxygen gas (O2). The air we breathe is already 21% oxygen gas, so what

is the point of making more? To answer that concern, think about hydrogen fueled cars, which use



hydrogen gas (H2) to produce energy to run the car. Well, to make that hydrogen we needed to
reduce water (add in electrons) at a cathode. But those electrons had to come from somewhere
right? That somewhere is the reaction happening at the anode, the oxidation of something. And
when we are reducing water at the cathode, the easiest reaction to perform at the anode is the

oxidation of water!

So we are oxidizing water at the anode in acid to make hydrogen gas at the cathode. Making
hydrogen gas is relatively easy in acidic solutions as there are a number of stable and active
materials that can reduce water in these conditions. However, making a stable anode to use for
water oxidation in acid is not easy as many elements, compounds, and materials are not stable
under such harsh conditions. The only materials that are stable are rare and expensive noble metals
like iridium and ruthenium. This is where Sb comes in. Antimony oxide (Sb2Os) is one of the very
few compounds that is stable under the oxidizing, acidic conditions used in this type of
electrochemical cell. Antimony oxide is so inert that it cannot even oxidize water when used as
the anode! It needs some help by combining it with another element that is able to oxidize water
but is not stable on its own in acid, such as cobalt (Co) or manganese (Mn). These ternary
(containing three elements) compounds, cobalt antimony oxide (CoSb2Os) and manganese
antimony oxide (MnSb,0g), oxidized water and showed stable performance for 24 hours in a
solution more acidic than your stomach acid! Considering most compounds dissolve in a couple

of minutes or hours, lasting for 24 hours is an incredible result.

Figure 3 is the keystone figure to show the stability for these two ternary compounds. On
the bottom axis (x-axis) is time in hours, on the left axis (y-axis) is the potential in volts we are
measuring at our anode. This potential or voltage can be thought of as, but not directly related to,

how much energy we need to put into the system to oxidize water at the anode. If the electrodes



were corroding over time and then eventually had completely dissolved, the lines would spike up
to a really high value. The system would then shut off because the electrochemical cell wouldn’t
have an anode to produce electrons for the cathode. The flat lines indicate the electrodes are still

there and able to oxidize water.
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Figure 3. A voltage over time plot of CoSb20s (purple) and MnSb>Og (green) performing water
oxidation in sulfuric acid.

These two materials are not perfect though. While both CoSb20s and MnSb,Os are able to
oxidize water for 24 hours, they both have too high of a potential to oxidize water in order to
compete with the rare and expensive noble metals. The MnSb2Og also slowly dissolves over time
and if we ran the experiment in Figure 3 longer, it would eventually show that big spike in voltage
and then shut off. That doesn’t mean this discovery isn’t important though! The work done on
ternary materials containing Sb is an important milestone in developing new and interesting
materials to oxidize water in acidic conditions. It can lead to new discoveries that may one day be
able to replace the expensive noble metals with abundant, inexpensive catalysts that might contain

a little bit of antimony oxide for that extra stability it can provide!

1.3 Antimony oxides and sunlight to split water



This section describes the work I have done in chapter 4 on developing quaternary metal
oxides containing antimony (Sb) and bismuth (Bi) to use as photoelectrochemical electrodes. As
before, let’s break this down into bite sized chunks. “Quaternary metal oxides” means that we are
forming metal oxides, which are compounds that contain both oxygen and metal elements,
containing four different elements within them. “Containing Sb and Bi”” means that two of those
elements are antimony (Sb) and bismuth (Bi). These quaternary metal oxides are being used as
“photoelectrochemical electrodes.” Breaking that into three parts we see photo- meaning “light”,
electro- meaning “electricity” and chemical meaning “a compound” generally. These quaternary
metal oxides are being used to absorb light, to convert that light into electricity (like a solar panel),
which is then used to create a chemical compound directly at the surface of the electrode. This
chemical compound is usually hydrogen, which is made by reducing water at our cathode, or
oxygen, which is made by oxidizing water at our anode. What makes a photoelectrochemical
(PEC) electrode different from a regular electrode, such as the CoSb,Os described in section 1.2,
is that a PEC electrode uses sunlight directly to create hydrogen gas or oxygen gas, instead of

relying upon a powerplant to provide electricity.

There are many compounds and materials out there being investigated for use as PEC
electrodes and they all have varying levels of success. A lot of work is going into trying to optimize
known materials to improve their performance and stability, but researchers are also investigating
brand new materials to use as PEC electrodes. This is inherently challenging as many of the binary
metal oxides, which are composed of one metal and oxygen, have been extensively investigated.
A large portion of the possible ternary metal oxides (two metals and oxygen) also have cursory
results reported. For this reason, I chose to investigate even more complex compounds containing

three metals and oxygen, i.e. quaternary metal oxides.
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To help understand the complexity of synthesizing a quaternary material, think about
mixing colors while painting a picture. In this analogy, a color is like a metal and the little bit of
water you add to help the paint flow is oxygen. If you just add water to one of the colors, you are
making a binary oxide, so just one metal and oxygen. Now what if you combined two colors, say
red and blue to create purple, in this case you are making a ternary metal oxide. You need the exact
same amount of red and blue with some water to create a perfect purple, otherwise you will have
some excess blue or excess red which doesn’t make that perfect purple. What if you wanted to
create the perfect brown (quaternary) by adding in yellow to the purple. Now you need the exact
right combination of yellow, red, and blue paints. If you add in a little extra red and blue, it might
form some purple (ternary) or maybe the red and blue (binaries) will stay separate. Or if you add
in some extra yellow it might form some yellow spots mixed in the brown paint. You can see
where this is going. Without very careful care, a material can contain a lot of different impurities
and be a big mixture instead of one homogeneous compound. One of the most important parts of
doing good science is being able to make observations and draw conclusions using a pure material,

because those little impurities could have a big effect!

To make a homogeneous pure quaternary compound I developed a method of first
depositing Sb and Bi together using electrochemistry. I applied a negative potential to reduce
(adding electrons to) dissolved metal ions at a cathode creating the perfect one to one mixture of
Sb and Bi on top of an inert glass slide as a thin film. Think of it like mixing blue and red first in
a perfect manner to create flawless purple. To add in the third metal (the yellow paint), I placed a
solution that contains the dissolved metal ions of our third metal on top of the Sb and Bi and then
heated it up really hot (over 600 °C). The solvent evaporated leaving behind the third metal which

then mixed with the Bi and Sb while it was really hot. Oxygen was also able to join the party from
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the surrounding air. Once the film cooled down, I washed away any remaining residue from the
solution on top using a soaking solution that depended on which of the quaternary materials I was
making. After this washing step, the desired quaternary metal oxide phase was successfully

synthesized!

Figure 4. The quaternary phase Cu2Bi3Sb30O14 on a glass slide after removal of excess residue from
the heating process.

Figure 4 shows an example of one of the synthesized quaternary compounds on a glass
slide. This particular compound is copper bismuth antimony oxide (Cu2Bi3Sb3014) and was the
material I investigated the most as a PEC electrode. Its performance was not close to that of state
of the art PEC electrodes unfortunately, but being able to make such a complex material in a
relatively easy manner is still an important development towards finding the perfect brown color,

or no wait, finding the perfect PEC electrode to split water!

1.4 Antimony and bismuth for ammonia synthesis

Here we are going to deviate slightly from the work I have described thus far. The two
sections above have dealt with Sb combined with oxygen to form a metal oxide with some other
elements thrown in. For this section, which describes chapter five of my thesis, the work has been

done using Sb as an element and not as an oxide. This is different in that we are going to be really
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looking at what Sb is like by itself, or combined with another metal, instead of being combined
with oxygen. But before we dive into the results of this work, I would first like to describe why

ammonia (NH3) is important.

Ammonia is made up of one nitrogen (N) atom and three hydrogen (H) atoms, so it is a
relatively simple molecule. However, the only reliable source of naturally occurring NH3 is from
specialized bacteria that live in soil and on plant roots. These bacteria use powerful (but relatively
slow) enzymes that can break the strong triple bond between the two nitrogen atoms in nitrogen
gas (N2) from Earth’s atmosphere. This process is relatively efficient and is how a vast majority
of life on earth obtains the critical nitrogen needed to make proteins and membranes. However, it
was too slow for the growing number of humans on the planet one hundred years ago. Therefore,
in the early 1900’s, two chemists developed a process to artificially synthesize NH3 using very
high temperatures and very high pressures. This artificial synthesis method is called the Haber-
Bosch process after the two scientists that developed it. The NH3 produced via this process is used
to make fertilizers for our food, plastics for our foam mattresses and clothing, cleaners for our

houses, etc.

While this has been great for humanity, it has been quite taxing on the environment. The
hydrogen we need to combine with nitrogen to make NH3 comes from natural gas, a limited fossil
fuel. This process releases almost two tons of CO: for every ton of NH; made, contributing a
significant portion of the CO; emissions humans produce every year. The Haber-Bosch process
also requires really high temperatures and pressures which can be quite dangerous and necessitates
complex systems to produce this simple molecule safely. However, electrochemistry provides us
with a safer and more sustainable solution! By applying a reducing potential at a cathode

(remember this is where we add in electrons), we can break apart the strong triple bond in N> gas
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and then use hydrogen from water to create NH3z. This can all be done at room temperature,

atmospheric pressure, and doesn’t need large complex machinery to make it all work.

So why isn’t it already all over the place? The difficulty with electrochemically producing
NHjs lies in an issue with selectivity. When we apply a reducing potential to our cathode in water
with N> gas dissolved inside, NH3 is produced but we also produce hydrogen gas (H2)! NHs is the
target molecule for our electrochemical cell but it has to compete with the production of H» at the
cathode in water. This is difficult because Ho is easier to make than NH3 as it is a simpler molecule.
Expensive noble metals like gold and palladium have shown interesting properties to improve the
selectivity towards NH3. However, they are expensive for a reason, they are very scarce and not a
suitable electrode material for a future sustainable process. This requires investigating other

elements to use as our cathode for NH3 production.

Looking at the periodic table (Figure 1), there are a lot of elements and relatively limited
work done on a vast majority of them for making NHj3 electrochemically. One that has been
investigated semi-recently is bismuth (Bi), another semi-metal right below Sb on the periodic table.
This had me thinking, what about Sb? It is right above B4, it is also a semi-metal and has similar
properties to Bi. This curiosity prompted a collaboration with Dr. Youn Jeong Jang, a postdoctoral
scholar in our research group who has extensive knowledge in the field of NH3 synthesis. We
therefore worked together to develop and investigate Bi and Sb containing materials to use as

cathodes for electrochemically making NHs.

Figure S highlights the results we obtained for Sb alone, Bi alone, and then Sb and Bi
combined. The bottom axis is looking at potential, or volts, so like in section 1.2 it is related to the
energy we put into the system. The more negative the number, the more reducing potential we are

applying to our cathode to reduce nitrogen to NHs. The left axis is the efficiency of the reaction,
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which is telling of how selective our electrodes are for producing NH3. The higher the number, the
more selective the electrode is. Now, the results for Bi and Sb alone are not very interesting, both
show relatively low efficiency and thus low selectivity. This is not too surprising as again, H»
production is just so much easier than NH3 production. However, by combining the two, we see a

significant enhancement in the efficiency that is greater than either Bi or Sb alone.

6
— Bi — Sb — BiSb

Faradaic efficiency (%)
w
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Figure 5. The efficiency (related to selectivity) of ammonia production at different potentials for
Bi (blue), Sb (red), and BiSb (orange).

While the overall efficiency is still low for the BiSb combination, it still provides us with
new knowledge about making NH3. Something unique is happening by putting the two elements
together that wasn’t happening when they were separate. What is happening at the atomic level
here? What interesting new information could we learn by exploring this further? Could we use
this to make a better material? That is my favorite part about science; finding one new discovery
opens the door to a number of new questions that lead to new discoveries and new questions. It is

a chain reaction of learning and knowledge. While we have not yet fully elucidated the mechanism
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behind this fascinating discovery, we will be continuing to search for answers, because that is what

scientists do!
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Chapter Two: Electrochemical Synthesis and
Investigation of Stochiometric, Phase-Pure
MnSb:0s Electrodes for the Oxygen
Evolution Reaction in Acidic Media
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2.1 Introduction

Electrochemical water splitting using electricity generated by renewable sources offers an
environmentally benign and sustainable route for H> production.!” The electrical energy required
for water splitting is determined not only by the thermodynamic potential requirement for water
splitting but also by the kinetic overpotential requirements for the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). Thus, a significant effort has been made for the
development of efficient, stable, and inexpensive catalysts for the HER and OER. Oxygen
evolution catalysts (OECs), in particular, have been intensively investigated as the OER typically

requires more overpotential due to its kinetically more complex four-electron process.*>

While metal-oxide OECs for use in alkaline media have been well established with regards
to high performance, long lasting stability, and low cost,*’ the progress in the development of
practical OECs that work in acidic media has been slow. This is because not many elements or
compounds are stable in acidic media (pH < 1) and under the strongly anodic conditions (> 1.2 V
vs. RHE) required for the OER. As a result, the only well-established materials that are able to
perform the OER in acidic media are expensive noble metal oxides, namely IrOx and RuOy.%1°
However, even these materials are not stable over extended periods of time.!'"!* Considering that
proton exchange membrane (PEM) electrolyzers that operate in acidic media have distinctive
advantages over alkaline electrolyzers, which include higher current densities and low gas

crossover,'* the development of inexpensive and stable OECs for use in acidic media is of great

interest.

In order to develop OECs for acidic media, phases that can be stable in acidic media and
under anodic biases need to be identified first. According to Pourbaix diagrams, Sb>Os is one of

the few oxides that are thermodynamically stable in acidic media and under anodic biases.!”
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However, SboOs is a wide bandgap insulator with overall poor conductivity.!6"!® Furthermore,
SbyOs itself has never been shown to have catalytic activity for any electrochemical oxidation
reactions. Thus, I turned to Sb>*-based ternary oxides, whereby the stability of an antimony(V)
oxide matrix in acid may be combined with first-row transition metals that are well known for their

catalytic activity for the OER to form acid-stable OECs.

Recent work has reported that Sb-containing oxides with a formula of MSb2Os (M = Mn,
Ni, and Co) that have a rutile structure can perform the OER in acidic media.!! For example,
Moreno-Hernandez et al. reported that Ni2.xMnxSbi 6.1.80y prepared by sputter coating can perform
the OER in 1 M H2S04."” However, the authors reported severe losses of the constituent metal ions
by dissolution after a prolonged stability test. For example, Nio.sMno sSbi 70y lost more than 50%

of Mn by dissolution during a stability test performed at 10 mA/cm? for 150 h.

It is important to note that the compounds used in this study did not have the stoichiometric
M:Sb ratio (1:2). Instead, they are M-rich or Sb-poor compounds (i.e. MnSbi¢Ox and
Nio.sMno.5Sb1.60x). In this case, it is not clear whether the observed OER performance and the
dissolution loss of the compounds during the OER are the intrinsic properties of pure MSb2Os
phases or whether they are due to the presence of a defective Mn-rich phase formed on the surface
of MSb20Og. In fact, a study by Zhou et al., which prepared a library of a Mn-Sb-O system with
varying Mn:Sb ratios using physical vapor deposition reported that phases with higher Mn content
(i.e. Mn/Sb = 1) showed higher current densities for the OER but they lost more Mn by dissolution
during the OER.?° Zhou et al. also reported that enhanced OER activity of the Mn-rich phase is
due to the increased presence of Mn>" centers. Considering that Mn>*-containing amorphous binary
oxides or hydroxides are known to be catalytic for the OER,*>? but not stable in strongly acidic

media (pH < 2), it is possible that the OER performance and stability of Mn-rich MnSb,Og reported
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in the previous studies may not be mainly governed by MnSb,QOs but by Mn**-rich defected phases

or Mn**-containing amorphous binary phases at the surface.

The results above demonstrate that MSb2O¢-based oxide systems may hold promise for the
OER in acidic media. However, understanding how the pristine material behaves for the OER is
critical in guiding decisions about developing future materials as minor impurities induced by the
non-stoichiometry of the electrodes in the above studies may be influencing the overall observed
results. Therefore, the purpose of this chapter is to prepare stoichiometric, phase-pure MnSb2Og to
examine its activity and stability for the OER in a strongly acidic medium. This will greatly
complement the results obtained from previous investigations and increase our general
understanding of the properties of MSb2Os compounds. To achieve this goal, I prepared a new
electrodeposition method to synthesize highly uniform, nanocrystalline MnSb2Og electrodes and

investigated their OER properties in 0.5 M H2SOa.

2.2 Experimental
2.2.1 Materials.

Manganese chloride =~ (MnCl2-4H,O, >99%), potassium antimony tartrate
(KoSb2(C4H206)2-H20, 99%), TraceCERT antimony ICP standard, TraceCERT manganese ICP
standard, and sulfuric acid (H2SO4, 95-98%) were purchased from Sigma-Aldrich, and potassium
nitrate (KNO3, 99%) was purchased from Alfa Aesar. All chemicals were used without further
purification after purchase. Fluorine doped tin oxide (FTO) on borosilicate glass (Solaronix) was
used as the working electrode for electrodeposition. The platinum counter electrode was prepared
by depositing 20 nm of titanium as an adhesion layer, followed by 100 nm of platinum on clean
glass slides via e-beam evaporation. All solutions were prepared using deionized (DI) water with

a resistivity of 18.2 MQ-cm. FTO substrates were cleaned before deposition by gently rubbing the
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surface with soap and water followed by sonication in isopropyl alcohol, acetone, and then twice

in water, with each solvent step taking 15 minutes, then being dried under a stream of air.

2.2.2 Synthesis of MnSb:0s.

In order to prepare MnSb2Os, a film composed of Mn(OH), and Sb was first
electrodeposited as the precursor film. Electrodeposition was carried out using a VMP2
multichannel potentiostat (Princeton Applied Research) in an undivided 3 electrode cell composed
of a FTO working electrode, a Ag/AgCl (4 M KCl) reference electrode and a Pt counter electrode.
The FTO electrode was masked off to a geometric surface area of 0.5 cm? with insulating tape
(3M, electroplating tape 470).2* This had the outcome of removing edge effects and improving the
uniformity of the film. The aqueous plating solution contained 26 mM MnClz-4H>0, 11 mM
K2Sby(C4H206)2-H20, and 800 mM KNOs. The precursor film was deposited at -1.35 V vs
Ag/AgCl by passing 0.04 C/cm?. The as-deposited amorphous precursor films were converted to
crystalline MnSb,Os by annealing at 700 °C for 3 hours in air (ramping rate = 2.3 °C/min). After
the three hours of anneal time, the films were left to cool down to room temperature for

approximately three hours within the furnace.

2.2.3 Characterization.

The sole presence of the AB2Os crystalline phase was confirmed via powder X-ray
diffraction (PXRD, D8 Discover, Bruker, Ni-filtered Cu Ko radiation, A = 1.5418 A). The surface
morphology and elemental composition of the electrodes was characterized with scanning electron
microscopy (SEM; LEO Supra55 VP) and energy dispersive spectroscopy (EDS; Noran System
Seven, Thermo-Fisher, ultra-dry silicon drift detector) using an accelerating voltage of 2 keV for
SEM and 20 keV for EDS. The elemental ratios were calculated using the Thermo Scientific NSS

software package (Filter without Standards Quant Fit method and the Proza correction method).
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Since the La signal of Sn (3.443 keV) from the FTO substrate partially overlaps with the La signal
of Sb (3.604 keV) from the samples preventing accurate quantification of the sample compositions,
powder samples obtained by scrapping the as-deposited films off the FTO substrate were attached
to carbon tape and used for EDS analysis. The elemental analyses of the samples were also
performed using inductively coupled plasma mass spectrometry (ICP-MS) (Shimadzu ICP Mass
Spectrometer-2030) using the solutions obtained by dissolving the as-deposited films in 0.5 M
H>SO4. Calibration curves were created using the manganese and antimony ICP standards diluted
with 0.5 M H2SO4. ICP-MS was also used to quantify metal ions dissolved in the electrolyte during
a 24 V-t measurement to evaluate the electrochemical stability of the samples. Surface elemental
compositions were determined with X-ray photoelectron spectroscopy (XPS) using a Thermo
Scientific Ka X-ray photoelectron spectrometer equipped with an Al Ka excitation source. The
peak binding energies were calibrated to the adventitious Cis peak at 284.8 eV. The surface
elemental ratios were calculated using the Thermo Avantage Software package (ALThermol
library for sensitivity factors, TPP-2m IMFF for energy correction, and a modified Shirley

background for background correction).

2.2.4 Electrochemical characterization.

Electrochemical measurements were performed using either a VMP2 multichannel
potentiostat (Princeton Applied Research) or an SP-200 potentiostat/EIS (Bio-Logic Science
Instrument). The working electrode of MnSb>Os, was masked with epoxy (Devcon) to a working
geometric surface area of ~0.15 cm?. An undivided three-electrode cell containing a working
electrode of MnSb>Og, a Ag/AgCl (4 M KCl) reference electrode, and a Pt counter electrode was

used for characterization unless otherwise noted.
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Linear sweep voltammetry’s (LSVs) were performed at a scan rate of 10 mV/s by sweeping
the potential in the positive direction from the open circuit potential. All LSVs shown in this study
were corrected for the uncompensated solution resistance (Ry) after each experiment, which ranged
from 2 and 5 Ohms. The Ry was determined by electrochemical impedance spectroscopy (EIS)
where impedance was measured at 1.85 V vs RHE with a frequency range of 100 kHz to 1 Hz and
a sinusoidal amplitude of 10 mV with a planar Pt electrode.!®*>?¢ Galvanostatic water oxidation
was performed at 10 mA/cm?. All electrochemical experiments were performed in 0.5 M H2SO4
(pH 0.3) unless otherwise noted and without agitation (except for the galvanostatic water oxidation
experiments where stirring was used to assist in removal of bubbles forming on the electrode

surface).

The Faradaic efficiency (FE) for O2 evolution was determined using a custom designed,
air tight, two compartment, glass cell with a smaller Ag/AgCl (3 M NaCl) reference electrode. O2
gas generated was detected using an Ocean Optics fluorescence-based oxygen sensor (Neofox
FOSPOR-R). The oxygen sensor measured the Oz content in the headspace as mole %. This was
converted to umol after first adjusting for the O» dissolved in solution using Henry’s Law. The
overall FE for O; evolution was calculated by the following equation:

4 x ng, (mol) x F (C mol™)
Total charged passed (C)

FE (%)= x 100

While a Ag/AgCl reference was used in each experiment performed, all results within this
report are presented against the reversible hydrogen electrode (RHE) for direct comparison to other
reports in aqueous solution but that contain different pH values. The conversion between Ag/AgCl

and RHE reference electrode values can be done via the following equation:
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Evs RHE) = E(vs aAgagct) + Eag/agen(reference) + 0.0591 V x pH(at 25 °C)
Eagagci(reference, 4 M KC1) =0.1976 V vs NHE at 25 °C

Eagagci(reference, 3 M NaCl) = 0.209 V vs NHE at 25 °C

2.3 Results and Discussion
2.3.1 Synthesis, Characterization, and OER performance of MnSb;0.

The MnSb,Og electrodes used for this study were synthesized via an electrochemical co-
deposition of manganese hydroxide and antimony metal using a plating solution composed of
potassium antimony tartrate, manganese chloride, and potassium nitrate. The Mn was co-deposited
not as Mn metal but as Mn(OH), because the reduction potential of Mn?* to Mn® is more negative
than that of Sb>" to Sb®.!> Under the potential used to deposit Sb, nitrate is reduced to nitrite as

shown by the equation below:?’
NO; + H,0 + 2e~ = NO; + 20H~

The OH™ produced by this reaction increases the local pH at the WE surface, decreasing
the solubility of Mn?*, and results in the precipitation of Mn*" as Mn(OH),. The deposition
potential and the Mn:Sb ratio in the plating solution were adjusted such that the Mn:Sb ratio in the
as-deposited film is exactly and uniformly 1:2 throughout the films, which was confirmed by
energy dispersive X-ray spectroscopy (EDS). The bulk Mn:Sb ratio of the as-deposited film was
additionally confirmed to be 1:2 using inductively coupled plasma mass spectrometry (ICP-MS)

of the solution obtained by the dissolution of the entire as-deposited film in 0.5 M H2SOa.

The as-deposited amorphous films were converted to crystalline MnSb,Og¢ by annealing in

air for three hours at 700 °C (Figure 1). Using EDS, the Mn:Sb ratios were confirmed to remain
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as 1:2 after annealing. The X-ray diffraction (XRD) pattern of the resulting MnSb,Os films are

shown in Figure 1.

*(110)
~(101)

Intensity (a.u.)
200) \
*
LA S

01)

*
*
(1
(
*
*

20 30 40 50 60
Two theta (degrees)

Figure 1. XRD pattern of the post annealed MnSb2Os. The (hkl) indices are assigned from the
PDF card for MnSb20Os¢ (04-011-4962). The peaks corresponding to the FTO substrate are denoted
by an asterisk.

Since these films are very thin (~200 nm for MoSb20s) and are composed of nanocrystals
(Figure 2), the intensities of the peaks generated by these films were very low compared with
those from the FTO substrate. I would like to note that any attempt to grow a thicker film resulted
in the formation of films with less uniform Mn:Sb ratios throughout the films. The crystalline
phase of MnSb>Os could not reliably be confirmed by XRD due to two reasons. First, since the
MnSb,0g¢ film is extremely thin and nanocrystalline, the peak intensities were very low compared
with those from the FTO substrate. Second, since both the FTO and MnSb,O¢ have the same rutile
structure with similar cell parameters, the peaks from MnSb2Og¢ overlap closely with those from
the FTO substrate. Thus, in order to confirm the structure type of MnSb2Os, I grew a thicker

MnSb,0¢ film on a non-rutile phase substrate (i.e. indium tin oxide (ITO)). Compared with the
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~200 nm thin film, the stoichiometry of this thicker MnSb>Og film was not as uniform throughout

the film. However, its XRD pattern shows peaks only from MnSb>Og and confirmed that MnSb,Os

produced using my new method has a rutile structure (Figure 3).

Figure 2. (a) Side view and (b) top down SEM images of MnSb>Os after annealing.
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Figure 3: The XRD pattern of thicker MnSb2Os deposited onto an ITO substrate in order to
observe more of the peaks associated with the rutile-type phase of MnSb,Os. The peaks

corresponding to the ITO substrate are denoted by an asterisk.
The water oxidation performance of MnSb2Os electrodes was investigated using linear

sweep voltammetry (LSV) in 0.5 M H2SO4 (pH 0.3). In order to show the unambiguous effect of

incorporating Mn?" into the Sb oxide matrix on the OER performance, the LSV of Sb2Os
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(Sb>*Sb>*0Qy4) is also shown for comparison (Figure 4). Sb,Os is the oxide that is obtained when
antimony metal electrodeposited on FTO alone is annealed in the air using the same conditions to
obtain crystalline MnSb2Og electrodes. The LSV of SboOs shows no anodic current when the
potential was swept to 2.2 V vs. RHE, suggesting that it is inactive for the OER. On the other hand,
MnSb,0Og generated considerable anodic current due to the OER, suggesting that its OER activity
truly originates from the presence of Mn in the compound. The overpotential required to achieve

10 mA/cm? was ~0.940 V for MnSb»Og.
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Figure 4. LSVs of MnSb,Og (green) and Sb2O4 (black) in 0.5 M H2SO4 (pH 0.3) with the current
density determined using the geometric surface area of the electrode.

The stability of MnSb>Os during the OER in acidic media was first examined under
galvanostatic water oxidation at 10 mA/cm? by recording the change in the potential required to
maintain this current density over 24 h (Figure 5a). The result shows negligible change in the
required potential for MnSb2Os to achieve 10 mA/cm?. 1 confirmed that the current generated
during this experiment was truly associated with O» production by calculating the Faradic

efficiency (FE) for O2 production by comparing the amount of O detected and the amount O»
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theoretically calculated assuming 100 % FE (Figure 5b). The FE for O; production of MnSb20O¢
was 95% at 300 min. I note that the overpotentials required to achieve 10 mA/cm? by MnSb,Og is
significantly higher than that of state-of-the-art catalysts in acidic or basic conditions.?*® For

example, iridium oxide-based OER catalysts can achieve 10 mA/cm? with an overpotential of
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Figure 5. (a) The V-t plot of MnSb2Os obtained for galvanostatic water oxidation at 10 mA/cm?
in 0.5 M H2SO4 (pH 0.3). (b) Oxygen produced by MnSb20s electrodes during galvanostatic water
oxidation at 10 mA/cm? in 0.5 M H2SO4 (pH 0.3) (open squares). The theoretically expected
amount of oxygen assuming 100% FE is shown as a solid line.

2.3.2 Post OER Analysis.
Although the V-t plots suggested the stability of MnSb2Os during the OER, the work by

Moreno-Hernandez et al. clearly demonstrated that stable V-t performance does not necessarily
mean that the catalyst is stable. Their sample, Nio.sMno sSb1.70y, lost more than 50% of its Mn by
dissolution during the V-t measurement but this severe corrosion did not affect the required
potential to generate 10 mA/cm? over 150 h.!” Thus, I performed careful post analysis of the
MnSb>Os films using various techniques after the 24 h V-t measurement at 10 mA/cm? to examine

for any possible signs of corrosion.
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Figure 6 shows the XRD patterns before and after the V-t measurement, with insets
showing the intensity change of the most representative and intense peak for MnSb2Os. The (101)
peak of MnSb>O¢ showed an evident decrease in intensity, indicating possible loss of MnSb,0Os
during the V-t measurement. SEM images of these electrodes taken after the V-t measurement
(Figure 7) agree well with the XRD patterns; the void space between the nanoparticles became
larger due to the pitting caused by the loss of MnSb,O¢ by dissolution. The EDS analysis of
MnSb,0O¢ showed that the Mn:Sb ratio remained 1:2, suggesting that the corrosion involved the

dissolution of both Mn and Sb and not the preferential leaching of Mn or Sb.
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Figure 6. XRD pattern of MnSb>Og electrodes after a 24 h V-t measurement at 10 mA/cm?. The
XRD pattern of the corresponding film before the V-t measurement is shown in black for
comparison. An inset is provided to show the change in peak intensity after the V-t measurement.
The peaks corresponding to the FTO substrate are denoted by an asterisk.
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Figure 7. Top-view SEM images of MnSb.Og (a) before and (b) after the galvanostatic water
oxidation at 10 mA/cm? for 24 h.

I also performed X-ray photoelectron spectroscopy (XPS) before and after the V-t
measurement to probe for changes in the oxidation states of the constituent elements on the

MnSb;,0Og electrode surface.
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Figure 8. XPS of the (a) Mn 3s and (b) Sb 3d regions of MnSb,Og¢ before (black) and after (green)
the V-t measurement at 10 mA/cm? for 24 h.

Figure 8a shows the Mn 3s region of the MnSb,Ogs electrode containing the doublet
associated with the 3s electrons. The splitting of the Mn 3s peak into a doublet arises from the
coupling between the non-ionized 3s electrons and the valence electrons in the 3d orbitals.?? This

splitting provides a useful way to examine the Mn oxidation state, as the distance between the two
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peaks can provide information on the surface oxidation state, where higher oxidation states show
a smaller binding energy difference and lower oxidation states show a larger binding energy
difference. The trend of increasing oxidation state leading to a decrease in the distance between
the two peaks is agreed upon and a range of values for each oxidation state can be found within
the literature. For MnO the distance between the two peaks is reported between 5.7-6.3 eV, for
Mn,Os it is 5.2-5.4 eV and for MnO it is 4.5-4.7 eV .**° For the pristine MnSb»Os, I observed the
Mn 3s splitting to be 6.1 eV, which lies firmly within the range of differences in binding energies
associated with Mn?*. After the 24-hour V-t measurement, I saw a large decrease in signal intensity
for Mn in the Mn 3s region. This was expected because the XRD and SEM results showed the
corrosion of MnSb>Og during the V-t measurement. The distance of the doublet did not appear to
change significantly, suggesting Mn?" remained as the major Mn species at the surface. A
significant decrease was also observed in the Mn 2p region (Figure 9), further confirming the loss

of Mn from the surface.
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Figure 9. XPS spectra of the Mn 2p region for the MnSb,>Os electrode before (black) and after
(green) the V-t measurement at 10 mA/cm? for 24 h. The asterisk denotes a satellite peak for the
Mn 2p3/; peak.
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The Sb 3d region of MnSb,0Os is shown in Figure 8b. The 3ds» peak in this plot overlaps
with the O 1s peak.’®*” Thus, the Sb 3d3,» peak was used to examine the oxidation state of Sb on
the MnSb,Os surface. For the Sb 3ds/2 peak, Sb>" oxides show a peak at a binding energy of 539.6
eV, Sb>" oxides at 540.6 eV, and an even mixture (Sb>*Sb>*0,) at a binding energy in-between at
540.0 eV. The Sb 3d3» peak for MnSb2O¢ before the V-t measurement shows a maxima at a
binding energy of 540.6 eV, which is the binding energy of Sb>* in Sb,Os, indicating the surface
is Sb>* in character with little to no Sb** present.*®*” The Sb 3ds peak position did not change
after the V-t measurement was performed, suggesting that the oxidation state of Sb did not change
during the OER. However, the intensity decreased for both the Sb 3d3,, peak and the Sb 3ds/, peak,
due to the loss of MnSb,Os by dissolution, decreasing the coverage of the substrate by MnSb2Os
as shown in Figure 7. The surface Mn:Sb ratio before the V-t measurement was 1:2.65, indicating
an Sb rich surface. After the V-t measurement, the surface Mn:Sb ratio was 1:2.82. The fact that
the surface ratio remained more or less the same, although a considerable loss of MnSb2Og¢ by
dissolution during the V-t measurement was revealed by XRD and SEM, suggests that comparable
amounts of Mn and Sb were dissolved during the V-t measurement. This could also be confirmed
by the ICP-MS analysis of the electrolyte used for the V-t measurement. I observed 61.4% of the
Mn and 63.9% of the Sb in the MnSb,0Os electrode were dissolved into the solution during the V-t

measurement.

The post OER analysis shows MnSb>Og is not stable in the long term under OER conditions
in a strongly acidic medium even when it is prepared as a stoichiometric, phase-pure compound.
As I mentioned previously, the performance of MnSb2Ogs is also not good enough to replace state-
of-the-art OER catalysts in acidic media, as to achieve realistic OER current densities that are used

in state-of-the-art electrolyzers (>100 mA/cm?) even higher voltages are required (Figure 10).
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Figure 10. LSV of MnSb20Os in 0.5 M H2SO4 (pH 0.3) demonstrating the required potential to
reach 100 mA/cm?® for the electrode, with the current density determined using the geometric
surface area of the electrode.

2.4 Conclusion

I have developed a new electrochemical method to synthesize stoichiometric, phase-pure
MnSb,0Ogs electrodes for investigation of their ability to oxidize water in acidic media. MnSb,0Os
showed stable V-t performance during the OER at 10 mA/cm? over the course of a 24-hour V-t
measurement. However, careful post OER analysis that examined changes in morphology,
crystallinity, and surface composition revealed that MnSb>Og is not stable and gradually dissolves
over time, indicating it is not, even when used as a stoichiometric pure phase compound, a good
candidate to replace current state-of-the-art IrOx and RuOx catalysts in acidic media. However,
considering the scarcity of inexpensive oxide matrices that are stable while active for the OER,
Sb>* containing metal oxides may offer a promising matrix for further composition tuning to

develop OECs for use in acidic media.
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3.1 Introduction

Electrochemical water splitting using electricity generated by renewable sources offers an
environmentally benign and sustainable route for H» production’!* The electrical energy required
for water splitting is determined not only by the thermodynamic potential requirement for water
splitting but also by the kinetic overpotential requirements for the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). Thus, a significant effort has been made for the
development of efficient, stable, and inexpensive catalysts for the HER and OER. Oxygen
evolution catalysts (OECs), in particular, have been intensively investigated as the OER typically

requires more overpotential due to its kinetically more complex four-electron process.*>

While metal-oxide OECs for use in alkaline media have been well established with regards
to high performance, long lasting stability, and low cost,*’ the progress in the development of
practical OECs that work in acidic media has been slow. This is because not many elements or
compounds are stable in acidic media (pH < 1) and under the strongly anodic conditions (> 1.2 V
vs. RHE) required for the OER. As a result, the only well-established materials that are able to
perform the OER in acidic media are expensive noble metal oxides, namely IrOx and RuOy.%1°
However, even these materials are not stable over extended periods of time.!'"!* Considering that
proton exchange membrane (PEM) electrolyzers that operate in acidic media have distinctive
advantages over alkaline electrolyzers, which include higher current densities and low gas

crossover,'* the development of inexpensive and stable OECs for use in acidic media is of great

interest.

In order to develop OECs for acidic media, phases that can be stable in acidic media and
under anodic biases need to be identified first. According to Pourbaix diagrams, Sb>Os is one of

the few oxides that are thermodynamically stable in acidic media and under anodic biases.!”
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However, SboOs is a wide bandgap insulator with overall poor conductivity.!6"!® Furthermore,
SbyOs itself has never been shown to have catalytic activity for any electrochemical oxidation
reactions. Thus, I turn to Sb>*-based ternary oxides, whereby the stability of an antimony oxide
matrix in acid may be combined with first-row transition metals that are well known for their

catalytic activity for the OER to form acid-stable OECs.

In Chapter Two, I investigated the ability of stochiometric, phase-pure MnSb2Og to oxidize
water in acidic media and found that while it showed stable performance over a 24 hour V-t
measurement, further characterization demonstrated the instability of the material. These results
match well with those published on non-stochiometric compounds containing Mn and Sb used for
the OER in acidic media.!®?! However, when compared to other materials for the OER in acidic
media that degrade in a matter of minutes, MnSb,Os still showed comparably good stability,
suggesting that a different transition metal stabilized inside an Sb>" oxide matrix may hold
promise. This prompted an investigation on another transition metal containing antimony oxide,

CoSb,0e¢, for the possibility of a more stable and active compound for the OER in acidic media.

Cobalt-containing oxides are well established for their ability to oxidize water with low
overpotentials and remain stable during operation in alkaline media.”*>* However, it is known
that the same cobalt based oxides exhibit higher overpotentials, lower faradaic efficiency and
substantial corrosion in acidic media that can lead to significantly lower activity via homogeneous
water oxidation.?* There have been a few reports demonstrating enhanced stability of heterogenous
cobalt oxide-based materials but all still suffer from substantial corrosion into acidic media during
operation as an OER catalyst.?>?” Therefore, to improve the stability of Co-containing catalysts in
acidic media I sought to combine the catalytic ability of cobalt oxide with the stability of an

antimony oxide matrix to create an active and stable OEC.
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Recent work has reported that Sb-containing oxides with a formula of MSb2O¢ (M = Mn,
Ni, and Co) that have a rutile structure can perform the OER in acidic media.'®?! Moreno-
Hernandez et al. compared the activity of CoSb2Os and MnSb,Os for water oxidation and chloride
oxidation in acidic media (4 M NaCl, pH 2) and reported that CoSb,Os is more active for chloride
oxidation than MnSb2Os and showed almost no loss (<1%) of the catalyst over a 50 hour
electrolysis at 100 mA/cm? for chloride oxidation.?! I note that the CoSb2Os used in this study was
slightly Sb-rich (CoSb2,0x) while the MnSb>Og used in this study was Mn-rich (MnSb;70x). In
this case, I was curious whether the observed performance difference is solely caused by the
difference in the type of transition metal (Co vs. Mn) or by the type of non-stoichiometry (i.e. M-
rich vs. Sb-rich) present in these compounds. This work was also done in less acidic conditions
(pH 2) than traditionally used for examining the OER activity in acidic media (pH < 1), therefore,
I wanted to determine if the excellent stability of the Sb rich-CoSb»Ogs electrode observed by the

previous authors was also an effect of the less acidic pH used in their study.

The purpose of the current study is to prepare stoichiometric, phase-pure CoSb2Os to
examine its activity and stability for the OER in a strongly acidic medium, which will greatly
complement the results obtained from previous investigations and increase our general
understanding of the properties of MSb>Os compounds. To achieve this goal, highly uniform,
nanocrystalline CoSb2Os electrodes using a modified version of the MnSb2Os electrodeposition
method were prepared. After examining the OER performance and stability of this compound, the
CoSb20s and MnSboOs performance for the chloride oxidation reaction was additionally
examined, so that a more comprehensive understanding of this M-Sb2Os system for

electrochemical oxidation reactions in acidic media can be obtained.



40

3.2 Experimental
3.2.1 Materials.
Cobalt chloride (CoCl2-6H20, 98%), potassium antimony tartrate (K2Sb2(C4H206)2-H20,

99%), TraceCERT antimony ICP standard, TraceCERT cobalt ICP standard and sulfuric acid
(H2SO04, 95-98%) were purchased from Sigma-Aldrich, and potassium nitrate (KNO3, 99%) was
purchased from Alfa Aesar. All chemicals were used without further purification after purchase.
Fluorine doped tin oxide (FTO) on borosilicate glass (Solaronix) was used as the working electrode
for electrodeposition. The platinum counter electrode was prepared by depositing 20 nm of
titanium as an adhesion layer, followed by 100 nm of platinum on clean glass slides via e-beam
evaporation. All solutions were prepared using deionized (DI) water with a resistivity of 18.2
MQ-cm. FTO substrates were cleaned before deposition by gently rubbing the surface with soap
and water followed by sonication in isopropyl alcohol, acetone, and then twice in water, with each

solvent step taking 15 minutes, then being dried under a stream of air.

3.2.2 Synthesis of CoSbh:0s.

In order to prepare CoSb2Os, a film composed of Co(OH), and Sb was first
electrodeposited as the precursor film. Electrodeposition was carried out using a VMP2
multichannel potentiostat (Princeton Applied Research) in an undivided 3 electrode cell composed
of a FTO working electrode, a Ag/AgCl (4 M KCl) reference electrode and a Pt counter electrode.
The FTO electrode was masked off to a geometric surface area of 0.5 cm? with insulating tape
(3M, electroplating tape 470).%® This had the outcome of removing edge effects and improving the
uniformity of the film. An aqueous solution containing 43 mM CoCl-6H20, 11.5 mM
K2Sb2(C4H206)2-H20, and 400 mM KNO3 was used as the plating solution. The precursor film
was deposited at -1.35 V vs Ag/AgCl by passing 0.4 C/cm?. The as-deposited amorphous precursor

films were converted to crystalline CoSb20¢ by annealing at 700 °C for 3 hours in air (ramping
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rate = 2.3 °C/min). After the three hours of anneal time, the films were left to cool down to room

temperature for approximately three hours within the furnace.

3.2.3 Characterization.

The sole presence of the AB2Os crystalline phase was confirmed via powder X-ray
diffraction (PXRD, D8 Discover, Bruker, Ni-filtered Cu Ko radiation, A = 1.5418 A). The surface
morphology and elemental composition of the electrodes was characterized with scanning electron
microscopy (SEM; LEO Supra55 VP) and energy dispersive spectroscopy (EDS; Noran System
Seven, Thermo-Fisher, ultra-dry silicon drift detector) using an accelerating voltage of 2 keV for
SEM and 20 keV for EDS. The elemental ratios were calculated using the Thermo Scientific NSS
software package (Filter without Standards Quant Fit method and the Proza correction method).
Since the La signal of Sn (3.443 keV) from the FTO substrate partially overlaps with the Lo signal
of Sb (3.604 keV) from the samples preventing accurate quantification of the sample compositions,
powder samples obtained by scrapping the as-deposited films off the FTO substrate were attached
to carbon tape and used for EDS analysis. The elemental analyses of the samples were also
performed using inductively coupled plasma mass spectrometry (ICP-MS) (Shimadzu ICP Mass
Spectrometer-2030) using the solutions obtained by dissolving the as-deposited films in 0.5 M
H>SO4. Calibration curves were created using the cobalt and antimony ICP standards diluted with
0.5 M H>SO4. ICP-MS was also used to quantify metal ions dissolved in the electrolyte during a
24 V-t measurement to evaluate the electrochemical stability of the samples. Surface elemental
compositions were determined with X-ray photoelectron spectroscopy (XPS) using a Thermo
Scientific K-a X-ray photoelectron spectrometer equipped with an Al Ka excitation source. The
peak binding energies were calibrated to the adventitious Cis peak at 284.8 eV. The surface

elemental ratios were calculated using the Thermo Avantage Software package (ALThermol
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library for sensitivity factors, TPP-2m IMFF for energy correction, and a modified Shirley

background for background correction).

3.2.4 Electrochemical characterization.

Electrochemical measurements were performed using either a VMP2 multichannel
potentiostat (Princeton Applied Research) or an SP-200 potentiostat/EIS (Bio-Logic Science
Instrument). The working electrode of CoSb20Os was masked with epoxy (Devcon) to a working
geometric surface area of ~0.15 cm? An undivided three-electrode cell containing a working
electrode of CoSb20Os, a Ag/AgCl (4 M KCI) reference electrode, and a Pt counter electrode was

used for characterization unless otherwise noted.

Linear sweep voltammetry’s (LSVs) were performed at a scan rate of 10 mV/s by sweeping
the potential in the positive direction from the open circuit potential. All LSVs shown in this study
were corrected for the uncompensated solution resistance (Ry) after each experiment, which ranged
from 2 and 5 Ohms. The Ry was determined by electrochemical impedance spectroscopy (EIS)
where impedance was measured at 1.85 V vs RHE with a frequency range of 100 kHz to 1 Hz and
a sinusoidal amplitude of 10 mV with a planar Pt electrode.!®?*2° The electrochemically active
surface area (ECSA) of CoSb20O¢ and MnSb,Og electrodes was estimated using the impedance of
each electrode obtained under the aforementioned conditions by fitting with a modified Randles
circuit composed of a parallel combination of a resistor and a constant phase element in series with

a resistor.??

Galvanostatic water oxidation was performed at 10 mA/cm?. All electrochemical
experiments were performed in 0.5 M H>SO4 (pH 0.3) unless otherwise noted and without agitation
(except for the galvanostatic water oxidation experiments where stirring was used to assist in

removal of bubbles forming on the electrode surface). The Faradaic efficiency (FE) for O»
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evolution was determined using a custom designed, air-tight, two compartment, glass cell with a
smaller Ag/AgCl (3 M NaCl) reference electrode. O2 gas generated was detected using an Ocean
Optics fluorescence-based oxygen sensor (Neofox FOSPOR-R). The oxygen sensor measured the
O2 content in the headspace as mole %. This was converted to pmol after first adjusting for the O>
dissolved in solution using Henry’s Law. The overall FE for O, evolution was calculated by the
following equation:

4 x ng, (mol) x F (C mol™)
Total charged passed (C) X

FE (%)= 100

While a Ag/AgCl reference was used in each experiment performed, all results within this
report are presented against the reversible hydrogen electrode (RHE) for direct comparison to other
reports in aqueous solution but that contain different pH values. The conversion between Ag/AgCl

and RHE reference electrode values can be done via the following equation:

Evs rHE) = E(vs aAgagcl) + Eag/agen(reference) + 0.0591 V x pH(at 25 °C)

Eagagci(reference, 4 M KC1) =0.1976 V vs NHE at 25 °C

Eagagci(reference, 3 M NaCl) = 0.209 V vs NHE at 25 °C

3.3 Results and Discussion
3.3.1 Synthesis, Characterization, and OER performance of CoSb:0s.

The CoSb20s electrodes used for this study were synthesized via an electrochemical co-
deposition of cobalt hydroxide and antimony metal using a plating solution composed of potassium

antimony tartrate, cobalt chloride, and potassium nitrate. The Co was co-deposited not as Co metal
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but as Co(OH)2 because the reduction potential of Co*" to Co is more negative than that of Sb**
to Sb?.!> Under the potential used to deposit Sb, nitrate is reduced to nitrite as shown by the

equation below:*°
NO; + H,0 + 2e~ = NO; + 20H~

The OH™ produced by this reaction increases the local pH at the WE surface, decreasing
the solubility of Co?", and results in the precipitation of Co?* as Co(OH).. The deposition potential
and the Co:Sb ratio in the plating solution were adjusted such that the Co:Sb ratio in the as-
deposited film is exactly and uniformly 1:2 throughout the films, which was confirmed by energy
dispersive X-ray spectroscopy (EDS). The bulk Co:Sb ratio of the as-deposited film was
additionally confirmed to be 1:2 using inductively coupled plasma mass spectrometry (ICP-MS)

of the solution obtained by the dissolution of the entire as-deposited film in 0.5 M H2SOa.

Intensity (a.u.)

20 30 40 50 60
Two theta (degrees)

Figure 1. XRD patterns of as deposited (black) on FTO and the corresponding post annealed
CoSb,0O, (purple). The (hkl) indices are assigned from the PDF card for CoSb,O, (00-018-0403).

The peaks corresponding to the FTO substrate are denoted by an asterisk.
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The as-deposited amorphous films were converted to crystalline CoSb2Os by annealing in
air for three hours at 700 °C (Figure 1). Using EDS the Co:Sb ratios were confirmed to remain as
1:2 after annealing. The X-ray diffraction (XRD) pattern of the resulting CoSb2Og films are shown
in Figure 1. Since these films are very thin (~600 nm for CoSb20s) and are composed of
nanocrystals (Figure 2a), the intensities of the peaks generated by these films were low compared
with those from the FTO substrate. [ would like to note that any attempt to grow a thicker film
resulted in the formation of films with less uniform Co:Sb ratios throughout the films. The SEM
images show the uniform nature of the CoSb2O¢ films produced by the newly developed

electrodeposition method (Figure 2b).

Figure 2. (a) Side view and (b) top down SEM images of CoSb,O, after annealing.

The water oxidation performance of CoSb2Os electrodes was investigated using linear
sweep voltammetry (LSV) in 0.5 M H2SO4 (pH 0.3). In order to show the unambiguous effect of
incorporating Co?’ into the Sb oxide matrix on the OER performance, the LSV of Sb2O4
(Sb>*Sb>*0Qy4) is also shown for comparison (Figure 3). Sb,Os is the oxide that is obtained when
antimony metal electrodeposited on FTO alone is annealed in the air using the same conditions to
obtain crystalline CoSb2O¢ electrodes. The LSV of SboOs4 shows no anodic current when the

potential was swept to 2.2 V vs. RHE, suggesting that it is inactive for the OER. On the other hand,
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CoSb,0¢ generated considerable anodic currents due to the OER, suggesting that its OER activity
truly originates from the presence of Co in the compound. The overpotential required to achieve

10 mA/cm? was ~0.760 V for CoSb,Os.

10

J (mAIcngeometric)
NN
1

1.6 1.8 2.0 2.2
Potential (V vs RHE)

Figure 3. LSVs of CoSb,0O, (purple) and Sb,0, (black) in 0.5 M H,SO, (pH 0.3) with the
current density determined using the geometric surface area of the electrode.

Comparing CoSb20¢ to MnSb2Os from Chapter Two, CoSb2Og appeared to be more active
for the OER (Figure 4a). However, I note that the CoSb2Os film used in this study was ~3 times
thicker than the MnSb2Os film, meaning that the surface area of the CoSb20s electrode is
significantly higher than that of the MnSb,Os electrode. This is because the thickness of the
CoSb20s and MnSb,Os electrodes used in these studies was individually optimized to obtain the
purest composition for each sample. To eliminate the effect caused by the difference in surface
area of these films, the electrochemically active surface area (ECSA) of the electrodes was
determined using electrochemical impedance spectroscopy (EIS) and the resulting Nyquist plots

(Figure 5).



Figure 4. (a) LSVs of CoSb20¢ (purple), MnSb2Os (green), and Sb2O4 (black) in 0.5 M H2SO4
(pH 0.3) with the current density determined using the geometric surface area of the electrode. (b)
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LSVs of CoSb2Os (purple) and MnSb,Os (green) with the current density determined using the
electrochemically active surface areas.
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Figure 5. Nyquist plots for (a) CoSb2Og and (b) MnSb,0Os taken in 0.5 M H2SO4 with the raw data
displayed as colored circles and the impedance model fit as a black line. The model fit is derived
from a modified Randles circuit composed of a constant phase element and resistor in parallel with

each other and in series with another resistor.
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The EIS results showed that the roughness factors of the CoSb20O¢ and MnSb>Og electrodes
were ~18 and ~6, respectively. Using these values, the current densities were recalculated and
LSVs were re-plotted in Figure 4b. The ECSA-adjusted LSVs show that although CoSb2Os has a
slightly earlier onset, MnSboOg shows a greater rise in current density as the potential is swept
more positively, indicating that MnSb>Og is intrinsically more active for the OER in the potential
region to generate a sufficient amount of current. However, the data also suggests that the
difference in their intrinsic performance is not significant and a higher current density towards the

OER can be achieved by CoSb2O¢ when it is prepared as a higher surface area electrode.
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Figure 6. (a) The V-t plot of CoSb,O, obtained for galvanostatic water oxidation at 10 mA/cm’
in 0.5 M H,SO, (pH 0.3). (b) Oxygen produced by CoSb,O, electrodes during galvanostatic

water oxidation at 10 mA/cm2 in 0.5 M H,SO, (pH 0.3) (open squares). The theoretically
expected amount of oxygen assuming 100% FE is shown as a solid line.

The stability of CoSb20¢ during the OER in acidic media was first examined under
galvanostatic water oxidation at 10 mA/cm? by recording the change in the potential required to
maintain this current density over 24 h (Figure 6a). The result showed negligible change in the
required potential for CoSb2Og. I confirmed that the current generated during this experiment was

truly associated with Oz production by calculating the Faradic efficiency (FE) for Oz production
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by comparing the amount of O» detected and the amount O» theoretically calculated assuming 100
% FE (Figure 6b). The FE for O production of CoSb20s was 98% at 300 min. I note that the
overpotentials required to achieve 10 mA/cm? by CoSb2Og is significantly higher than that of state-
of-the-art catalysts in acidic or basic conditions.?>?*> For example, iridium oxide-based OER

catalysts can achieve 10 mA/cm? with an overpotential of 0.20 V — (.35 Vv 2331-33

3.3.2 Post OER Analysis.
Although the V-t plot suggested the stability of CoSb20¢ during the OER, the work done

by Moreno-Hernandez et al. on other M-SboOs compounds and the results on MnSb20s from
Chapter Two clearly demonstrated that stable V-t performance does not necessarily mean that the
catalyst is stable. The stochiometric, phase-pure MnSb20Os from Chapter Two lost more than 50%
of its Mn by dissolution during the V-t measurement but this severe corrosion did not affect the
required potential to generate 10 mA/cm? over 24 h. Thus, I performed careful post analysis of the
CoSb,0s films using various techniques after the 24 h V-t measurement at 10 mA/cm? to examine
for any possible signs of corrosion. Figure 7 shows the XRD patterns before and after the V-t
measurement, with an inset showing the lack of intensity change of the most representative and
intense peak for CoSb2O¢. The (110) peak of CoSb2Os showed no difference in intensity before
and after the V-t measurement. SEM images of these electrodes taken after the V-t measurement
(Figure 8) agree well with the XRD patterns; no noticeable morphological changes were observed

for CoSb20O¢. The EDS analysis of CoSb20Os showed that the Co:Sb ratio remained 1:2.
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Figure 7. XRD pattern of CoSb,O, electrodes after a 24 h V-t measurement (purple) at 10 mA/ cmz.
The XRD pattern of the corresponding film before the V-t measurement is shown in black for
comparison. An inset is provided to show the lack of change in peak intensity after the V-t
measurement. The peaks corresponding to the FTO substrate are denoted by an asterisk.

Figure 8. Top-vew SEM images of CoSb,O, (a) before and (b) after the galvanostatic water
oxidation at 10 mA/cm2 for 24 h.

I also performed X-ray photoelectron spectroscopy (XPS) before and after the V-t
measurement to probe for changes in the oxidation states of the constituent elements on the

CoSb0g¢ electrode surface. The Co 2p region of CoSb2Og is shown in Figure 9a and is composed
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of 2p2s3, 2pi1n2, and their satellite peaks that have all been normalized with respect to the Sb 3d
region. [ used the 2p12 peak to examine the oxidation state of Co in CoSb2Og because the position
of the 2p1» peak and its satellite moves more drastically with changes in oxidation state than that
of the 2ps.2 peak.>*3* For an oxide containing only Co?" the 2p1» peak is expected to appear at
796.6 eV, with a satellite feature at 802.3 eV, while one containing only Co** will have the 2pi»
peak at 794.8 eV with a satellite feature at 804.3 eV. For the pristine CoSb2Os electrode the 2p1/2
peak was centered at 796.7 eV and the satellite peak at 802.8 eV, indicating the presence of Co**

at the surface, which is also the oxidation state of Co in the bulk CoSb,0g.**3>
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Figure 9. XPS of the (a) Co 2p and (b) Sb 3d regions of CoSb,O, before (black) and after

(purple) the V-t measurement at 10 mA/cm2 for 24 h. The asterisks in the Co 2p spectra denote
satellite peaks.

However, a small decrease in the Co 2p region intensity occurred, indicating a small
decrease in the relative amount of Co on the surface compared to Sb. The surface Co:Sb ratio
before the V-t measurement was 1:2.07, very close to the bulk elemental ratio of 1:2. After the V-
t measurement, the surface Co:Sb ratio was 1:2.29 suggesting a slight loss of Co from the outer

most surface layer. I note that this surface Co:Sb ratio is still close to the bulk Co:Sb ratio of
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CoSb20¢. For comparison, the Co:Sb ratios of the Sb-rich CoSb,O¢ prepared by Moreno-

Hernandez et al. were 1:4.0 and 1:4.5 before and after the V-t measurements, respectively.?!

The Sb 3d region of CoSb20¢ is shown in Figure 9b. The 3ds» peak in this plot overlaps
with the O 1s peak.*®3” Thus, the Sb 3d3/» peak was used to examine the oxidation state of Sb on
the CoSb20s surface. For the Sb 3ds» peak, Sb** oxides show a peak at a binding energy of 539.6
eV, Sb>" oxides at 540.6 eV, and an even mixture (Sb>*Sb>*0,) at a binding energy in-between at
540.0 eV. The Sb 3d3» peak of the pristine CoSb2Os electrode is centered at 540.5 eV, which
indicates a surface that is primarily Sb>* in nature.>*” After the 24 hour V-t measurement, the Sb
3d3; peak shifted to 540.6 eV, indicating an increase of Sb>" character to that of the pure Sb>"
oxide phase. I note that the as-prepared Sb-rich CoSb2,0¢ prepared by Moreno-Hernandez et al
showed the Sb 3ds peak at 539.7 eV, meaning that it contains a considerable amount of Sb** on

the surface compared with the stoichiometric CoSb2Os prepared here.?!

When I examined the electrolyte used for the V-t measurement of CoSb20Os using ICP-MS,
I found only 8.1% of the Co and 2.2% of the Sb in CoSb20s electrode were dissolved during the
V-t measurement. I think that this level of dissolution is caused by the dissolution of amorphous
or less crystalline CoSb20Og present at the surface of nanocrystalline CoSb20g electrodes, which
explains why I observed no changes in the XRD patterns and SEM images of CoSb20O¢ before and
after the V-t measurement. Considering over 60% of the MnSb2Os electrode from Chapter Two
had dissolved during the same 24 hour V-t measurement, while the CoSb,0O¢ electrode had less
than 10% Co loss, is indicative of significantly enhanced corrosion resistance when Mn is replaced
with Co in the Sb>" oxide lattice. This provides strong evidence that tuning the elemental
composition of a Sb>" containing metal oxide may lead to the development of a more active and

stable material for use as an OER catalyst in acidic media.
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The post OER analysis shows CoSb>Og prepared as a stoichiometric, phase-pure compound
appears to be stable. As I mentioned previously, the performance of CoSb20Og is not good enough
to replace state-of-the-art OER catalysts in acidic media, as to achieve realistic OER current
densities that are used in state-of-the-art electrolyzers (>100 mA/cm2) even higher voltages are
required (Figure 10). Thus, future work will focus on the identification of oxide compositions
where the atomic ratio of catalytically active metal to metal that provides a structural stability can

be increased while retaining the stability of the compound in acidic media.
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Figure 10. LSV of CoSb,O, in 0.5 M H,SO, (pH 0.3) demonstrating the required potential to

2 ) . . ) )
reach 100 mA/cm for the electrode, with the current density determined using the geometric
surface area of the electrode.

2.3.3 Activity for the CER

The recent work by Moreno-Hernandez et al. also suggested the possibility of using
CoSb2.20x for chloride oxidation to form chlorine gas (Cl> (g) + 2e” = 2CI, E°=1.39 V vs SHE)
using a 4 M NaCl solution adjusted to be slightly acidic (pH 2).2! The optimum electrolyte for the

chlorine evolution reaction (CER) requires high concentrations of Cl™ ions (~4 M NaCl) and low
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pH conditions (pH 2 - 4).%*3° This combined with the anodic bias required for the CER

significantly reduces the type of materials that can stably perform the CER.

In their study, CoSb2,0x was reported to be able to selectively generate 100 mA/cm? for
chloride oxidation over 250 hours with minimal corrosion into solution.?! MnSb; 7Ox also showed
enhanced ability to oxidize chloride over water oxidation, however, it demonstrated significant
water oxidation current before reaching 100 mA/cm? for chloride oxidation. Since the compounds
used in this study did not have the same M:Sb stoichiometry, I wondered whether the observed
difference in chloride oxidation performance was solely due to the difference in M or due to the

Sb-rich and Sb-poor natures of CoSb2.20x and MnSb,.7Ox, respectively.

Thus, I compared the CER and OER of my stoichiometric CoSb20s and MnSb2Og
electrodes using the conditions used by the previous study to provide a more comprehensive
understanding of the composition-property relationship of the MSb2Og system. The LSVs obtained
in 4 M NaCl with the pH adjusted to 2 for chloride oxidation and pH 2 H2SO4 for water oxidation,
respectively, are shown in Figure 11. Both CoSb20s and MnSb20¢ showed significantly enhanced
activity towards chloride oxidation over water oxidation. CoSb2Os also demonstrated an earlier
onset and a higher current density than MnSb>Os when either the geometric surface area or ECSA
was used to calculate current density. This means that even when these electrodes are prepared as
stoichiometric compounds, CoSb20Os is more active for chloride oxidation than MnSb;Og.
However, for the stoichiometric CoSb2Og electrodes prepared here non-negligible water oxidation
occurred at potentials required to reach 100 mA/cm? for chloride oxidation, while water oxidation
was completely suppressed when CoSb220x was used to generate 100 mA/cm? for chloride

oxidation in the previous study.?! This is because my stoichiometric CoSb>Os can perform water
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oxidation better than the Sb-rich CoSb2,0x. This result suggests that the surface non-stoichiometry

of the CoSb,,0x electrode is critical for making this electrode more selective for the CER.
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Figure 11. (a) LSVs of CoSb2O¢ (purple) and MnSb,Os (green) electrodes with the current density
determined by the geometric surface area of the electrode obtained in pH 2, 4 M NacCl (solid) and
in pH 2 H2SO4 (dashed). (b) Comparison of LSVs of CoSb2Og (purple) and MnSb,Og (green) with
current density determined by the electrochemically active surface area.
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3.4 Conclusion

A new electrochemical method to synthesize stoichiometric, phase-pure CoSb2Og
electrodes has been developed for investigation of their ability to oxidize water in acidic media.
CoSb20¢ showed stable V-t performance during the OER at 10 mA/cm? over the course of a 24
hour V-t measurement. Careful post OER analysis that examined changes in morphology,
crystallinity, and surface composition demonstrated that crystalline, phase-pure CoSb2Og is stable
with a minimal loss of Co and Sb from the less crystalline region on the surface that did not affect
the bulk crystallinity and morphology. The catalytic performance of the stoichiometric, phase-pure
CoSb20gs is not sufficient to replace current state-of-the-art IrOx and RuOx catalysts in acidic
media. However, the study of CoSb2Os demonstrated a possibility of producing an acid-stable
ternary oxide containing a non-noble, OER active element, encouraging further development of
practical acid-stable OER catalysts. I also examined the CER performance of CoSb20¢ and found
that it is more active for the CER than the OER in 4 M NaCl (pH 2), agreeing with a previous
report on non-stoichiometric CoSb20O¢. However, the stoichiometric, phase-pure compound
exhibited appreciable water oxidation current under the potential required to generate 100 mA/cm?
for the CER, indicating surface stoichiometry plays an important role in the activity towards the

CER and OER.
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Chapter Four: Electrochemical Synthesis and
Investigation of Bi- and Sb-containing
Quaternary Metal Oxides as Photoelectrodes
for Solar Water Splitting
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4.1 Introduction

Photoelectrochemical (PEC) water splitting can provide a sustainable and environmentally
benign route for the production of hydrogen gas for usage in fuel cells to generate electricity, for
the synthesis of ammonia for fertilizer, and as a combustion fuel itself.!* Ever since Honda and
Fujishima demonstrated the PEC splitting of water using TiOz in 1972, significant effort has been
put into the development of semiconductor electrodes to effectively capture the sun’s energy to
split water.* Through this effort, almost all of the simplest, binary metal oxides have been
investigated for use as a photoelectrode in a PEC device. However, to this date, no binary metal
oxide material has been able to effectively meet all the necessary requirements to be utilized in a

wide-spread, commercially viable PEC device.

This lack of a suitable binary metal oxide material primarily stems from the difficulty in
achieving a small enough bandgap, having rapid charge separation and transport and having good
charge injection into the solution with the aid of a catalyst all in one electrode that is also
chemically stable towards degradation from the electrolyte. Because binary oxides possess only
one metal, the corresponding properties of the material are completely dependent on the nature of
that one metal as an oxide, making it inherently difficult to optimize a material to possess the
desired bandgap, charge separation and transport. CuO is a prime example of a binary metal oxide
photoelectrode that possesses a small bandgap (~1.2 eV) and good absorption characteristics,
however, it rapidly degrades through photocorrosion because of a lack of fast enough charge
transport to prevent the material from destroying itself.>® On the other hand, the binary metal oxide
Ti02 shows excellent resistance to chemical and photocorrosion in a variety of conditions, but has

too large of a bandgap (~3.1 eV) to be used as a large scale viable photoelectrode.’
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While many different methods have been investigated to improve the performance or
stability of binary metal oxide systems to overcome the challenge of creating a stable and highly
active photoelectrode, it is slowly becoming clear that more complex systems containing two or
more metal ions may be required in order to achieve the necessary activity and stability profile for
a commercially viable PEC device.®!! These ternary and quaternary metal oxide systems allow for
more design flexibility in achieving both a stable and active material by using specific elements
and their relative amounts within the material for specific roles, such as photon absorption and
transport or as a stabilizing matrix. However, the multitude of possible combinations for a
particular set of elements also leads to the primary challenge of designing a synthesis method to
reliably produce the target stochiometric, phase pure compound while also avoiding producing
undesired oxide phases as impurities. This is particularly true for quaternary species where it is
possible to not only form multiple binary metal oxide impurities but also to form a variety of

ternary metal oxide species impurities.

The many possible impurities within quaternary materials leads to an inherent difficulty in
synthesizing a stochiometric and phase pure material. This has led to a very limited number of
cursory reports on using quaternary metal oxide materials in solar water splitting. > These reports
also commonly use solid state synthetic methods to manipulate the elemental ratios and
thermodynamics of the synthesis. While this has the benefit of carefully controlling the reaction
conditions to form the desired quaternary phase and avoid impurities, it typically leads to long
synthesis times and requires the additional step of electrode preparation which can lead to issues

of poor adhesion and conductivity.

To expand upon the limited library of synthetic methods and the number of quaternary

metal oxides investigated for their solar water splitting capabilities, I report in this chapter a new
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electrochemical preparation of a high surface area BiSb precursor film that can be used to prepare
multiple quaternary metal oxides for investigation as photoelectrodes. Electrochemical deposition
allows for good adhesion and effective charge transport properties by depositing the precursor film
directly onto a conductive substrate. A Bi- and Sb-containing precursor was selected because of
the cooperative stability profile that Bi and Sb oxides can provide. Based upon the Pourbaix
diagram of Bi,!> Bi-containing oxides can be stable under a wide range of neutral and basic pH
conditions, lending good corrosion resistance in neutral and alkaline media for a quaternary
photoelectrode. However, Bi oxides dissolve readily in acidic media. To circumvent this issue, Sb
is used in tandem with Bi, as Sb(V)-containing oxides can be stable in acidic media.!> This
combination allows for a wide range of possible pH conditions that may be used to investigate a

material’s PEC performance.

Using the as-prepared metallic BiSb precursor film, a desired quaternary metal oxide phase
can then be synthesized by drop-casting a target element on top followed by annealing in air. Seven
different quaternary phases that contain Bi and Sb were investigated based upon their known
existence in the literature: MoBi;.1SbooMo0QOs, BizSbVOs, Mn2BizSb3014, WBiSbOe,
ZnBi3Sb3014, FeaBiSbO7, and CuzBizSb3O14.'%2% All but MoBi;.1SbooyMoOs and Bi>SbVOs were
successfully synthesized using this method. However, only Cu:Bi3Sb3;O14 was able to be
investigated for use as a photoelectrode and while its optical absorbance was promising, its low
PEC performance indicates significant challenges exist to use these materials for solar water

splitting.
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4.2 Experimental
4.2.1 Materials

The following chemicals are grouped into three different sections: used for the synthesis
of the BiSb precursor films, used for the drop-casting solutions and removal of residual oxide after
annealing, or used for the characterization of the photoelectrodes. For the synthesis of the BiSb
precursor films nitric acid (HNO3, 70%), bismuth(Ill) nitrate (Bi(NO3)3-5H20, >98.0%), and
potassium antimony tartrate (K2Sb2(C4H206)2-H20, 99%) were purchased from Sigma-Aldrich,
and L-(+)-tartaric acid (C4HeOs, >99.5%) was purchased from Fluka. For the drop-casting of
elements on the BiSb precursor films and the removal of the residual oxides hydrochloric acid
(HCl, 37%), sulfuric acid (H2SOs, 95.0-98.0%), sodium hydroxide (NaOH, >97.0%), N,N-
dimethylformamide ((CH3):NC(O)H, >99.8%), ammonium tetrathiomolybdate ((NH4)2MoSa,
99.97%), ammonium tetrathiotungstate (NH4)2 WS4, >99.9%), manganese chloride (MnCl,-4H:O,
>99%), and vanadyl acetylacetonate (VO(CsH702)2, 98%) were purchased from Sigma-Aldrich;
iron(Il) chloride (FeCl2-4H20, 98%) and zinc chloride (ZnClz, 98+%) were purchased from Alfa
Aesar; copper(Il) nitrate (Cu(NO3)2:3H20, 99%) was purchased from Acros Organics; and
dimethyl sulfoxide ((CH3)2SO, 99.9%) was purchased from VWR. For the characterization of the
films, sodium sulfate (Na2SO4, >99%) was purchased from Dot Scientific, potassium phosphate
monobasic (KH2PO4, >99.0%) was purchased from Electron Microscopy Sciences, and potassium
hydroxide (KOH, >85%), sodium sulfite (Na>SOs3, 98%) were purchased from Sigma-Aldrich. All
of the above chemicals were used as received without further purification. Fluorine-doped tin
oxide (FTO) on soda lime glass (Hartford Glass Co) was used as a working electrode for BiSb
electrodeposition. FTO substrates were cleaned before the deposition by gently rubbing the surface
with soapy water followed by four sonication steps for 15 min each using isopropyl alcohol,

acetone and then two subsequent DI water solutions, after which the FTO slides was dried under
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an air stream. A platinum counter electrode was prepared by e-beam evaporating a 20 nm layer of
titanium as an adhesion layer on a glass slide, followed by a 100 nm thick layer of platinum. All
solutions (unless otherwise stated) were prepared using deionized (DI) water with a resistivity of

18.2 MQ-cm.

4.2.2 Synthesis of BiSb

The electrodeposition of BiSb was carried out using a VMP2 multichannel potentiostat
(Princeton Applied Research) in an undivided three-electrode cell comprised of an FTO working
electrode, a double junction Ag/AgCl (4 M KCl) reference electrode, and a Pt counter electrode.
A double junction reference electrode was specifically used because the deposition was carried out
in 1 M HNO3, which can dissolve the AgCl in the reference electrode. The FTO working electrode
was masked off to 0.5 cm? using insulating tape (3M, electroplating tape).?* This masking helped
to improve the uniformity of the film and reduce inhomogeneities associated with edge effects. A
1 M HNO:s solution containing 100 mM tartaric acid, 20 mM Bi(NO3)3-5H>0, and 11 mM
K2Sby(C4H206)2-H2O was used as the plating solution. The precursor films were then deposited
by passing 0.6 C per cm? at a potential of -0.7 V vs Ag/AgCl. Up to twelve BiSb films, each with

a geometric surface area of 0.5 cm?, were able to be deposited from a single 40 mL plating solution.

4.2.3 Synthesis of quaternary metal oxides

To synthesize the quaternary metal oxides, a 35 pL aliquot of a solution containing a metal
salt was drop-casted onto a BiSb precursor film and then annealed at 650 °C for 3 h with a ramp
rate of 2.1 °C per minute. Depending on the target quaternary species, a different metal salt was
used. Table 1 shows the composition of each drop-casting solution used to target a specific
quaternary metal oxide. Because excess of the drop-casting element was used to ensure full

conversion of the precursor film, the surplus of the drop-casted element that didn’t react with the
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BiSb precursor film formed a layer of binary metal oxide on the surface. Table 2 shows the

solution conditions used to remove the excess binary metal oxide that formed during the annealing

process. All solutions were gently stirred at ~100 rpm with a magnetic stirbar during the soaking

process. In an effort to enhance the PEC properties of the CuzBi3Sb3O14 electrodes, hybrid

microwave annealing was performed in a conventional microwave oven using 600 watts of power

with a graphite susceptor.

Table 1. The target quaternary phase and corresponding solvent and metal salt composition of
each solution drop-casted onto the BiSb electrodes to achieve the desired phase.

Target quaternary phase

Drop-casting solvent

Metal salt concentration

MoBi1.1Sbo.oMoOs

N,N-dimethylformamide

50 mM (NH4)>MoS4

Bi2SbVOg¢

dimethyl sulfoxide

50 mM VO(CsH70:),

Mn;Bi3Sb3014

N,N-dimethylformamide

50 mM MnCl,-4H>0O

WBIiSbOs

N,N-dimethylformamide

50 mM (NH4)>2WS4

ZnyBi3Sb3014

N,N-dimethylformamide

50 mM ZnCl,

FeBiSbO~

N,N-dimethylformamide

50 mM FeCl2-4H,0O

CuzBi3Sb3O14

N,N-dimethylformamide

50 mM Cu(NO3),-3H,0

Table 2. The soaking solutions used to dissolve the excess binary metal oxides formed during the
annealing process to form the quaternary metal oxide phases.

Target quaternary phase | Binary oxide identity | Soaking solution Time/temperature
MoBi1.1Sbo.aM0Os MoOs3(?) NA NA

Bi2SbVOs V205 NA NA

Mn2Bi3Sbz014 Mn203/Mn304 1-12 HCl or H2SO4 | 0.5h to >24 h
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WBiSbOs WOs3 0.1-1 M NaOH 1 h, 50 °C
Zn;Bi3Sb3014 ZnO 0.05 M H2S04 1 h, RT
FeBiSbO~ Fe,O3 0.1 M Oxalic acid 1 h, 60 °C
Cu2Bi3Sb3O14 CuO 0.1 M H2SOq4 30 min, RT

4.2.4 Characterization

The crystalline nature of the materials at each step of the synthesis procedure was
investigated using powder X-ray diffraction (PXRD, D8 Discover, Bruker, Ni-filtered Cu Ka
radiation, A = 1.5418 A). The elemental composition and morphology were examined using energy
dispersive X-ray spectroscopy (EDS; Noran System Seven, Thermo-Fisher, ultra-dry silicon drift
detector) and scanning electron microscopy (SEM; LEO Supra55 VP) using an accelerating
voltage of 2 keV for SEM and 22 keV for EDS. The bulk elemental ratios were calculated using
the Thermo Scientific NSS software package (Filter without Standards Quant Fit method and the

Proza correction method).

4.2.5 Photoelectrochemical characterization

Photoelectrochemical measurements of the quaternary metal oxides were performed using
an SP-200 potentiostat/EIS (BioLogic Science Instruments) in an undivided three-electrode setup
with a quartz glass cell. The working electrode was masked to ~0.02 cm? with lacquer before being
used. To simulate sunlight, light from a 300 W Xe arc lamp (Ushio America. Inc.) was first directed
through a water filter (IR filter), neutral density filters and an AM 1.5G filter. After passing through
these filters, the light was collected with a fused silica fiber optic cable (Newport Instruments) and
focused with a collimating lens (Newport Instruments) for uniform illumination. All samples were

illuminated through the back side of the FTO substrate. The incident light power density was
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calibrated using a thermopile detector (International Light, SED 623/HNK 15) connected to a
research radiometer (International Light, IL 1700). The incident light intensity was calibrated to
match that of the solar spectrum using an NREL-certified Si reference cell (Photo Emission Tech.

Inc.).

Photoelectrochemical measurements were performed in 0.1 M H2SO4 (pH 1), 0.1 M
KH>POg4 buffer (pH 7), or 0.1 M NaOH (pH 13). Na>SO3 (0.1 M) was used as a hole scavenger.
The performance of each electrode was examined by linear sweep voltammetry (LSV) in the
positive or negative direction from the open circuit potential (OCP) at a sweep rate of 10 mV/s. A
Pt counter electrode and Ag/AgCl reference electrode were used in all cases. Although all
measurements were taken using a Ag/AgCl reference electrode, all results are shown using the
reversible hydrogen electrode (RHE) for ease of comparison in different pH conditions. The

following equations illustrate the conversion of potential vs Ag/AgCl to potential vs RHE.
E s rHE) = E(vs Agagcn) + Eag/agen(reference, 4 M KCl) + 0.0591 V x pH(at 25 °C)
Eagagci(reference, 4 M KC1) = 0.1976 V vs NHE at 25 °C

The same three electrode undivided cell setup and potentiostat was used to acquire
capacitance measurements to generate Mott-Schottky plots. The measurements were taken in a 0.1
M KH2PO4 (pH~7) buffer solution using a ~0.10 cm? surface area. A sinusoidal modulation of 10

mV was applied at frequencies of 0.5 kHz, 1 kHz, 2.3 kHz, and 5 kHz.

4.3 Results and Discussion
4.3.1 Synthesis of BiSb precursor films

The BiSb precursor films were synthesized via an electrochemical co-deposition of Sb°

and Bi’ in a 1 M nitric acid aqueous plating solution containing tartaric acid, bismuth nitrate, and
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potassium antimony tartrate. This highly acidic solution is used to dissolve the bismuth precursor
as bismuth readily forms insoluble oxides under non-acidic conditions unless properly
complexed.!> The potassium antimony tartrate precursor is a readily water soluble species that is
used within Chapters 2, 3, and 5 of this dissertation to obtain a plating solution containing
antimony. However, it was found that under these highly acidic conditions, the solution turned
cloudy and remained cloudy after addition of the antimony precursor. This likely arises from the
oxidation of soluble Sb>* to insoluble Sb>* that occurs under oxidizing acidic conditions®* such as
those of concentrated nitric acid solutions. However, by adding in tartaric acid, the precipitated
antimony species could dissolve, providing a clear solution with a well-known concentration of
precursor species. Then, by applying a negative enough potential, both Sb>”*" and Bi*" ions in
solution were reduced to their insoluble Sb® and Bi® states, precipitating out at the electrode
surface. The as-deposited BiSb films were removed from the deposition solution immediately upon
cessation of the applied potential and were carefully dipped into DI water to remove excess plating
solution on the surface. The oxidizing power of nitrate and the acidic nature of the solution can
cause damage to the as-deposited films by oxidizing and re-dissolving the Sb and Bi metals unless

the films are quickly removed.

R Y. 4

Figure 1. SEM image of as-deposited BiSb on FTO.
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The as-deposited films were examined by SEM (Figure 1) and show a high surface area
and porous dendritic “fern-like” morphology. Using EDS, the target 1:1 elemental ratio of the as-
deposited BiSb was confirmed. Antimony and bismuth metals both adopt a rhombohedral crystal
lattice with only slight differences in their lattice constants; therefore, Sb and Bi have been shown
to be able to form a solid solution ranging from 100% Sb to 0% Sb.?* Because of this, a 1:1 mixture
of Bi and Sb should contain a set of x-ray diffraction (XRD) peaks that lie directly between the
peaks that correspond to Bi metal and Sb metal. Figure 2 shows the obtained XRD pattern for the
as deposited BiSb films. The peak positions match a BiSb solid solution alloy with a 1:1 BiSb

ratio, further confirming the 1:1 ratio of the as-deposited films.

Intensity (a.u.)

20 30 40 50 60
Two theta (degrees)

Figure 2. XRD pattern of the as-deposited BiSb electrode on FTO. The peaks corresponding to
the FTO substrate are denoted by an asterisk.

4.3.2 Conversion of the precursor BiSb into quaternary metal oxides

The synthesis of the quaternary metal oxides followed the general scheme of drop-casting

a metal salt dissolved in a non-aqueous solvent onto the BiSb precursor film and annealing at 650
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°C in air for 3 h, followed by soaking in a solution to selectively remove the excess binary metal
oxide that formed on the surface. Using a film containing well-mixed Bi’ and Sb? is advantageous
in that two of the three desired metals are already in close contact with one another and do not
need to diffuse large distances to form the target compound. Using Bi and Sb in their non-oxidized,
metallic states also simplifies the synthesis by increasing their reactivity with the third metal
element, as their Bi and Sb oxides are very stable and would require higher temperatures and longer

annealing time to allow for metal ion diffusion to form a new species.

The removal of impurity binary metal oxides that formed on the surface was necessary as
excess of the drop-casted metal was used to ensure full conversion of the BiSb precursor film. This
general procedure was applied to attempt to synthesize all seven of the target compounds:
MoBi1.1Sbo.oM0Os, BiaSbVOs, MnaBi3Sb3014, WBiSbOs, Zn2Bi3Sb3O14, CuxBi3Sb3O14, and
Fe>BiSbO7. To confirm that each of the target quaternary phases were successfully synthesized,
XRD was performed on each film before the excess binary metal oxide was removed as this

removal process could damage or destroy the underlying quaternary film.

Figure 3 contains XRD patterns of each of the systems post-annealing with the observed
diffraction peaks indexed to the species present. Neither MoBi1.1Sbo9MoOs nor Bi2SbVOs formed
even as minor impurity phases and only BiSbO4 and Sb2O3 or BiVOs, V205, and SboVOs appeared
in their XRD patterns respectively. MnaBi3Sb3O14, WBiSbOs, Zn:Bi3Sb3014, Fe2BiSbO7, and
Cu2Bi3Sb3014 were successfully synthesized and demonstrated the crystalline quaternary phase in
their XRD patterns. I therefore investigated the removal of the excess binary metal oxides present
on top of the quaternary metal oxides using Pourbaix diagrams and the CRC Handbook of

Chemistry and Physics as guides for the stability and solubility of the binary oxide species. !>%°
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Figure 3. XRD patterns of the BiSb electrodes after drop-casting a metal salt solution on top and
annealing. The metal contained in each solution is displayed in the upper left of each pattern. The

peaks corresponding to the FTO substrate are denoted by an asterisk in each pattern.
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The XRD pattern of Mn2Bi3Sb3O14 showed the presence of Mn,0O3 and Mn30O4, both of
which are known to be soluble under acidic conditions. Therefore, I tried using varying
concentrations (1-12 M) of sulfuric or hydrochloric acid to remove the excess manganese oxides,
but [ was unable to find a condition where the quaternary phase would remain stable and the binary
oxides would dissolve. While it may be possible to develop a condition to selectively remove the
MnxOy binaries from the Mn;Bi3Sb3014 film, I decided to not pursue this process further. This
decision was guided by the white color of the Mn;Bi3Sb3014 underneath the MnxOy binaries.
Figure 4 provides a picture of the different quaternary films after annealing and before soaking.
The Mn2Bi3Sb3014 that appeared underneath the brown binary oxides appeared white, indicating
that it reflects all visible light and does not absorb within the visible spectrum, meaning it is not
suitable as a visible-light-absorbing photoelectrode. I therefore discontinued trying to remove the

binaries from atop the quaternary Mn2Bi3Sb3O14.

Figure 4. Photograph of annealed BiSb films in pairs after drop-casting a metal salt solution on
top and annealing. In the top row from left to right the BiSb films had Cu, Fe, and W drop-casted
on them. In the bottom row from left to right the BiSb films had Mo, Zn, and Mn drop-casted on
them.

Examining the XRD pattern of WBiSbOg, the excess W from the drop-casting solution
crystallized into WO3 during the annealing process. WO3 dissolves under basic conditions, so

different concentrations of sodium hydroxide solutions (0.1-1 M) were used to remove the excess
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WOs. However, a condition was unable to be determined in which the excess binary oxide was
removed but the underlying quaternary species was retained. Similar to the Mn,Bi3Sb3O14 species,
the WBiSbOg underneath the excess WO3 appeared white in color (Figure 4), indicating it does
not absorb in the visible spectrum, limiting its ability as a photoelectrode. Therefore, it was not

investigated further.

On top of the FexBiSbO7 material was the characteristic brown-red color of rust (Figure 4)
which was confirmed via the XRD pattern to be crystalline Fe2Os. Based upon the Pourbaix
diagram for Fe, acidic solutions should be suitable to dissolve the excess iron oxide on top of the
quaternary species. However, concentrations ranging from 0.1 to 1 M of HCI or H2SO4 were unable
to selectively remove the overlaying iron oxide layer without damaging the underlying quaternary
phase by also dissolving Fe out of the FeoBiSbO7 phase. Rust is so ubiquitous within modern
society because of the heavy usage iron containing materials, there actually exists, within general
stores, solutions that are used to remove rust from iron containing objects. These solutions can
have a variety of active ingredients including oxalic acid. It is well established in the literature that
oxalic acid is an effective complexing agent that is able to selectively remove iron oxide from iron
containing materials such as clays.?” Therefore, solutions of oxalic acid between 0.01 and 0.1 M
heated to ~60 °C were investigated as a method to remove the excess iron oxide on top of the
quaternary phase. These solutions did succeed in removing the excess iron oxide on the surface,
however, they still stripped away some of the Fe present within the quaternary phase, leaving
behind an Fe deficient material. Based upon the color (yellow) of the material underneath the
excess Fe2Os it does appear that the FeoBiSbO7 phase absorbs some visible light, making it suitable
to continue to investigate as a photoelectrode. However, a yellow colored material is expected to

have a bandgap of ~2.5 eV. This is a relatively large bandgap and thus, in the interest of time,
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further investigation into the removal of the excess iron oxide was not performed in favor of
examining the other quaternary phases. However, this material may be returned to at a later time

if a suitable condition can be identified to remove the excess iron oxide.

o ZnO
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Figure 5. XRD patterns of annealed Zn>Bi3Sb3O14 (black) and the soaked Zn>Bi3Sb3O14 (blue)
film, showing the loss of the binary ZnO phase after soaking. The peaks corresponding to the FTO
substrate are denoted by an asterisk.

I was successful in removal of the excess ZnO from the as-synthesized Zn;Bi3Sb3O14
electrode. ZnO is soluble under a variety of different conditions, notably acidic, so to remove the
excess ZnO, the electrodes were soaked in 0.05 M sulfuric acid for 1 h with 100 rpm stirring. The
XRD pattern of the soaked Zn>Bi3Sb3O14 electrode is shown in Figure 5, demonstrating the phase-
pure nature of the material. The absorbance spectrum of Zn2Bi3Sb3O14 was recorded using UV-vis
spectroscopy and is shown in Figure 6. The absorbance edge at ~450 nm indicates the material
does not absorb within the visible spectrum, which matches well with the observed white color of
the pristine electrode. So, while I was able to successfully synthesize a phase-pure electrode of
Zn;Bi3Sb3014, the large bandgap severely limits its ability as a photoelectrode. I therefore focused

my attention on the remaining material, CuzBi3Sb3O14.
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Figure 6. UV-Vis absorbance spectrum of Zn>Bi3Sb3014 after soaking.
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Figure 7. XRD patterns of annealed Cu,Bi3Sb3014 (black) and the soaked CuxBi3Sb3014 (red) film,
showing the loss of the binary CuO phase after soaking. The peaks corresponding to the FTO
substrate are denoted by an asterisk.

Excess CuO was removed from the CuBi3Sb3014 electrodes by soaking the films in 0.1 M
sulfuric acid for 30 min with 100 rpm stirring, leaving an orange-yellow film behind. Figure 7
shows the XRD pattern before and after soaking, demonstrating the selective removal of the CuO
binary phase and the retention of the CuxBi3Sb3O14 phase. The selective removal of CuO was

further confirmed through SEM images of the electrode (Figure 8). Before the soak it is covered
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in a thick layer of CuO (Figure 8a) and after the soak the underlying dendritic morphology of the

Cu2Bi3Sb3014 is observed (Figure 8b).

Figure 8. SEM images of the annealed (a) CuxBi3Sb3O14 and the soaked (b) Cu2Bi3SbzO14
electrode, showing the loss of the binary CuO phase on the surface of the electrode after soaking.

4.3.3 Characterization of Cu;BiSh3014

With the successful removal of the binary oxide on the surface and retention of the pure
CuzBi3Sb3014 phase, I first used UV-Vis spectroscopy to measure the absorbance of the
Cu2Bi3Sb3014. Absorbance measurements provide a way to measure the bandgap of a material,
which in turn can shed light on how suitable it is for use as a photoelectrode. If the bandgap is too
large to absorb visible light, then it is likely not worth further investigating as a photoelectrode.
The CuzBi3Sb3O14 electrodes showed an absorption edge at ~600 nm, and the band gap was
determined to be ~2.1 eV via a Tauc plot for a direct band gap, which is well within the range of
absorption for visible light indicating it has a band gap suitable for use as a visible light absorbing

photoelectrode.
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Figure 9. UV-Vis absorbance spectrum of CuzBi3Sb3014 after soaking. The inset shows a Tauc
plot calculated for a material with a direct band gap.

Before measuring the photoelectrochemical performance of CuzBi3Sb3O14 the chemical
stability of the material was examined in three different pH conditions: acidic (0.1 M sulfuric acid,
pH 1), neutral (0.1 M KH>PO4, pH 7), and alkaline (0.1 M NaOH, pH 13) to determine whether or
not the predicted combination of Sb and Bi will stabilize the material in both acidic and basic
conditions respectively. Electrodes were placed in one of the above conditions and then examined
for changes in morphology and crystallinity after 24 hours. Figure 10 shows the SEM images
before and after the chemical stability test, where only minor changes in the shape of the dendrites
for each film were observed but overall the porous, dendritic morphology was retained after the
test. No changes in crystallinity were observed in the films after the chemical stability test for each
pH condition (Figure 11). Based upon the above observations, Cu2Bi3Sb3O14 appears to be stable
under a wide range of pH conditions (1-13), giving great flexibility in choice of electrolyte for use

as a photoelectrode.
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Figure 10. Top down SEM images of the pristine (a) Cu2Bi3Sb3014 and the soaked Cu2Bi3Sb3014
electrodes after the chemical stability test in (b) 0.1 M H2SO4, pH 1, (¢) 0.1 M KH2PO4, pH 7, and
(d) 0.1 M NaOH, pH 13.
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Figure 11. XRD patterns of Cu2Bi3Sb3014 before (black) and after (red) the chemical stability test
in (b) 0.1 M H2SO4, pH 1, (c) 0.1 M KH2POg4, pH 7, and (d) 0.1 M NaOH, pH 13. The peaks
corresponding to the FTO substrate are denoted by an asterisk in each pattern.
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The optimized conditions for photoelectrochemical (PEC) measurements on CuzBi3Sb3zO14
have not been investigated in any previous literature. Therefore, chopped light linear sweep
voltammetry (LSV) using 1 sun illumination (AM 1.5G, 100 mW/cm?) was performed in acidic
(0.1 M sulfuric acid, pH 1), neutral (0.1 M KH>POs, pH 7), and alkaline (0.1 M NaOH, pH 13)
media to determine which condition was most favorable for the photo response of CuzBi3SbzO14.
Back illumination was used for all samples measured. Because it has also not been reported
whether CuzBi3Sb3014 is n-type or p-type, I obtained linear sweep voltammograms (LSVs) swept
in both the positive and negative directions from the open circuit potential of the electrodes.
However, upon sweeping in the negative direction, the onset of negative dark current was observed
under all pH conditions, likely arising from an electrochemical process occurring at the surface of
the electrode. An example of this behavior in 0.1 M H2SOs is shown in Figure 12. If the sweep
was continued in the negative direction, significant dark current was observed, and the exposed
electrode turned black. This black color likely arises from the reduction of Bi or Sb within the
electrode, as Cu metal is red-orange in color. This reduction of Sb>" and Bi** ions in the oxide
lattice to Bi® or Sb? likely destroys the quaternary phase in the process. Because of this destructive

behavior, the electrodes were not further examined for p-type behavior.

Figure 13 shows LSVs of CuxBi3Sb3O14 swept in the positive direction in each pH
condition where a positive, n-type photocurrent was observed. The 0.1 M phosphate, pH 7 solution
showed the highest photocurrent and had the most negative onset potential at ~0.55 V vs RHE. A
more negative onset is preferred for photoanodes as it corresponds to a larger photovoltage (i.e.
the difference between the photocurrent onset and the thermodynamic potential of water
oxidation),?® which can be thought of as the additional voltage gained when using a semiconductor

to absorb light instead of having to apply a bias in conventional electrocatalysis.
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Figure 12. LSV of CuzBi3Sb3014 in 0.1 M H>SO4 (pH 1.3) swept towards the negative direction
under 1 sun illumination (AM 1.5G, 100 mW/cm?), illustrating the lack of p-type photocurrent for
water reduction and the strong onset of dark current at potentials past 0.4 V vs RHE.
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Figure 13. LSVs of CuxBi3Sb3014 in 0.1 M H2SO4, pH 1.3 (black), 0.1 M KH2PO4, pH 7 (red),
and 0.1 M NaOH, pH 13 (green) swept to the positive direction under 1 sun illumination (AM
1.5G, 100 mW/cm?) demonstrating anodic photocurrent for the oxidation of water.
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However, the total photocurrent in pH 7 was still very low (~2 uA/cm? at 1.23 V vs RHE),
and the onset potential is relatively positive (~0.55 V vs RHE) when compared to state-of-the-art
metal oxide photoanodes such as BiVO4 which possesses an onset potential of ~0.2 V vs RHE and
can have photocurrent that exceeds 5 mA/cm? at 1.23 V vs RHE.?® To examine the possible causes
of this poor performance, consider the three primary components that determine the photocurrent

of a photoelectrode,? as outlined in the equation below:

Jpec = Jabs % q)sep X d)inj

JpEec 1s the measured photocurrent density. /5 is the photon absorption rate expressed as
a current density and can be calculated assuming all absorbed photons are used to generate
photocurrent. This value is typically expressed as current density and is the maximum possible
photocurrent a photoelectrode can obtain based on the percentage of light it can absorb from the

solar spectrum at each wavelength. ¢, is the percentage of photo generated carriers that are able
to reach the surface without recombining, and ¢;,; is the percentage of surface-reaching minority

carriers that are able to be injected into the solution. The band gap and absorbance spectrum of
these Cu2Bi3Sbs;014 electrodes were used to calculate a /s of ~4.5 mA/cm?. However, less than
0.5% of that was observed, which means that the other two factors of charge separation and/or
charge injection into the solution are inhibiting Cu2Bi3Sb30O14 from oxidizing water. In addition to
charge separation and charge injection, the amount of charge carriers, for a n-type material the
majority carriers are electrons and the minority carriers are holes, within the material itself may be
a limiting factor. If there are too few charge carriers then the conductivity of the material will

correspondingly be low and thus the performance of CuzBi3Sb3O14 will suffer.
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To help separate the effect of each process, sulfite, a facile 1-electron transfer hole
scavenger for an n-type electrode, that provides a kinetically fast oxidation reaction at the surface
of the electrode can be used.” By doing so, ¢;,; can be effectively set to ~1,” allowing the
separation of the effects of charge separation and carrier density from that of charge injection,
providing clues to whether it is charge injection inhibiting the performance of CuBi3Sb3O14. It is
also expected that the photocurrent onset will shift in the negative direction for sulfite when
compared to water oxidation as less driving force is required for the 1 e” oxidation of sulfite over
the 4 e oxidation of water. This means that the conduction and valence bands do not need to be as
bent to drive the oxidation of sulfite. This can provide information about the possible flatband
location of CuBi3Sb3O14 which, with the calculated band gap from absorbance measurements
(Figure 9), may also provide clues as to the rough location of the conduction and valence band.?’
This information can tell us if Cu2Bi3Sb3O14 has band positions suitable for full unassisted water
splitting or what kind of photocathode pairing is necessary in a tandem device using Cu2Bi3Sb3O14

as the photoanode.?

The chopped light LSV of CuxBi3Sb3O14in a 0.1 M phosphate, pH 7 solution containing
0.1 M sulfite is shown in Figure 14. The large dark current observed at ~1.2 V vs RHE is attributed
to the electrochemical oxidation of sulfite. However, before this electrochemical process occurred,
there was no enhancement of the anodic photocurrent or negative shift in the photocurrent onset,
indicating charge injection into the solution may not be the primary limiting factor for this material.
This suggests that CuxBi3Sb3O14 may suffer significantly in separating the charges generated by
photon absorption or has low conductivity on account of its potentially low charge carrier density.

These are commonly observed challenges with metal oxide semiconductor electrodes.>
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Figure 14. LSVs of Cu2Bi3Sb3014 in 0.1 M KH2POy4, pH 7 without sulfite (black) and with sulfite
(red) swept towards the positive direction. The steep increase in current when in the presence of
sulfite (red) is attributed to the electrochemical reduction of sulfite.

Because no negative shift in photocurrent onset was observed using sulfite and water is a
kinetically complex process which will inadvertently shift the photocurrent onset to a value more
positive than the flatband potential, it is not possible to determine an estimate of the flatband
position using the LSVs in Figure 14. In an attempt to elucidate the position of the flatband
potential, Mott-Schottky measurements at different frequencies were performed on CuzBi3Sb3O14
electrodes in 0.1 M KH2>POu, pH 7 (Figure 15). The linear region of each is then used to extrapolate
to the x-intercept, which is then assumed to be the flatband potential if they all converge at the
same value.’*3! (See reference 31 for the full derivation and explanation and reference 30 for an
overview.) However, for CuxBi3Sb3014 each frequency was observed to have its own different x-
intercept. This is not unexpected as the surface of Cu2Bi3Sb3014 is not considered ideal in order to
determine a reliable flatband potential.>*3! Numerous potential factors may be influencing this
frequency dependence,’*3! but for CuzBi3Sb3O14 the likely factors include the non-flat, porous

morphology, surface states creating different capacitive environments at the surface than the bulk
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material, and multiple possible donor states creating capacitive environments that are not uniform,
making it not possible to derive meaningful data about the position of the flatband potential from
the Mott-Schottky data. Therefore, based upon the location of the start of the water oxidation
photocurrent in 0.1 KH>POs, pH 7 (Figure 14) the only possible claim that I can make is that the

flatband potential is at least more negative than ~0.55 V vs RHE.
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Figure 15. Mott-Schottky measurements of Cu2Bi3Sb3O14 in 0.1 M KH2PO4 (pH 7) in the dark
measured at 5 kHz (green triangle), 2.3 kHz (blue triangle), 1 kHz (red circle), and 0.5 kHz (black
square) frequencies.

4.3.4 Hybrid microwave annealing treatment of Cu:Bi3Sb3014

In an effort to improve the charge carrier separation efficiency and reduce the
recombination rate of holes and electrons, I investigated using a hybrid microwave annealing
(HMA) treatment on CuzBi3Sb30O14 electrodes. HMA has been shown to enhance the photocurrent
of metal oxide materials by improving the bulk charge carrier separation and charge carrier
injection into solution by increasing the crystallinity and passivation of defect sites by heating the

material to very high temperatures for short periods of time.** This method uses a simple
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microwave oven and a susceptor, such as silicon or carbon. The microwaves are absorbed by both
the sample and the susceptor. The sample then heats up both internally from the absorbed
microwaves and externally from the heat radiated by the susceptor. The term “hybrid” arises from
this combination of internal and external heating.*® Using a graphite powder susceptor, HMA was

performed on CuxBi3Sb3014 electrodes.

Figure 16. Top down SEM images of the CuzBi3Sb3014 electrodes (a) before and after the HMA
treatment for (b) 1 minute, (¢) 2 minutes, and (d) 4 minutes.

The morphology and crystallinity were unchanged after 1, 2, and 4 min of HMA as shown
in Figure 16 and Figure 17 respectively. This is not surprising as the material is already crystalline
and the temperature does not remain high for long enough to cause large changes in bulk
morphology. However, passivation of defects and local changes to structure may have still

occurred. I examined the photocurrent response of the HMA-treated CuzBi3Sb3O14 electrodes in
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0.1 M phosphate (pH 7) for water oxidation as shown in Figure 18. No increase in photocurrent
was observed after HMA, and the photocurrent onset shifted to a more positive value, an
undesirable effect for a photoanode. This lack of photocurrent suggests that HMA either did not
reduce the number of bulk or surface defects that may be contributing to charge carrier
recombination or that another factor is at play, such as an inherent limitation to the material like
charge diffusion length, similar to the binary Fe>Os or too few charge carriers which lead to low

conductivity and thus low photocurrent.3¢-38
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Figure 17. XRD patterns of CuxBi3Sb3O14 before (black) and after (red) the HMA treatment for
(a) 1 min, (b) 2 min, and (c) 4 min. The peaks corresponding to the FTO substrate are denoted by
an asterisk in each pattern.

While CuzBi3Sb3014 shows promise in terms of its relatively small bandgap of 2.1 eV,
significant challenges must be overcome before it can be used as a photoelectrode. I have outlined

possible solutions to these challenges within Section 4.4 of this chapter.
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Figure 18. LSVs of Cu2Bi3Sb3014 in 0.1 M KH>PO4 (pH 7) swept towards the positive direction
treated either without (black) HMA treatment, for (red) 1 minute, (blue) 2 minute, or (green) 4
minute HMA treatment.

4.4 Conclusions

Five target quaternary metal oxides were successfully synthesized by drop-casting a metal
species on top of a precursor BiSb film and annealing. The excess binary metal oxide(s) formed
during annealing were successfully removed from two of these target materials, Zn>Bi3Sb3014, and
CwBi3Sb3014. The band gap of ZnzBizSb3Oi4 was too large to absorb visible light, but
CuwBi3Sb3014 showed light absorption in the visible range and was investigated as a
photoelectrode. It showed good chemical stability but low performance under all pH conditions
for water oxidation and sulfite oxidation, leading to the conclusion that it possibly suffers from
severe bulk recombination or low charge carrier density or both, limiting its ability as a

photoelectrode.
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I recommend the following for each material to improve upon their properties as well as
their synthetic process. For the two compounds that were not successfully synthesized
MoBi1.1Sbo.9sMo00Os and Bi2SbVOs I recommend modifying the elemental ratios in the BiSb plating
solution to better match the final target Bi:Sb ratios in the quaternary species by adjusting the
concentrations of Bi or Sb precursors. Both MoBii.1Sbp9Mo0Os and Bio>SbVOs have more Bi
relative to Sb, and this should be accounted for in the precursor films. In the interest of time, the
BiSb precursor films had not been modified to accommodate this as neither of the species appeared
even as minor phases in the XRD patterns. This suggests that the annealing conditions for both
MoBi1.1Sbo.9sMo0Os and Bi2SbVOs will also need to be modified in terms of temperature and time
spent annealing to create the target quaternary phase. The Mn;Bi3Sb3O14 and WBiSbOg phases
both require additional experimentation to develop a procedure to remove the excess binary oxides
on top of the electrode. Investigating the use of heat or complexing agents instead of acid or base
may prove useful. However, I caution further investigating either of these compounds as they
appear white underneath the binary oxides, indicating their visible light absorption is likely very

limited.

I recommend no further PEC work be completed on the Zn>Bi3Sb3014 phase as it was white
and showed no absorption in the visible range. For Fe;BiSbO7, the yellow color underneath the
excess iron oxides indicates the material may absorb visible light, however, selective removal of
the excess iron oxide is critical before more in-depth analysis can be performed. For this material,
I recommend further investigating other complexing agents that can selectively remove the iron
oxide species from the surface. Many possibly candidates exist within both general stores and in

the literature, including muriatic acid, citric acid, acetic acid, sodium hydrosulfite, or potentially
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more biological-based compounds that contain a heme group, which is the same complexing group

that strongly binds Fe in the blood of animals.

For CuzBi3Sb3014 I recommend first investigating an alternative hole scavenger such as
H>O:> or the organic radical species TEMPOL to check whether or not the reason I observed no
photocurrent enhancement when using sulfite was because of poor sulfite oxidation kinetics. If no
enhancement in photocurrent is observed, then it is possible bulk recombination due to a very short
charge diffusion length or the presence of many defect sites acting as charge recombination centers
limits the performance of CuxBi3Sb3O14. A possible way to overcome a short diffusion length is
by creating even smaller morphological features, which will allow for the charges to get to the
surface of the material before recombining. Defect sites can potentially be decreased by adjusting
the annealing conditions and the soaking conditions, as soaking could be damaging the material
by creating extra surface defect sites in a way that does not affect its crystallinity. Another possible
limitation is an inherently low carrier density within the material leading to low conductivity. A
potential solution for this is the addition of dopants within the material to increase the p-type
character. This can be done during the annealing portion of the synthesis method by addition of
other metal salts into the drop-casting solution. For all of the materials, I highly recommend
checking the elemental ratios after annealing and after soaking to ensure the stochiometric
compound is present for each film. I observed that the elemental ratios would vary between films

after annealing and soaking even when the crystallinity was observed to be the same.

Overall, I expect this work to help provide a new synthetic tool to synthesize stochiometric,
phase-pure quaternary metal oxides as photoelectrodes for water splitting devices. While the
materials investigated in this study did not outperform state-of-the-art metal oxides present in the

literature, the ability to synthesize stochiometric, phase-pure materials in less than 24 h without
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extensive heating and mechanical processing as is typical to synthesize quaternary materials by
solid state methods provides a facile route to investigate a whole class of Bi-and Sb-containing

quaternary metal oxides.
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5.1 Introduction

The synthesis of ammonia (NH3) using nitrogen (N>) and hydrogen (H2) developed by Fritz
Haber in 1909 and scaled up by Carl Bosch in 1910 to produce artificial fertilizers provided the
groundwork for the explosive growth of human populations around the world in the last one
hundred years.! While Haber’s initial experimental setup could only produce 0.09 kg of NH3 per
hour (~0.8 tonnes of NHj per year),? today’s optimized Haber-Bosch process produces 171 million
tonnes of NH3 per year around the globe with conversion efficiencies of 97%. The process is so
ubiquitous that approximately 50% of the nitrogen atoms in all humans today originated from
synthetically produced NH3 using the Haber-Bosch process.* However, this process is also
environmentally taxing by consuming large amounts of fossil fuels to produce the necessary H»
via steam reforming as well as to achieve the high temperatures (400-500 °C) and high pressures
(150-250 bar) required for optimal efficiency.> This not only releases large amounts of CO2 (~1.9
metric tons of CO> per metric ton of NHs),>¢ but also requires centralization and proximity to
natural gas feedstocks, which increases transportation costs to those in remote areas that require
ammonia-based fertilizers and restricts NH3 production to large industrial complexes requiring

high amounts of capital.

In contrast, the electrochemical nitrogen reduction reaction (ENRR) provides an
environmentally benign pathway to produce NH3 under ambient temperatures and pressures, using
water as the hydrogen source. Coupled with reduced electricity costs because of renewable
energy,’ this process can also be decentralized and produced in variably-sized units to suit the
needs of those in remote areas, leading to reduced transportation and investment costs. However,
the commercialization of the ENRR process is currently impeded by the low faradaic efficiency

(FE) achieved for the conversion of N> to NHs. This low FE stems primarily from the standard
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reduction potential of N> to NH3 (N2(g) + 8H' + 6e” = 2NH4"(aq), E® = 0.275 V vs. SHE) being
close to the standard reduction potential of the hydrogen evolution reaction (2H" + 2¢” = Ha(g),
E®=0V vs. SHE).® This coupled with N reduction to NH3 being a much more kinetically complex
process than the HER leads to the HER dominating under the applied potentials required for the

ENRR, thus many metal catalysts demonstrate FE values for the ENRR below 1%.

There have been some reports using noble metal catalysts that are able to demonstrate FEs
over 10% towards NH3 production under ambient conditions.”!! However, noble metals in general
are able to perform many reactions effectively, including the HER, which is main competing
reaction for the ENRR. So while noble metals like Au and Pd show relative promise towards the
ENRR with FEs above 10%, the complete suppression of the HER on these materials is unlikely.
This in conjunction with the cost prohibitive nature of noble metals necessitates the development

of non-noble metal containing materials for the ENRR.

There are many reports within the literature detailing the investigation of non-noble metal
electrodes as catalysts for the ENRR. Like their noble metal counterparts, many of these systems
still suffer from HER dominating at the electrode surface leading to low FEs for NH3 production.
However, within the past couple of years there has been innovative work using novel electrode
designs to enhance the ENRR such as a report using a molten hydroxide electrolyte and a Fe based
electrode capable of achieving a remarkable FE of 35%.!? Several recent studies have also
investigated the coating of noble metal electrodes with a metal organic framework (MOF) or
zeolitic imidazolate framework (ZIF) layer to suppress the HER leading to an increased selectivity
of the ENRR by limiting the number of protons that have access to the electrode surface.!*!> While
some of these new system designs may contain noble metals as the active material or contain non-

ambient reaction conditions, they are likely not the final form of an ENRR cell and instead provide
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innovative and stimulating results to further investigate novel systems containing non-noble metals

to improve the FE of ENRR.

Recently, there have been exciting developments using electrodes containing the p-block
element Bi for the ENRR, demonstrating FEs up to 66% in aqueous media.'®!8 While the exact
mechanism for the impressive performance of Bi is not well understood, it is known that Bi is a
relatively poor HER catalyst because of its predicted proton binding affinity being outside the ideal
range for hydrogen evolution.!® Proposed qualitative relationships between the rate of the HER
and the rate of ENRR with respect to the proton concentration and electron concentration also
suggest that Bi may be a promising candidate. Here the authors do not suggest “electron
concentration” as a physical representation of the true electron concentration but instead as a way
to account for when the electron transfer is rate limiting.?’ Their work proposes that the rate of the
HER is approximately first order with respect to the electron concentration (i.e. electron transfer
rate) of the electrode, while the ENRR is zeroth order. This means that as the electron concentration
decreases, the ENRR rate will not be strongly affected while the HER rate will decrease
exponentially. As a semi-metal Bi has a relatively low amount of electrons available and lower
conductivity when compared to a metal like Cu,?! and based upon the proposed rate relationships
described above, this decreased electron concentration and conductivity helps suppress the HER
while not affecting the ENRR.?° It has also been demonstrated through DFT calculations that Bi
6p orbitals may be advantageously positioned to interact with the N 2p orbitals, allowing for
effective back bonding into the N triple bond, weakening the bond overall and allowing for a
stronger interaction between the N> molecule and the Bi surface.!® These inherent properties make

Bi a promising potential candidate for the ENRR in aqueous media.
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Another recent report exploring surface-modified Bi containing systems by Jang et al
showed increased selectivity in the low bias region for ENRR by creation of a thin layer of BiPO4
on the surface by cyclic voltammetry in 0.5 M phosphate buffer (pH 7.5).2? Without this BiPO4
layer the highest FE they could achieve was 3.7%, but with the BiPO4 layer the FE increased to
5.6%, and with the incorporation of V ions within the BiPO4 layer the FE increased even further
to 13.2%. While they do not directly elucidate the mechanism by which the incorporation of V and
P at the surface enhances the ENRR, they do provide a possible hypothesis based upon their linear
sweep voltammetry’s. The presence of V and P ions as vanadate and phosphate may inhibit the
reduction of Bi** to Bi® during the reductive conditions of the ENRR. This inhibition allows for
the possibly increased presence of Bi*" during the ENRR, which may provide a more active site

towards N» reduction.

The success of Bi materials showing high selectivity for the ENRR provoked me to wonder
if Sb, another semi-metal directly above Bi in the periodic table, may show similar or even better
performance for the ENRR when compared to Bi. Sb has seen very little attention within the ENRR
field compared to Bi. A handful of reports from the past several years using complex systems
containing Sb (e.g. antimony sulfide/tin oxide, antimony/antimony oxide, antimony
phosphate/carbon) have demonstrated high performance for the ENRR (up to 34% FE),*%
however, the reasoning for the high performance and role of Sb and its oxides is unclear. No
theoretical investigations examining the binding affinities for either protons or N-containing
species have been performed for Sb and while it is possible to assume that Sb will possess similar
properties to Bi on account of being in the same column and also possessing semi-metallic

properties, it is unknown how Sb alone may perform for the ENRR. This relative lack of

understanding provides ample room for investigations into how well Sb and Sb-containing
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materials perform the ENRR and how they compare to relatively high performing catalysts such

as Bi.

Understanding the individual properties and performance of an element like Sb or Bi for
the ENRR is critical to developing guidelines for future materials. However, it is unlikely that any
singular element will be able to provide the required performance for widespread
commercialization of the ENRR because of unsatisfactory activity or restrictive rate relationships
between the HER and ENRR.?2° To overcome these challenges, metal alloy phases have been
reported in the literature demonstrating improved performance for the ENRR when compared to
their individual elements.?’?° Wang et al. synthesized a AuCo catalyst that demonstrated a FE of
22.03% even though the individual elements of Au or Co showed less than 10% FE towards NH3
production. They state that the increased surface area exposed more active sites for their alloy
material which improved the FE% but also that their DFT calculations suggest that the transition
state energy to protonate the adsorbed N> molecule on the surface was decreased for the AuCo
alloy when compared to Au and Co metals alone.?’ Similarly, Zhang et al. synthesized a series of
Agr X1 (X = Au, Pt, Pd) alloys to investigate how the nature of the X element affected the ENRR
performance. They found that the AgrAu alloy performed the best and explained this with their
DFT calculations showing that electrons from the Ag atoms localized onto the Au atoms as
expected from Au’s higher electronegativity, generating partially positive Ag atoms and partially
negative Au atoms which they said enhances the activity of the ENRR on the Au atoms.?® These
studies, and others,>** have demonstrated that by combining two (or more) elements into an alloy

phase, enhancements in the ENRR performance over a single element can be achieved.

In this chapter, I investigate the ENRR performance of Bi, Sb and BiSb, in collaboration

with Dr. Youn Jeong Jang who was a postdoctoral scholar in our group and possessed expertise in
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investigating the ENNR properties of materials. The goal of this work was two-fold. First was to
examine the ENRR performances of Bi, Sb and BiSb to determine if any showed enhanced ENRR
capabilities. To accurately compare each of these materials, it was critical to optimize the
electrochemical synthetic procedure of each material to prepare electrodes with the same surface
area and morphological features, ensuring the observed ENRR performances originated from only
their compositional differences. The second goal was to determine if the performance of any of
these materials can be improved through the use of a gas diffusion electrode (GDE). In a GDE, N>
gas, not dissolved N2, can be electrochemically reduced at the interface between N> gas, electrolyte
and catalyst. For this reason, Bi, Sb, and BiSb were deposited onto a carbon felt electrode that can

serve as both a regular electrode and as a pseudo-GDE.

Therefore, I developed an electrochemical method to synthesize thin, smooth, and
conformal coatings of Bi, Sb, and BiSb on carbon felt electrodes to investigate their ability to
electrochemically reduce N> to NH3 in pH 9.3 borate buffer both as regular electrodes and as
pseudo-GDEs. Neither Bi or Sb demonstrate FEs over 1.5% when used alone, however, by

combining them into the BiSb alloy phase, a four-fold enhancement in the ENRR was observed.

5.2 Experimental
5.2.1 Materials

Potassium antimony tartrate (K2Sb2(C4H206)2-H20, 99%), bismuth(Ill) nitrate
(B1(NOs3)3-5H20, >98.0%), sodium hydroxide (NaOH, >97.0%), ethylenediaminetetraacetic acid
(EDTA, 99.4-100.6%), boric acid (H3BOs, >99.5%), potassium pyrophosphate (K4P207, 97%),
tartaric acid (C4HeOg, >99.5%), hydrochloric acid (HCL, 37%), 4-(dimethylamino)benzaldehyde

(CoH11NO, 99%), hydrazine hydrate (N2H4 x H20, 50-60%), phosphoric acid (H3PO4, 85%),
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deuterated water (D20, 99.9%) and ammonium chloride (NH4Cl, 99%) were all purchased from
Millipore-Sigma. All chemicals were used as received and without further purification. Carbon
felt (AvCarb C100) was purchased from Fuel Cell Store and was cut into one cm by five cm sized
strips for use as the working electrode. Deionized (DI) water with a resistivity of >18.0 MQ-cm

was used to prepare all solutions.

5.2.2 Synthesis of Sb, Bi, and BiSb

Electrodeposition was carried out in an undivided three electrode cell composed of a carbon
felt working electrode, a Ag/AgCl (4 M KCl) reference electrode and a carbon rod counter
electrode using a VMP2 multichannel potentiostat (Princeton Applied Research). The carbon felt
electrodes were prepared by tightly wrapping the center of the 5 cm long carbon felt strip with
teflon tape (J.V. Converting Company) so that only the bottom two cm of the strip was exposed to
the solution. The tight wrapping of the tape also had the effect of preventing solution from traveling
up the carbon felt and making contact with the alligator clip connecting the electrode to the

potentiostat.

Before deposition of any species onto the carbon felt electrodes, an LSV in a separate
solution containing just the tartaric acid adjusted to pH ~ 7 was performed from the open circuit
potential (OCP) to -1.7 V vs Ag/AgCl. This had the effect of increasing the hydrophilicity of the
carbon substrate which provided more uniform coverage of the deposited metals on the carbon felt
fibers. For Sb deposition, the aqueous plating solution contained 10 mM K>Sb>(CsH20¢)2-H20 and
1 M tartaric acid with the pH adjusted to 7 with NaOH. The films were deposited onto carbon felt
by applying -1.4 V vs Ag/AgCl for 20 seconds, passing approximately 1.6 C of charge. For Bi
deposition, the aqueous plating solution contained 20 mM Bi(NO3)3-5H>O and 1 M tartaric acid

with the pH adjusted to 6 with NaOH. The films were deposited using a pulsed deposition by
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applying a potential of -0.9 V vs AgCl for five seconds and then letting the potential return to the
OCP for ten seconds. This was repeated 24 times to pass approximately 1.6 C of charge. For the
deposition of BiSb, an aqueous plating solution containing 20 mM Bi(NO3)3-5H>0, 30 mM
K>Sba(C4H206)2-H20, and 1 M tartaric acid with the pH adjusted to 5.6 with NaOH was used. The
films were deposited by applying -1.5 V vs Ag/AgCl for 20 seconds to pass approximately 1.6 C

of charge.

5.2.3 Characterization

Powder x-ray diffraction (PXRD, D8 Discover, Bruker, Ni-filtered Cu Ka radiation, A =
1.5418 A) was used to examine the crystal structure of the electrodes. Scanning electron
microscopy with an accelerating voltage of 2 keV (SEM; LEO Supra55 VP) and energy dispersive
spectroscopy with an accelerating voltage of 22 keV (EDS; Noran System Seven, Thermo-Fisher,
ultra-dry silicon drift detector) were used to investigate the morphology and bulk elemental ratios
respectively. X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific K-a X-ray
photoelectron spectrometer equipped with an Al Ka excitation source was used to determine

surface elemental compositions.

5.2.4 Electrochemical characterization

All J-V and J-t measurements were performed in an undivided three electrode gas-tight
stainless-steel cell. To remove any impurities in the N2 gas flow, the "N gas (98 %) was first
passed through a Cu/SAPO trap as recommended in the literature.?! The purity of the isotopically
labelled "N gas is 98% >N and > 99.0% N2 (!*N, +'“N,) with the remaining <1% impurities
identified by the manufacturer (Sigma-Aldrich) as Ar, Oz, CO2, N>O, and C>Hs. Either Sb, Bi or
BiSb on carbon felt was used as the working electrode, with a Ag/AgCl (3 M KCl) reference

electrode and a carbon rod counter electrode. Before the measurement, the solution was purged
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with N2 gas for thirty minutes before continuous purging during the measurement. Solutions used
for control experiments with Ar (99.999%) went through the same procedure. J-t measurements
were performed by holding a constant potential to pass 10 C. Before any measurements, a potential
of -0.6 V vs RHE for 1 minute was applied to reduce the naturally formed oxide passivation layer
on the metal surfaces. All measurements were repeated with Ar flow instead of N2 to confirm the

produced NH3 came from the reduction of N> gas.

All faradaic efficiency (FE) measurements were quantified using isotopically labeled °No.
Proton nuclear magnetic resonance ('H-NMR) was used to quantify the produced '"NHs on a
Bruker Advance III HD 600 MHz spectrometer (Bruker Biospin Corp., Billerica, MA) equipped
with a TCI-F cryoprobe with z-gradient. After the J-t measurement, the electrolyte was collected
and acidified to pH ~3 using H3POs4 and then condensed to 6 mL using reduced pressure
distillation. After this, 5 v% D>0O with trimethylsilylpropanoic acid (TSP) was mixed with the
solution to act as the internal reference for locking. The 'H signal from the water was removed
using water suppression with excitation sculpting. The quantification of '’NH3 was not affected by
water suppression because the >’NH4" signal appears at 7 ppm. Spectra were acquired using 1024
scans, a relaxation delay of 1.5 s and an acquisition time of 3 s. A calibration curve was prepared
using solutions of known concentration of '>NH4ClI in the same electrolyte used for the J-t
measurements followed by the above acidification and mixing with D>O containing TSP for

locking and integrating the observed '"NH4" signal for each.

The ENRR can also produce N>Ha, therefore the Watt and Crisp method was used to
determine if any NoHs formed during the ENRR.*? After the ENRR, 2 mL of the electrolyte was
collected in a centrifuge tube and 2 mL of ethanol solution containing 0.7 M HCl and 0.12 M 4-

(dimethylamino)benzaldehyde was added. The solution was left to react for 1 hour at room
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temperature and then the absorbance was measured at 455 nm using a UV-VIS spectrophotometer.
The concentration of NoHs was determined by comparing the measured absorbance to a calibration
curve generated using standard solutions of N>H4 prepared by adding NoHs x H>O into the
electrolyte used in J-t measurements. No NoH4 was detected for any of the J-t measurements. The

FE was determined using the following equation where F is Faraday’s constant (96485.33 C/mol):

3 x nyy, (mol) x F (C mol'l)
0/ \— 3
FE (%) Total charged passed (C) x 100

While a Ag/AgCl reference was used in each experiment performed, all results within this
report are presented against the reversible hydrogen electrode (RHE) for direct comparison to other
reports in aqueous solution but that contain different pH values. The conversion between Ag/AgCl

and RHE reference electrode values can be done via the following equation:

E s rHE) = E(vs Agagct) + Eag/agen(reference) + 0.0591 V x pH(at 25 °C)

Eagagci(reference, 4 M KCl1) = 0.1976 V vs NHE at 25 °C

Eagagci(reference, 3 M KCl) =0.209 V vs NHE at 25 °C

5.3 Results and Discussion
5.3.1 Synthesis and Characterization of Bi, Sb, and BiSb

Carbon felt provides a high surface area substrate to deposit uniform coatings of the Bi,
Sb, and BiSb catalysts onto because of the many interwoven fibers that comprise the carbon felt
(Figure 1). It also enables the creation of a pseudo-gas diffusion electrode (pseudo-GDE) by virtue
of its porous and permeable nature. This is important because a major limiting factor for the ENRR
is the relatively low concentration of N> molecules dissolved in aqueous solution (1.4 mM N at

20 °C). This low concentration is part of the reason many materials show poor ENRR performance
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and overall low faradaic efficiencies (FE) when compared to hydrogen evolution. To overcome
this challenge we turned to the field of CO2 reduction, where recent research has demonstrated that
by using a GDE the concentration of reactant gas molecules at the surface of the electrode can be

artificially increased beyond their normal solubility in aqueous solutions.™

Figure 1. SEM image of the carbon fibers that make up the carbon felt electrode.

A more holistic description of the operation of a GDE can be found elsewhere,** however,
the basic setup for a GDE is as follows. The electrolyte is separated from the gas phase by a
hydrophobic, high surface material with a hydrophilic catalyst embedded on the surface which has
access to both the solution and the internal structure of the polymeric material. Instead of bubbling
gas into solution to dissolve N> within the electrolyte as is done in traditional electrochemical gas
reduction experiments, the gas is instead permeated inside the polymeric material from the other
side of the electrode that is not exposed to the solution. The polymeric layer is composed of a
hydrophobic, porous structure that prevents electrolyte from penetrating into the porous structure.
The catalyst is typically hydrophilic though, so it can interact with water in the electrolyte. This
creates a three-way interface between the solid hydrophilic catalyst, liquid phase electrolyte, and

gas phase N> molecules from the hydrophobic, porous structure (Figure 2a). This is advantageous
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as the gas in question (N2) can therefore be at much higher concentrations within the polymeric
material than it would be in the aqueous solution, and because the catalyst has access to both the

high concentration of N> gas and the electrolyte, it should be able to evolve NH3 more efficiently.
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Figure 2. An illustration of how a (a) true GDE works compared to the (b) pseudo-GDE used in
this study. Both demonstrate the three-way interface between the catalyst, electrolyte and gas phase
Nz in an effort to improve the ENRR performance.

The primary difference between the pseudo-GDE used in this study and a true one as
described above is how the creation of this three-way interface forms. For the carbon felt electrode
it is not normally hydrophobic and thus electrolyte is able to permeate throughout it, which allows
for its use as a high surface area, normal electrode. To create the pseudo-GDE, a needle is inserted
into the carbon felt electrode and N> gas flows through the needle. The gas then exits the needle
through the various side openings present and moves through the void spaces within the carbon
felt (Figure 1), expelling the solution to create a gas envelope within the carbon felt electrode
(Figure 2b). By adjusting the pressure of N> gas coming from the needle, the three-way interface
between the N> gas envelope, solid catalyst on the carbon fibers and liquid electrolyte can be

achieved. The pseudo-GDE used in this study and a true GDE both enjoy increased concentration
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of gas to use as a reactant, however, the creation of a true GDE requires the use of binders, a
conductive polymeric network, and a particulate catalyst necessitating a more complex synthesis
process and a special cell designed for gas flow and product collection,*® while the pseudo-GDE
used here simply requires a needle and a carbon felt electrode, greatly simplifying the process to

examine how increased concentration of reactant gas may improve the ENRR.

The goal of the synthetic approach for the electrodes used in this study is to produce a
morphology that is relatively comparable between each material on carbon felt. This removes the
potentially complicating factors that different morphologies may introduce with respect to
different surface areas and possibly different exposed crystal sites when comparing their ENRR
performance. While Chapter Four demonstrated the ability to produce homogenous BiSb on FTO
through the use of an acidic plating solution containing nitric acid to solvate the Bi precursor, this
procedure was unable to be used to deposit the metals onto carbon felt without producing variable
and non-uniform morphologies. Therefore, I sought to investigate the electrodeposition of Bi, Sb,
and BiSb using neutral or basic conditions. However, because of Bi’s insolubility under neutral or
basic conditions,® a complexing agent was required to prevent the precipitation of Bi and thus I
first optimized a plating solution that was able to reliably solvate Bi and deposit a uniform Bi layer

on carbon felt electrodes.

Several complexing agents are known within the literature to solvate Bi under neutral and
basic conditions including tartrate, potassium pyrophosphate, and EDTA.** I found that all three
were able to dissolve bismuth nitrate at pH 10 with EDTA dissolving Bi within one hour, tartrate
within three hours, and potassium pyrophosphate taking over ten hours to completely dissolve the
Bi precursor. However, I settled on using a tartrate containing solution as EDTA and potassium

pyrophosphate both caused a normally water soluble antimony precursor, potassium antimony
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tartrate, to precipitate out of the solution, while the tartrate plating solution was able to successfully
solvate both Sb and Bi precursors. The optimized plating solution to deposit Bi onto carbon felt
contained bismuth nitrate and tartaric acid with the pH adjusted to 6 using sodium hydroxide. A
pulsed deposition with the application of a potential negative enough to reduce Bi** to Bi’, which
then precipitated out onto the carbon felt, was applied, followed by a longer rest period which
allowed for Bi** ions to be replenished at the electrode surface. I found this to produce a more

uniform morphology with good coverage (Figure 3a) when compared to a non-pulsed deposition.

Figure 3. SEM images of (a) Bi, (b) Sb, and (c) BiSb deposited onto a carbon fiber within the
carbon felt.

Utilizing the same plating solution but switching out bismuth nitrate for potassium
antimony tartrate and applying a negative enough potential to reduce Sb>* to Sb’, Sb was deposited
onto carbon felt. A pulsed deposition was not necessary for Sb to produce a uniform morphology
with good coverage (Figure 3b). The deposition of Bi and Sb together as BiSb on carbon felt
(Figure 3¢) was achieved by dissolving both bismuth nitrate and potassium antimony tartrate into
the tartrate plating bath and applying a constant potential that was negative enough to reduce Bi**
to Bi® and also reduce Sb** to Sb®. X-ray diffraction (XRD) was used to determine the crystalline
nature of Sb, Bi, and BiSb on carbon felt (Figure 4). For Sb and Bi alone, peaks corresponding to

a single crystalline phase of Sb or Bi metal were observed in Figures 4a and 4b respectively. Both
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Bi and Sb possess the same crystal structure and therefore they are expected to show the same
crystal pattern, except that Sb has peaks shifted to slightly higher two theta values because of a
smaller atomic size. Because the BiSb crystal structure is the same as that of Bi and Sb, its unit
cell is an average of the two unit cells for Bi and Sb leading to the peak positions being an average
of Bi and Sb.* The 1:1 phase will therefore have peaks that appear directly in-between that of pure
Bi and pure Sb. For my prepared BiSb electrode, diffraction peaks in the middle of Bi and Sb were
observed corresponding to the desired 1:1 BiSb alloy phase, but also peaks corresponding to
crystalline Bi metal. This matched with the energy dispersive spectroscopy (EDS) results showing
a bulk elemental ratio of 2:1 Bi:Sb, indicating excess Bi deposited onto the carbon felt along with

the desired 1:1 phase.

The identity of this excess crystalline Bi phase can be elucidated by examining the standard
reduction potentials of Bi and Sb, as well as the corresponding LSVs of each plating solution
(Figure 5). The excess Bi is deposited onto the carbon felt electrodes during the very beginning
of the BiSb deposition because it is easier to reduce Bi in the tartrate plating solution than Sb. This
can be observed by examining the relative current onset in the LSVs of the plating solutions
containing Sb alone, Bi alone and BiSb together (Figure 5), where the plating solutions containing
Bi show a significantly earlier reduction peak than that of the solution containing only Sb. This
means that when a potential is first applied, Bi** ions have a higher driving force than Sb*" ions to
be reduced and precipitate first at the electrode surface. The Bi*" ions closest to the electrode
surface are therefore deposited first, but once they are depleted and Bi deposition is limited by
diffusion from the surrounding bulk solution, Sb>" ions are now able to be reduced in tandem with
the Bi*" ions diffusing to the electrode surface, producing the desired 1:1 phase on top of a Bi rich

layer.
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Figure 4. XRD patterns of as deposited (a) Sb, (b) Bi, and (c¢) BiSb on carbon felt. The (hkl)
indices are assigned from the PDF cards for Sb (35-0732) and Bi (44-1246). The broad peaks
corresponding to the carbon felt are denoted by an asterisk.
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Figure 5. LSVs at a scan rate of 10 mV/sec using a carbon felt electrode in Bi (red), Sb (black)
and BiSb (green) plating solutions. The Bi solution contained 20 mM Bi, the Sb solution contained
20 mM Sb, the BiSb solution contained 20 mM Bi and 20 mM Sb and each contained 1 M tartrate
with the pH adjusted to pH 6 using NaOH.

To determine the validity of this hypothesis, the surface layer of the BiSb electrodes was
examined with x-ray photoelectron spectroscopy (XPS). A 1:1 surface elemental ratio between Bi
and Sb was calculated from the Bi and Sb regions, confirming that the surface is composed of the
desired 1:1 Bi:Sb alloy phase. Therefore, while the bulk of the electrode is not composed of one
homogenous phase, the surface layer where the ENRR 1is occurring is composed of a single, pure

1:1 BiSb phase, which is critical to be able to accurately compare each material with one another.

5.3.2 ENRR performance of Bi and Sb

The ENRR performances of Bi and Sb were investigated through a series of LSVs and J-t
measurements. Figure 6a shows LSVs in 0.5 M borate (pH 9.3) for the Bi-coated carbon felt
electrode when using Ar or N as the gas, as well as, bubbling outside of the carbon felt electrode
treating the carbon felt electrode as a standard high surface electrode and then inserting the needle
inside the carbon felt electrode to examine the effect of creating a pseudo-GDE. Ar gas is used as

a control in which the only expected reaction is the HER. A change in current density when using
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N> instead of Ar therefore indicates an interaction of the electrode with N2, however, this does not
directly correlate with the performance of a material. For the Bi electrodes, little difference is
observed when using N> gas over Ar, although this does not mean that the Bi electrode is inert
towards N> reduction as electrons that was originally going towards the HER may now by being
used for the ENRR. An overall decrease in current density for both Ar and N is observed when
the gas needle is inserted into the carbon felt electrode to create the pseudo-GDE. The gas envelope
inside the carbon felt electrode effectively decreases the surface area of the catalyst that is in direct

contact with the electrolyte, which will decrease the total area that performs the HER.
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Figure 6. (a) LSVs of Bi while using Ar or N> gas outside (black) or inside (blue) the carbon felt
electrode. (b) LSVs with N> both outside and inside the carbon felt electrode using different gas
flow rates. (c) Faradaic efficiency for Bi electrodes for NH3 production at -0.6 V vs RHE using
different flow rates of N> gas. All measurements were performed in 0.5 M borate (pH 9.3). Data
collected by Dr. Youn Jeong Jang.

Figure 6b shows that as the gas flow rate is increased when the needle inside the electrode
the observed current density decreases. This is expected as the gas moving through the void space
inside the carbon felt electrode displaces the electrolyte solution as it escapes, which decreases the
total active surface area exposed to solution, thereby decreasing the observed current density. To
determine how the pseudo-GDE affects the ENRR performance of Bi coated on the carbon felt, a
series of J-t measurements at -0.6 V vs RHE were performed using different gas flow rates inside

the carbon felt electrode and the FE for NH3 production was measured (Figure 6¢). The FE was
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higher in all cases of flowing N> inside the electrode indicating that our pseudo-GDE did indeed
improve the observed ENRR performance of the Bi electrode when compared to placing the needle
outside the electrode. A sweet spot that optimizes the amount of catalyst that is exposed to the
three-way interfacial area of N gas, catalyst, and electrolyte in conjunction with the exposure of
the catalyst to dissolved N> in the electrolyte was determined at a flow rate of 100 mL/min where
the FE was almost tripled when compared to the needle bubbling N> to dissolve into the electrolyte

outside the electrode at the same flow rate, while increasing the flow rate past this value decreased

the observed FE.
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Figure 7. (a) LSVs of Sb while using Ar or N2 gas outside (black) or inside (blue) the carbon felt
electrode. (b) LSVs with N> both outside and inside the carbon felt electrode using different gas
flow rates. (c) Faradaic efficiency for Sb electrodes for NH3 production at -0.6 V vs RHE using
different flow rates of N> gas. All measurements were performed in 0.5 M borate (pH 9.3). Data
collected by Dr. Youn Jeong Jang.

These results were very exciting, indicating that a relatively simple pseudo-GDE can
improve the FE of Bi electrodes significantly. Therefore, the same series of experiments were also
performed on the Sb-coated carbon felt electrodes in 0.5 M borate (pH 9.3) (Figure 7). The Sb
electrodes demonstrated a similar pattern as the Bi electrodes where no noticeable change occurred
when using N instead of Ar and the overall current decreased when the gas needle was inside the
carbon felt (Figure 7a,b). Like with the Bi electrodes, creating the three way interfacial area inside

the carbon felt demonstrated a higher ENRR performance for the Sb electrodes with the observed
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FE almost tripling at a 100 mL/min flow rate (Figure 7c¢). The carbon felt electrode itself was also
tested for ENRR capabilities, as well as to determine if it may contribute trace amounts of N-
containing species as the precursor material (poly-acrylonitrile) for the carbon fiber synthesis
contains N. No NH3 was observed after J-t measurements were performed under the same
conditions used for the Bi and Sb FE measurements. The N5 region of the XPS spectrum (Figure
8) of the carbon felt before the J-t measurement also shows no peak associated with N, indicating
a lack of possible trace N contaminants in the underlying carbon felt, further verifying the observed

NHj3 comes from the reduction of N> gas on the Bi or Sb surfaces.
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Figure 8. XPS spectrum of the N 1s region for bare carbon felt before a J-t measurement. Data
collected by Dr. Youn Jeong Jang.

Overall, the pseudo-GDE demonstrates significantly improved ENRR performance for
both Bi and Sb deposited on the carbon felt, with an almost tripled FE observed for creating the
three-way interfacial region inside the carbon felt. While the maximum observed FEs for both Sb
and Bi in this study were not exceptional, by synthesizing electrodes with uniform, smooth
morphologies and similar surface areas a more accurate comparison can be made between these

two elements. The FEs for Bi and Sb were observed to be relatively similar (~1.1% for Sb and
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~1.4% for Bi) under the same conditions, suggesting that Sb could potentially demonstrate the

same remarkable FE observed for optimized Bi electrodes in the literature.

5.3.3 ENRR performance of BiSb

The ENRR performance of the alloy phase BiSb was examined in the same manner as Bi
and Sb alone. Figure 9a,b shows the LSVs of the BiSb electrode in 0.5 borate (pH 9.3). The same
trends were observed for BiSb as was seen for Bi and Sb alone, where there is no difference in the
LSVs between using Ar or N2 gas and that inserting the gas needle inside the electrode decreases
the current density because of displacement of solution inside the electrode by the gas. However,
upon measuring the NH3 production after the J-t measurement under different flow rates, a
remarkably increased FE is observed for the BiSb electrode (Figure 9¢) when compared to the Bi
and Sb electrodes alone. Even when the gas needle is used outside the electrode to dissolve N> into
solution, the FE for BiSb (~1.0%) is almost as high as that observed for Bi (1.4%) and Sb (1.1%)
when the gas needle is inside the carbon felt electrode. When using the pseudo-GDE setup for
BiSb, the FE reaches ~5.1% at a 100 mL/min flow rate of N> gas, an almost 4x increase of FE for
NH; production when compared to Bi or Sb alone. A series of J-t measurements was performed to
determine if this significantly improved FE was universally observed at different applied
potentials. The measured FE values are presented in Figure 10. While the relative increase of the
FE for BiSb compared to Bi or Sb varies across the different applied potentials, it is always higher
than Bi or Sb with a maximum FE towards NH3 of 5.1% at -0.6 V vs RHE. Applied potentials
higher than -0.6 V lead to a decrease in the measured FE for all materials, likely arising from the

increased competition of the HER.
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Figure 9. (a) LSVs of BiSb while using Ar or N> gas outside (black) or inside (blue) the carbon
felt electrode. (b) LSVs with N> both outside and inside the carbon felt electrode using different
gas flow rates. (c) Faradaic efficiency for BiSb electrodes for NH3 production at -0.6 V vs RHE
using different flow rates of N> gas. All measurements were performed in 0.5 M borate (pH 9.3).
Data collected by Dr. Youn Jeong Jang.
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Figure 10. The Faradaic efficiencies for NH; production for each material at different applied
potentials in 0.5 M borate (pH 9.3). Data collected by Dr. Youn Jeong Jang.

While the understanding of the ENRR mechanism and what affects the production of NH3
is overall in its infancy, several studies have suggested that the more active sites for Bi or Sb
containing electrodes are not composed of the metallic species but instead of the oxides.?>?**
However, the oxides are readily reduced under the conditions used to perform the ENRR, limiting

their ability to participate in the ENRR. Interestingly, a very recent report has demonstrated the
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ability to retain more Bi*" during the ENRR in the form of phosphates and vanadates even under
reductive bias conditions where Bi*" in Bi»O; is expected to be reduced. By retaining more Bi**
the authors observed a dramatically improved performance towards the ENRR.?? Therefore, we
wondered if a similar effect could possibly be occurring here between Sb and Bi whereby the

formation of the alloy BiSb phase resulted in the development of partial charges on Bi or Sb or

both that enhance the adsorption of N> onto the electrode surface.

In order to probe this hypothesis, we returned to the XPS spectra originally obtained to
verify that the BiSb electrode had an elemental surface ratio of 1:1 Bi:Sb. When originally
collected, nothing seemed out of the ordinary for either the Bi or Sb regions in the BiSb electrode
and quantification proceeded smoothly, however, it was not until they were compared with the Bi
and Sb alone XPS spectra that a curious observation was made. The binding energies for the Sb
metal peaks in the BiSb electrode were shifted slightly in the negative direction when compared
to Sb alone, indicating the Sb in BiSb had a slight partial negative charge. Correspondingly, the
binding energies for the Bi metal peaks in the BiSb electrode were shifted slightly in the positive

direction when compared to Bi alone, indicating the Bi in BiSb had a slight partial positive charge.
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Figure 11. XPS spectra of the (a) Bi 4f region and (b) Sb 3d region representing either Bi or Sb
alone (black) or Bi and Sb together in BiSb (red). Data collected by Dr. Youn Jeong Jang.

Figure 11 shows overlaid spectra of Bi in BiSb and Bi alone, and Sb in BiSb and Sb alone
that demonstrate this slight shift in binding energies. These observations provide strong evidence
that a slight charge transfer is occurring between the Bi and Sb atoms, which may be influencing
their ability to perform the ENRR. The presence of Bi and Sb oxides in the XPS spectra is expected
as neither are noble metals and will react with oxygen in the air to form surface oxides. These
oxides are purposefully reduced to their metallic form before any J-t measurement is performed
(see the experimental section) otherwise they would be reduced during the J-t measurement,

potentially convoluting the observed results.

Whether it is the partial positive on Bi, the partial negative on Sb, or both elements
possessing a partial charge improving the ENRR performance is unclear. Work by Jang et al. and
Bat-Erdene et al. suggest that Bi** and Sb** respectively are the more active sites when compared
to just Bi’ and Sb® for the ENRR leading to the notion that it is positively charged species
improving the ENRR performance.?!*> However, work by Zhang et al. suggests that partially
negative Au atoms in an Ag>Au alloy are the active sites for the ENRR indicating that the more
anionic species in the material is the more active site for the ENRR.?’ It is also unknown the origin
of these partial charges, as the difference in electronegativity for these two elements is less than
0.02,%¢ suggesting another effect is causing the partial charges on Bi and Sb. In order to confirm
the XPS results and elucidate the origin and effect on the ENRR of these partial charges a
theoretical collaboration was recently started with Professor Fredrickson’s group here at UW-
Madison. Their preliminary results do demonstrate that Sb develops a partial negative charge and
that Bi develops a partial positive charge upon creation of an alloy phase between the two elements,

helping to confirm the validity of the XPS results. This collaboration is currently ongoing to help
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understand the origin of these partial charges as well as which element, or both, is acting as the

active site.

Furthermore, to understand whether it is the partially negative Sb or partially positive Bi
species (or if both are) affecting the ENRR performance, a library of alloys is proposed to be
synthesized. The goal of this is to create alloys that demonstrate higher partial charges on either
Sb or Bi to determine if having more of a partial charge will increase the ENRR performance of
the resulting material. For example, by alloying Bi with a more electronegative metal to form a
more electropositive Bi and then examining its ENRR performance one could elucidate if it is the
partial positive charge on Bi that is the main active site, as a more partial positive Bi would lead
to an even greater ENRR performance. An ideal candidate would be the most electronegative
metal, Au, which is known to form several alloys with Bi including AuBi3; and Au,Bi.*”*® On the
other hand, if it is the partially negative Sb that is the more active site, alloying Sb with a more
electropositive metal could improve the ENRR performance. Examples include Zn which forms
numerous alloys with Sb including ZnSb and Zn3Sb, or Mn which also forms a multitude of alloys
including Mn2Sb and MnSb.***! Combining these proposed experiments with theoretical
calculations of the lowest energy states for ENRR intermediates on Bi, Sb and BiSb can illuminate
what the active site may be and whether it is the partially positive Bi or partially negative Sb or

that both are critical to the improved performance.

5.4 Conclusions

In summary, the performance of Bi, Sb, and BiSb has been investigated in 0.5 M borate
(pH 9.3) for the ENRR using a novel pseudo-GDE. By creating a three-way interface between the

solid catalyst, liquid electrolyte, and gas phase N2 inside the carbon felt electrode the FEs of Sb
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and Bi increased by approximately three-fold while the FE of the BiSb electrode increased by
approximately five-fold. This demonstrates a relatively simple electrode system change can
dramatically improve the ENRR performance of a material which enables ease of testing the effect
of increasing the gas concentration has on a system without the complexities associated with a real
GDE. Bi and Sb themselves showed comparable FEs (1.4% and 1.1%) towards NH3 production
indicating that Sb performs the ENRR on a similar level as Bi, suggesting that with improved
morphological and surface area modifications it may be able to achieve the same high FE values
of Bi as observed in the literature. The incredible four-fold increase of FE when using the BiSb
alloy over the individual elements of Bi and Sb highlights how combining different elements can
improve the ENRR. The XPS results show that Bi and Sb metal species in BiSb no longer have a
neutral charge and are partially charged positively and negatively respectfully, which could be
increasing the absorption of N> which leads to an enhancement in the ENRR. However, it is not
clear from this work alone whether it is the partially positive Bi or partially negative Sb that
improve the FE. Further experimental work investigating other alloy phases that produce a more
partial charge on either Sb or Bi is required to determine which metal is playing a more active role
in the ENRR. Finally, theoretical calculations of the binding energies of ENRR intermediates on
Bi, Sb, and BiSb surfaces may provide clues as to which of the elements is the active site and how

combining them dramatically improves the ENRR.
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