125 °C Thermal Annealed Flash Lamp Annealed to
Tantalum Sol on Gold/PET Tantalum(V) Oxide on Gold/PET

Sol-Gel-Synthese, Tintenstrahldruck und
Blitzlampentemperung von Tantaloxid-Diinnschichten
zur pH-Messung

Christopher Dyer Beale

Information
Band/ Volume 87
ISBN 978-3-95806-656-4

IJ JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Schriften des Forschungszentrums Jilich
Reihe Information / Information Band/ Volume 87







Forschungszentrum Jilich GmbH
Institut fir Biologische Informationsprozesse (1BI)
Bioelektronik (IBI-3)

Sol-Gel-Synthese, Tintenstrahldruck
und Blitzlampentemperung von
Tantaloxid-Diinnschichten zur pH-Messung

Christopher Dyer Beale

Schriften des Forschungszentrums Jilich
Reihe Information/ Information Band/Volume 87

ISSN 1866-1777 ISBN 978-3-95806-656-4



Bibliografische Information der Deutschen Nationalbibliothek.

Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der
Deutschen Nationalbibliografie; detaillierte Bibliografische Daten
sind im Internet Uber http:/dnb.d-nb.de abrufbar.

Herausgeber Forschungszentrum Jilich GmbH
und Vertrieb: Zentralbibliothek, Verlag
52425 Jilich

Tel.: +49 2461 61-5368
Fax: +49 2461 61-6103
zb-publikation@fz-juelich.de
www.fz-juelich.de/zb
Umschlaggestaltung: Grafische Medien, Forschungszentrum Julich GmbH
Druck: Grafische Medien, Forschungszentrum Jilich GmbH
Copyright: Forschungszentrum Jilich 2022
Schriften des Forschungszentrums Jilich
Reihe Information/Information, Band/ Volume 87

D 82 (Diss. RWTH Aachen University, 2022)

ISSN 1866-1777
ISBN 978-3-95806-656-4

Vollstandig frei verfiigbar iber das Publikationsportal des Forschungszentrums Jiilich (JuSER)
unter www.fz-juelich.de/zb/openaccess.

This is an Open Access publication distributed under the terms of the Creative Commons Attribution License 4.0,
57 which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://creativecommons.org/licenses/by/4.0/

PUBLIKATIONSLISTE

Beale, C., Altana, A., Hamacher, S., Yakushenko, A., Mayer, D., Wolfrum, B., &
Offenhausser, A. (2022). Inkjet printed Ta205 on a flexible substrate for capacitive pH
sensing at high ionic strength. Sensors and Actuators B: Chemical, 369, 132250.
https://doi.org/10.1016/j.snb.2022.132250

Beale, C., Hamacher, S., Mayer, D., & Offenhausser, A. (2021). Verfahren zur Herstellung
einer Metallglykolat-3-diketonatldsung oder einer Metallglykolat-R3-diketoesterlésung,
Metallglykolat-R-diketonatldsung oder Metallglykolat-R3-diketoesterlésung und deren
Verwendung (Patent Application No. DE102019006976A1). German Patent and
Trademark Office.

Beale, C., Hamacher, S., Yakushenko, A., Bensaid, O., Willbold, S., Beltramo, G., Mdller, S.,
Hartmann, H., Neumann, E., Mussler, G., Shkurmanov, A., Mayer, D., Wolfrum, B., &
Offenhausser, A. (2020). Correction: Tantalum(v) 1,3-propanediolate B-diketonate
solution as a precursor to sol—gel derived, metal oxide thin films. RSC Advances,
10(53), 32102-32102. https://doi.org/10.1039/DORA90092C

Beale, C., Hamacher, S., Yakushenko, A., Bensaid, O., Willbold, S., Beltramo, G., Mdller, S.,
Hartmann, H., Neumann, E., Mussler, G., Shkurmanov, A., Mayer, D., Wolfrum, B., &
Offenhausser, A. (2020). Tantalum(v) 1,3-propanediolate 3-diketonate solution as a
precursor to sol—-gel derived, metal oxide thin films. RSC Advances, 10(23), 13737—
13748. https://doi.org/10.1039/DORA02558E

Beale, C., Hamacher, S., Bensaid, O., Yakushenko, A., Mayer, D., Wolfrum, B., &
Offenhausser, A. (2019). Characterization of Flash Lamp Cured, Sol-Gel Derived
Tantalum Oxide Films. MRS Fall Meeting & Exhibit.






ZUSAMMENFASSUNG

Die Messung des pH-Wertes und der Temperatur spielt in vielen Anwendungen eine wichtige
Rolle. Dazu gehéren z.B. die Lebensmittelanalyse, Umweltiberwachung, chemische
Herstellungsverfahren und die Medizin. Die Integration von pH- und Temperatursensoren in
Verpackungen und elektronischen Bauelementen wird weiter an Bedeutung gewinnen, weil
sich die Welt in Richtung Industrie 4.0 und Internet der Dinge bewegt und immer mehr
Branchen datenbasiert sein werden. Die Herstellung von Sensoren auf flexiblen Substraten
kann neue Anwendungen ermdglichen. Dartiber kann die Herstellung und Betrieb eines pH-
Sensors ohne Referenzelektrode viele Vorteile bieten, wie z.B. der einfachere
Frabrikationsprozess und die Langzeitstabilitat des Sensors.

Um diesem Ziel einen Schritt ndher zu kommen, wurde in dieser Arbeit die additive Herstellung
von Tantaloxidschichten fur die pH-Messung untersucht. Insbesondere wurden das Sol-Gel-
Verfahren und die BlitzZlampentemperung verwendet, um diese Schichten auf Gold-
metallisierten  Polyethylenterephthalat-Folien (PET-Folien) abzuscheiden. Nach der
Abscheidung der Sensorschichten auf die Folie wurden sowohl ein Feldeffekttransistor mit
erweitertem Gate (eng: extended-gate field-effect transistor — EGFET), als auch eine
impedimetrische Konfiguration verwendet, um die Tantaloxidschichten auf pH-Sensitivitat zu
testen. Zusatzlich wurde ein negativer Temperaturkoeffizient (eng: negative temperature
coefficient — NTC) in Sol-Gel abgeleiteten Rutheniumoxid-Tantaloxid-Schichten zur
Verwendung als Temperatursensor untersucht. Diese Rutheniumoxid-Tantaloxid-Schichten
wurden ohne Photohartung auf einem Borosilikatwafer thermisch getempert.

Bei der Herstellung der Tantal-Sol-Gel-Lésung fiir eine eventuelle Schichtabscheidung durch
Photohartung wurde ein optimiertes Syntheseverfahren fiir die B-Diketonat- und 3-Ketoester-
Komplexbildung mit Tantal in 1,3-Propandiol durchgefiihrt und fiir die Photosensitivitat im Nah-
UV-Bereich charakterisiert. Suboptimale Syntheseverfahren funktionieren (immer) noch fir die
elektrische Bauelementenherstellung und wurden bei der Herstellung der pH-Sensoren
verwendet. Diese Losungen sind in der Atmosphéare stabil, was fir den Tintenstrahldruck der
Lésungen sowohl in einem Labor als auch in einer industriellen Umgebung wichtig ist.

Anschlielend wurden die Losungen im Tintenstrahldruckverfahren in Schichten aufgetragen,
gefolgt von einer Kombination aus einem thermischen und einem Blitzlicht Tempern der
Schichten. Die aus diesen Losungen hergestellte Tantaloxidschichten wurden mit Hilfe
verschiedene Materialcharakterisierungstechniken untersucht. Das Material wurde in einer
EGFET-Konfiguration sauren und basischen Lésungen ausgesetzt und dabei wurde gezeigt,
dass die Schicht Losungen im Bereich zwischen pH 2 und pH 12 standhalt.

Diese photogeharteten Tantaloxidschichten wurden anschliefend in einer impedimetrischen
Konfiguration mit interdigitierenden Elektroden (oder Interdigitalstruktur) (eng: interdigitated
electrodes — IDEs), ohne Referenzelektrode, auf pH-Sensitivitat getestet. In Lésungen mit
hoher lonenstérke wurde eine pH-abhangige Doppelschichtkapazitdt gemessen. Die Daten
wurden mit einem Ersatzschaltbild modelliert, das aus einer Doppelschichtkapazitat parallel
zu einer interferierenden spezifischen lonenadsorptionskapazitat bestand.

SchlieRlich wurde der negative Temperaturkoeffizient von Sol-Gel abgeleiteten
Rutheniumoxid-Tantaloxid-Schichten charakterisiert. Eine erste Probe wurde von 20°C bis
100°C und dann bis zu kryogenen Temperaturen getestet. Anschlielend wurde eine zweite
Probe mit einem verbesserten Herstellungsverfahren untersucht und von -20°C bis 60°C
getestet. In beiden Fallen wurde ein reproduzierbarer NTC beobachtet. Basierend auf den
vielversprechenden Ergebnissen, koénnte das Rutheniumoxid-Tantaloxid-Material die
Méglichkeit bieten, in einem einzigen Bauelement einen Temperatursensor sowie einen pH-
Sensor zu kombinieren.
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ABSTRACT

The measurement of pH and temperature plays an important role in many
applications, including food analysis, environmental monitoring, chemical
manufacturing, and medicine. Integration of pH and temperature sensors into
packaging and electronic devices will continue to grow in importance as the world
moves further towards Industry 4.0 and the Internet of Things, particularly as
more industries become data-driven. New applications would also become possible
by fabricating sensors on flexible substrates. Furthermore, building and operating
a pH sensor without a reference electrode would provide many advantages, such
as simpler manufacturing processes and long-term stability of the sensor.

In a step towards achieving this goal, additive manufacturing of tantalum
oxide films for pH sensing was explored in this work. Specifically, the sol-gel
process and flash lamp annealing were used to deposit these films on gold
metallized polyethylene terephthalate (PET) foils. After deposition of the sensing
layers on the foil, both an extended-gate field-effect transistor (EGFET) and an
impedimetric configuration were used to test the tantalum oxide layers for pH
sensing. Additionally, a discovered negative temperature coefficient (NTC) in sol-
gel derived ruthenium-tantalum oxide layers was examined for use as a
temperature sensor, where the layers were thermally annealed with no
photocuring on borosilicate wafer.

In preparing the tantalum sol-gel solution for eventual layer deposition via
photocuring, an optimized synthesis procedure for B-diketonate and B-ketoester
complex formation with tantalum in 1,3-propanediol was conducted and the thin
films characterized for photosensitivity in the near-UV range. Suboptimal
synthesis procedures still work for device fabrication and were used in the
production of the pH sensors. These solutions are stable in atmosphere, which is
important for inkjet printing the solutions both in a laboratory and in an industrial
environment.

Inkjet printing of the solutions to form layers was then performed, followed
by thermal annealing and flash lamp treatment of the layers. Photocured tantalum
oxide layers derived from these solutions were characterized via various material
characterization techniques. Exposure of the material to acidic and basic solutions
in an EGFET configuration for pH sensing was also performed, and the layer was
shown to withstand solutions in the range between pH 2 and pH 12.

A photocured tantalum oxide layer was then tested for pH sensing in an
impedimetric configuration on interdigitated electrodes (IDEs) without a reference
electrode. A pH dependent double layer capacitance was found in solutions of high
ionic strength. The data was fitted with an equivalent circuit consisting of a double
layer capacitance in parallel with an interfering ion specific adsorption
capacitance.

Finally, the NTC of sol-gel derived ruthenium-tantalum oxide layers was
characterized. A first material was tested from 20°C to 100°C, and then down to
cryogenic temperatures. This was followed by investigating a second material, with
an improved preparation procedure from the first material, and tested from -20°C
to 60°C. In both cases, a reproducible NTC was observed which could potentially
be combined as a temperature sensor with the fabricated pH sensor in a single
device.
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C4

Parylene deposition as described by the manufacturer?? for the SCS Labcoter
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Chapter One

Introduction

Receiving his Diploma in Engineering from the Technical University of Vienna in 1930, Paul
Eisler was ready for a career in the production of electronics.? However, as at the time the
electrical engineering jobs were reserved for members of the antisemitic German-Nationalist
student organizations, and as Eisler was Jewish, he was forced to find work elsewhere. Eisler
eventually co-founded the weekly radio journal Rundfunk in Vienna, where he worked as
technical editor and gained experience in printing technology. The radio journal was later
taken up by the publishing house Vorwdirts, where he continued to develop his printing
expertise.

However, the Austrian fascist putsch in February of 1934 led to the end of the publishing
house, as it had a social-democratic bent. Fearing for his future in Austria, Eisler used two
patent applications to get an invitation from a British-based firm, and was able to emigrate
to London in 1936. By selling his patent rights once there, but unable to take up work,
Eisler continued his inventive pursuits in an effort to support himself. With limited means,
he decided to combine his engineering experience in electrical circuitry with the knowledge
he gained from printing.

While gaining further printing experience at the British Museum, Eisler was captivated
by the idea of the mass production of electrical circuits via printing, and at the time he

observed that the radio receiver market would be the most promising. After developing a



working radio prototype with a printed circuit, Eisler was able to secure an interview at
the firm Plessey. Following a successful demonstration, his invention was nonetheless turned
down as such a manufacturing method would replace the labor force of girls, and that “girls
are cheaper and more flexible.”

Through personal struggle and family tragedy due to the course of events in his home
country, Eisler held on to his idea of printed electronics until the Second World War. After
forced internment due to his nationality, Eisler believed the best way for him to support
the war effort was to continue developing his idea of printed electronics, and took an offer
from a lithographic and music printing firm, Henderson & Spalding, where the firm hoped
that printed electronics would garner them wartime funding. At this firm, Eisler developed
his idea of printing on and subsequently etching metal-insulator foils, which in his case was
copper foil bound to varnished paper.

Eisler applied for a British patent in February 1943,% and began presenting his ideas
to the British and American militaries for possible military applications. During such pre-
sentations, Eisler and his assistant would print on the foils, etch them with ferric chloride,
clean them, and pass them around the room. Ultimately, the British were uninterested,
but the Americans borrowed the idea and printed electrical circuits for proximity fuses in
anti-aircraft munitions;*? these fuses work by emitting a radio signal after firing, and if this
signal is reflected by a metal object and then detected, the fuse detonates the projectile.

However, instead of selectively etching the circuitry on copper foils via subtractive pro-
cessing, the Americans printed silver paint on steatite (a ceramic insulator) via additive
processing, which allowed for cheap and reliable production of electronic circuitry for the
proximity fuses.?® When combined with the emerging technology of radar, projectiles armed
with these fuses destroyed roughly 4000 Vergeltungswaffe 1 (V-1) rockets aimed at London.
Furthermore, during the defense of Antwerp, 97% of the hits against V-1s aimed at Allied
forces were armed with the proximity fuse. The Americans were so confident in such anti-

aircraft munitions that they readied their Pacific fleet with them in a potential invasion of



Japan. However, the United States turned to nuclear weapons in ending the conflict, and
after the war the printed fuse technology was released. Printed electronics then expanded
to other military applications, and as with nuclear technology, to applications in the civilian
sector.

Through all of his hardships and meager compensation for his forward-thinking ideas,
Paul Eisler’s stubborn belief in printed electronics proved correct: printed circuit boards
(PCBs) and subtractive processing, along with some additive processes, are now ubiquitous
in electronics. Nonetheless, the move to additive printing of all components for “Industry
4.0,” especially for flexible devices and the “Internet of Things,” is currently on the frontier
in industry.® Within the modern field of printed and organic electronics, additive processing
is desired for resource preservation, and researchers are also seeking to optimize fabrication
processes for other goals, such as cost reduction, printing on-demand for changing designs
and applications, scalable production, power efficiency, flexibility, and the fabrication of
reliable devices able to withstand the environment which they are exposed to. An optimistic
projection for this sector is for the market to grow from $41.2 billion in 2020 to $74 billion
by 2030, where in 2019 the market for printed and flexible sensors ($3.9 billion) exceeded
that for conductive inks ($2.3 billion).”

Considering the relatively large market for printed sensors, further research in this direc-
tion is warranted for advancing printed electronics. Thus, just as the durability of printed
electronics was tested in anti-aircraft munitions, the aim of this thesis is to test the robust-
ness and reliability of additively printed, low-temperature cured electrochemical sensors in
aqueous solution, which is one of the more unfavorable environments for electronics. This
will be accomplished by inkjet printing and testing a tantalum oxide pH sensing layer, where
pH is one of the simplest yet most important parameters in the central science of chemistry.®

In order to achieve these goals, this thesis will begin by optimizing the synthesis of a
tantalum sol-gel precursor solution in Chapter 3, which is both air-stable and photocurable.

Such a precursor solution, which could be used in both subtractive and additive processing,



has the potential to affect the capacitor industry and other industries where tantalum oxide is
vital. However, later experiments will show that even with suboptimal synthesis parameters,
the solutions can still be used to photocure tantalum oxide films on metallized polyethylene
terephthalate (PET) substrates, which can be used in pH sensing.

After the tantalum solution synthesis is described, sensor fabrication in Chapter 4 will
show how the optimal xenon flash lamp parameters were obtained for photocuring tantalum
oxide on gold /titanium /PET foil, how these layers are chemically resistant in acidic and basic
environments, and finally how the solutions from the optimized synthesis form tantalum oxide
films which are likely amorphous; photocuring of the optimally synthesized solutions will be
investigated with a variety of material characterization techniques. Films fabricated from
solutions using suboptimal synthesis procedures will also be shown to be photocurable, as well
as to be pH sensitive in an extended-gate field-effect transistor (EGFET) configuration from
pH 2 to pH 12. Furthermore, as the fabrication procedure utilizes the parallel capacitance
of the material on interdigitated electrodes (IDEs) as a function of flash lamp shots, which
to the knowledge of the author has not been reported elsewhere, these results are important
for photocuring metal oxide materials which are used in many industries.

Then in Chapter 5, a tantalum oxide layer on IDEs will be investigated as a capacitive
pH sensor, where immittance spectroscopy will be used to see if the results are supported
by the theory for a metal oxide insulator in solution. Four different buffer solutions, all with
the same sensor, will be used where the first buffer has the least amount of interfering ions
as possible, the second buffer has potassium chloride added (0.5 M KCI), the third buffer
has sodium chloride added (0.5 M NaCl, a salinity similar to the ocean®!® and to “high
sodium kimchi,” a Korean food staple),!* and the fourth buffer has lithium chloride added
(0.5 M LiCl). The results will show that in the solution with no added chloride salt, a pH
sensitivity can only be seen in the series capacitance around 50 kHz. On the other hand, the
solutions with added alkali chloride salt will show a pH dependent double layer capacitance.

This double layer capacitance is in parallel to an interfering ion specific adsorption capaci-



tance, the latter of which is not affected as much by the pH. Rather, the specific adsorption
capacitance appears to be influenced by interfering ion size without a hydration shell. More-
over, the larger Stern distance for lithium cations in solution at the insulator-electrolyte
interface reduces the double layer capacitance with respect to sodium cations in solution,
which is as expected for the larger hydration shell surrounding lithium cations and for the
Gouy-Chapman-Stern model.'2 The larger polarity and volume for hydrated lithium cations,
resulting in dielectric decrement and a reduced surface charge density, may also contribute to
a reduced Stern capacitance when compared to sodium and potassium cations.!® Addition-
ally, the Appendix shows immittance spectra for sensors in 0.28 M NaCl buffers (a salinity
similar to “low sodium kimchi”),!! which also exhibit a pH dependent series capacitance.

In Chapter 6, an observed thermistor effect, discovered when attempting to fabricate
ruthenium-tantalum oxide pH sensors, will be presented in two experiments. The first ex-
periment resulted in a precipitate-free precursor solution, which came from a highly filtered
solution originally containing precipitate. The filtered solution was thermally annealed to
unexpectedly form a material with a negative temperature coefficient (NTC). The second
experiment then successfully reverse engineers the first experiment, and the potential syn-
thesis mechanism and the temperature sensitivity of the thermally annealed layers will be
subsequently discussed.

As this thesis covers multiple topics, which are sometimes unrelated, the chapters are
written so that they can be read independently of each other. The background information
in Chapter 2 attempts to unify these topics as best as possible, while discussing prior research,
material sourcing, and applications. In investigating the additive manufacturing of tantalum
oxide and its tested application as a pH sensor (and when mixed with ruthenium, as a
temperature sensor), the reported results in this work can hopefully drive major changes in
the manufacturing of electronics. This is particularly important since the world is dealing
with an energy and resource crisis, which could potentially be alleviated by the additive

manufacturing of metal oxide materials using low-temperature annealing.






Chapter Two

Background

This chapter will cover the initial observational and theoretical background for the discussed
topics, beginning with the definition of pH. This will be followed by a short discussion on
conductive and insulating metal oxides, and how they have been used in pH sensing in the
past. Once tantalum oxide is established as the best material for the application, a short
discussion on its sourcing and applications will be presented. The purpose of this discussion
is to show how the tantalum sol-gel solutions described in this thesis can be used in multiple
applications to make a material which is in relatively high demand. Finally, a case will
be made for the tested deposition technique, drop-on-demand inkjet printing, and how this
technique serves as a foundation for researching other techniques, such as gravure printing

for roll-to-roll processing.

2.1 Definition and Measurement of pH

The concept of pH dates back to 1889, when Nernst theorized that an electrode potential
can be correlated to ion concentration.® Arrhenius, a contemporary of Nernst, had recently
proposed the definition of an acid as a proton donor, and the combination of the two theories
led to the idea of determining the H (or H3O™) concentration in solution. Then in 1909,

14,15

Sgrensen proposed an initial definition of the effective concentration of the hydrogen ion,



cy, since the concentration of the H' ion is generally very low in solution:

1
— -P _—
=107 = (2.1)

As Sgrensen originally published in German and French, p was referred to as Potenz and
puissance, respectively, and to power in English. This led to his definition of the hydrogen
ion exponent, py, where likely due to convenience in typesetting turned into pH over time.
However, his initial definition is not the pH value commonly accepted today, and this initial

definition will be redefined as pcy:

pen = —logyg cn (2.2)

Serensen used the following electrochemical cell to measure pcy (a “ ; ” represents a metal-

” ”

electrolyte boundary, a “ | ” indicates multiple solutes in solution, and a “ | ” represents a

liquid-liquid boundary):
Pt ; H, , Solution X | Salt Bridge | 0.1 M Calomel Electrode (2.3)

In returning to Arrhenius and Nernst, the difference in e.m.f., Fy — F5, in Cell 2.3, was
described with the hydrogen ion concentration of solution 1, (cu),;, and the hydrogen ion

concentration of solution 2, (cu)y:

B~ By = % In Diﬁﬂ (2.4)

Here, R is the molar gas constant, T is the temperature, and F'is Faraday’s constant. Then
if (cm), is arbitrarily fixed at 1, E, would be fixed at a given temperature, where E, can be
redefined as a standard potential, E*, when combining Equations 2.2 and 2.4:

RT 1
E,=E"+~—"1n {—
! F | (cn),

The H' ion concentration, (cm),, was further equated to the product of the acid concentra-

RT'In10

7 ben (2.5)

:| — Eo/+
tion, ¢y, and the degree of dissociation of the acid, oy, determined classically by measuring

electrolytic conductance:

(cu)1 = a1y (2.6)



However, this definition has two main flaws: first, Equation 2.4 is only valid in ideal solu-
tions and when the residual junction potential is zero; second, solutions containing a strong
monobasic acid are known to have an acid concentration of ¢y, therefore contradicting Equa-
tion 2.6.

Eventually, the e.m.f. in galvanic cells was found to be driven by ion activity rather than
ion concentration, and a new definition was proposed by Sgrensen and Linderstrgm-Lang in
1924. This would become the IUPAC definition of pH, or originally pay, and is based on

the thermodynamic activity of the H' ion, ax (and thereby the activity coefficient, yg): 116

pH = pay = —log,gan = —logy yucn (2.7)

As the activity of the H' ion is immeasurable and varies among measuring cells, a convention
is required which can be applied in most circumstances.

For example the Harned cell, which uses a hydrogen gas electrode versus a silver chlo-
ride electrode, is a primary standard which has good reproducibility and low uncertainty. 6
Cells which may be more convenient to use, such as the glass electrode, tend to have lower
reproducibility and higher uncertainty and are deemed secondary standards. However, if a
secondary standard is traceable to a primary standard (i.e., a secondary standard can be
compared to a primary standard with stated uncertainties), then the use of a secondary
standard is justified in place of a primary standard.

Accordingly, the pH of the standard S, pH(S), can be used to determine the pH of a

solution X, pH(X), via the following relation: %1718

Ex — Eg)F

pH(X) = pH(s) + LX) (28)

This relies on knowing the difference in e.m.f. between the standard, Fs, and the solution in
question, Fx. In the case of a common glass electrode, this is typically between a Ag/AgCl
electrode in KCl and a H' sensitive glass membrane in contact with the solution to be

measured. 16



2.2 Metal Oxide pH Sensors

Since glass electrodes are often large and relatively fragile, other constructions are often
required when the sensor needs to be miniaturized. Thin metal oxide layers, for example,

8,19,20

have been implemented in the past due to their durable construction, and many of

these layers can be deposited in standard clean room settings.?!

2.2.1 Potentiometric Metal Oxide Sensors

In the potentiometric method, the potential difference of a stable reference electrode versus
a pH-sensitive layer is measured.® Various oxides have been compared for the potentiometric

22 where iridium oxide is often preferred as the most reliable.2? One of the

configuration,
pioneering uses for an iridium oxide pH sensor was reported for a pH-triggered pacemaker

in 1978, with a quoted description below:2*

Our intention was to develop a pacemaker which could vary its stimulation rate,
and thus the patient’s cardiac output, in response to variations of the metabolic
rate... Evaluation of the performance of the pH-triggered pacemaker one year
after implantation in man encourages us to develop further and improve such
a prosthetic device. The pH-triggered pacemaker reacted as expected with an
increased firing rate to all situations in which an enhanced catecholamine release
with resultant sudden blood pH variation toward acidity was stimulated. Physical

exercise, cold, ischemia and emotional stress produced predictable results.

3 and efforts to replace iridium oxide with ruthe-

However, iridium is rather expensive,?
nium oxide, the latter being cheaper but less reliable, have also been performed as both
metals undergo the same pH dependent M(III) <— M(IV) oxidation state change in aque-
ous solution. Nonetheless, the principle will only be explained for iridium oxide below in

order to be concise, where an exhaustive and recent list of publications by Lonsdale,? 30

10



who wrote his doctoral thesis on the topic,?* describes the ruthenium oxide mechanism in
detail.

Depending on the deposition technique, iridium oxide can exist as either anhydrous or
hydrous. Anhydrous iridium oxide undergoes the following redox reaction in aqueous solu-
tion:3!

21r0, + 2H" + 2e” = Ir,05 + H,0 (2.9)

When the oxide is partially hydrated, this reaction (simplified)?® changes to:>!
0, + 2H" + 2¢ —= TrO(H,0) (2.10)

In both cases, the number of protons and electrons exchanged remains the same, with the

Nernstian relation:23:31:32
RT gy
o BT [ e )
2F a(IrIV)a(H+)

In this case, E° is the standard redox potential and a; is the thermodynamic activity for the
respective species. Assuming the iridium oxide electrode activity remains constant at 23°C,

the equation can be simplified to:

2RT
E=E° 4 n [a@+ ] = E° — 0.059pH (2.12)

Thus, in the ideal case the iridium oxide electrode yields a —59 mV pH~' Nernstian re-
sponse at room temperature. However, due to amphoteric effects, iridium oxide can become
“super”-Nernstian when hydrated, being 1 to 1.5 times the typical Nernstian response. These
amphoteric sites, where adsorption or desorption of protons can occur without electron trans-
fer, come from an “oxide” which is described as a “hydrated oxyhydroxide in a cross-linked,

open-polymeric chain,” and results in the pH sensitive reaction below: 233!

21r0,(0H) (5, (H:0) &3 + (3 — 2x)H" + 2¢” = I1,04(OH)3(H,0)5 + 3H,0 (2.13)

The value of x is between 0 and 0.5, corresponding to the degree of dissociation of hydroxyl

groups. This value depends on the oxidation state of the electrode, where fully reduced
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electrodes yield a Nernstian slope (x = 0.5) and a fully oxidized electrode has a slope close

to 89 mV pH™! at room temperature (z — 0). This Nernstian relation is as follows: 233132
RT A1y
E=FE ———In|—&) (2.14)
2F a(IrIV)CL(H+)
Again after simplifying, this becomes:
3 —2z)RT
By B 2ORT ) )] = B° — 0.059(L5 — a)pH (2.15)

2F
Unfortunately in ambient oxygen saturated solutions, reduced electrodes are not stable as
the oxidation state will slowly change from Ir(III) to Ir(IV).3* Once oxidized, the electrode
pH sensitivity is stable, which nonetheless prolongs electrode fabrication time. In addition,
the hydration of anhydrous iridium oxide is slow and can take months.?* Thus, electrode
conditioning procedures are often required, either through weeks of buffer exposure® or by
placing the electrode in boiling, deionized water for 30 minutes.?%34
Additionally, both iridium oxide and ruthenium oxide, due to their pH sensitive oxidation
state change, are sensistive to reducing agents such as ascorbic acid,???%3! and these agents
can permanently change the E° value of the electrode and thereby require a recalibration.3
The deposition of a Nafion layer over the electrode can mitigate these effects, but the layer
also prolongs the response time of the sensor.2%3 Furthermore, in protecting such layers
against dissolved oxygen for better stability, it may be necessary to deposit a Ta,O5 layer on
the iridium oxide or ruthenium oxide electrode, whereby the Ta,Oj5 layer prevents the transfer
of electrons from oxygen while maintaining pH sensitivity for the sensor; this keeps the
M(III)/M(IV) ratio constant and yields a stable electrode potential.?3” Lauks, a coauthor
on the paper where conditioning iridium oxide in water at high temperatures was suggested,
obtained a patent claiming that an IrTaOx material, with a Ir/Ta molar ratio of 0.09, yields
a pH sensitive electrode having both a fast potentiometric response time and normal function
in the presence of reducing agents.>®

Considering these factors, additive processing of an iridium oxide or a ruthenium oxide

pH electrode would not be straightforward. The electrode conditioning steps, along with the
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additional layers required for proper function, would prolong and complicate the manufac-
turing process. The use of an insulating metal oxide, which in a potentiometric configuration
is non-ideal (due to its low conductivity), would nonetheless be superior in other ways. For
instance, insulative metal oxides are insensitive to reducing agents as they rely on amphoteric
sites (no electron transfer) for pH sensitivity.3® Therefore, instead of building a potentiomet-
ric iridium oxide sensor with both a Ta,O5 layer and a separate Nafion layer, it may be better

to use the TayO5 layer alone in a measurement method that works for insulating oxides.

2.2.2 ISFET Metal Oxide Sensors

In 1970, Bergveld®®4° reported a possible improvement in measuring neural activity, where
typically measurement of the desired signal with an electrode includes the surrounding “bio-
logical noise.” The idea was that instead of monitoring the potential, the measuring appara-
tus should be constructed so as to monitor the surface charge density at the electrode-solution
interface. By monitoring the local charge density and correlating that to neural activity, the
noise from surrounding cells would be reduced. As an example, Bergveld used an SiO, layer
as a transistor gate which would also interact with NaCl in solution. As the NaCl solu-
tion concentration changes, the gate potential would also change and thereby regulate the
source-drain current, Ipg.

This transistor configuration was termed an ion-sensitive field-effect transistor (ISFET),
where the ion sensitivity of the gate oxide can also be used in pH sensing.*' However, the
mathematical relation between Ipg and pH, where pH influences the ISFET’s threshold
voltage, Vr, depends on whether the ISFET is operating in the unsaturated (linear) or

saturated region. In the unsaturated region, Ipg and Vi are directly proportional:4!™43

CoeW 1
Ips =" ; ([VGS — V| Vs — 5\/35) (2.16)
Whereas in the saturated region, Ipg is proportional to the square of V:42:43
CocW
Ips =4 o (Vas — Vr)® (2.17)



In both cases, u is the average channel electron mobility, C,, is the gate oxide capacitance,

W is the gate width, L is the gate length, Vpg is the source-drain potential, and Vg is the

source-gate potential. Along with the effects of solution pH, V» has multiple contributions: !

S0 (DZ ox T ss
Vi = Epep — o+ X l—%—%—gB

+2¢; (2.18)

Among the transistor parameters, ®g; is the silicon electron work function, e is the elementary
charge, QQ,, are charges in the gate oxide, Qs, are charges in the surface and interface states,
Q@p is the depletion charge, and ¢y is the potential difference between the Fermi levels in
doped and intrinsic silicon. For the solution parameters, E,.; is the reference potential,
x*% is the surface dipole potential of the solution, and 1 is the electrostatic potential of
the oxide layer in solution. The transistor parameters and E,.; should remain constant,
while x** is independent of pH. Thus, changes in Ipg can be associated with changes in )y,
and therefore according to the site-binding model, pH. This model, as proposed by Yates,
Levine, and Healy,** describes the proton binding sites on oxides in solution, without electron

transfer and Faradaic current, where Hg are protons in the bulk solution:
AOH == AO + Hy and AOH,” == AOH + Hy (2.19)

Bousse, de Rooij, and Bergveld?! later applied the model to the ISFET, although this model
suffers from being difficult to interpret, not applicable to the entire pH range, and ignores
the contribution of ionic strength. Thus, the model was later improved by van Hal, Eijkel,

d, "% which will be derived below so as to determine the best insulating oxide

and Bergvel
for pH sensing.

In defining the equilibrium conditions for Equation 2.19, Hs™ are the protons at the oxide
surface, v; is the number of respective sites per unit area, a; is the respective activity, and
K is the respective dissociation constant:

V(40=) 0115

£)
and Kj =
V(AoH) Y(aomy)

Yaom(ut)

K, = (2.20)
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This leads to the following Nernstian equation showing the relation of the bulk solution

activity, a(p5) to the surface activity, (pt)s where k is the Boltzmann constant:
B S

—ety
gy = (s OXP ( T ) (2.21)
Additionally, the surface charge density, og, is defined as follows, with N being the number of
sites per unit area, and ©F and ©~ being the fractions of sites with the charges of AOH," and
AQ7, respectively:
70 = ¢ (Viaoms) — o) = eN. (67 — ) (2.22)
The fractions ©T and ©~ are determined from the equilibrium reactions in Equation 2.20,
which when substituted into Equation 2.22 yields:
2
(l(H;r) - KaKb

=eN,
0g = ¢€ KaKb-i-Kba(H;r) —|—a%

= —¢[B] (2.23)

H)

Here, [B] is the number of negatively charged groups minus the number of positively charged
groups per unit area, and the pH at the point of zero charge, pH,,., is when [B] equals zero.
When taking the partial derivative of [B] with respect to pHg, one can arrive at the intrinsic
buffer capacity of the metal oxide, S;,;-

Kba%H;r) + 4KaKba(H;) + KaKg

2
(KaKb + Kba(H;) + (J,?H;)>

dog e J [B]
dpHg B dpHg

= —CNS

a(H;) In10 = —6ﬂmt (224)

The charge that accrues on the metal oxide electrode is equal and opposite to the electrolyte
charge, where the electrolyte charge forms at a distance x5 from the surface. Within the
Gouy-Chapman-Stern model, x5 forms the boundary of the Stern layer, where the ion centers
accumulate at this distance. The diffuse layer charge, o4, in the Gouy-Chapman-Stern model

is defined as:

zeps
2kT

0q=— (8kT660n0)1/2 sinh ( ) = —Cipy = —09 (2.25)

Here, ¢y is the permittivity of vacuum, e is the relative solution permittivity, ¢, is the

potential at x,, n° is the number concentration of each ion in the bulk solution, z is the
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ion charge magnitude, and C; is the integral capacitance per unit area. Following from this,
the differential capacitance per unit area, Cg;f, is the storage of charge in the electrolyte in

response to a change in vy:

eegze2n? 1/2 zed
dog  dog (2 4T ) cosh ( 2kT2) __¢ (2.26)
T B T () (e oo (52)

€€o kT 2kT

Then, the combination of the diffuse layer side of the double layer in Equation 2.26 with the

metal oxide electrode side in Equation 2.24 gives:

0o :% doyg _ —eBint
opHy  dop 6pHg Cais

(2.27)

Then by substituting the Nernstian relation from Equation 2.21 into Equation 2.27 and
with a subsequent rearrangement, pH changes in the bulk solution can be related to the

electrostatic potential on the metal oxide electrode surface:

(Swo kT 1In 10
=— a
opHp e

(2.28)

In this case, a is a sensitivity parameter from 0 to 1, where when « = 1 the slope is roughly
—59 mV pH™! at 23°C:

TCysInl -t
o <i’f Cais In °+1> (2.29)

?Bint
Thus, the larger the value of (;,; for the particular metal oxide, the closer « is to 1 and
the more Nernstian the pH response. Knowing from Equation 2.24 that f;,; is directly
proportional to N, the data from Table 2.1 can be used to determine which insulating metal
oxide, among SiO,, Al,O3, and Ta,O5, would give the largest value for S;,;.

Table 2.1 Relevant constants for some metal oxide insulators. 41:45:46

Metal Oxide pK, pK, N; (sitesm™) pHpe

Si0, 6 -2 5 x 1018 2
ALO; 10 6 8 x 1018 8
Ta,0s 4 2 10 x 108 3
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Among the three metal oxides (and SizN,),® Ta,O5 would thus give the best response,
and is theoretically able to do so even as the ionic strength of the solution changes,*!*5
although there have been reported exceptions such as alkali interference.*” In examining pH
hysteresis measurements from pH 3 to pH 11 by Bousse et al.,*® the increased interference in

the basic region for TayO5 was suspected to be due to adsorbed alkali, 90

although superior
hysteresis performance for Ta,O5 was found at acidic and basic pH (hysteresis ranked as fol-
lows: Si3Ny > Al,O3 > TayO5). In the absence of alkali, a recent study of amorphous Al,Os3,
Nb,Os, and Ta,O5 deposited via atomic layer deposition (ALD) showed that both group
5 oxides NbyOy and Ta,O; are more resistant to corrosion than Al,O; against NH,OH.5!
Another advantage of Ta,Oj5, along with NbyOs, is their ability to conduct protons in elec-
trochromic window applications, although under high applied potentials.®? Considering this
ability to absorb protons for these oxides, as observed for Ta,O5 on ruthenium oxide? and
iridium oxide®” for pH sensing, Ta,O5 or Nb,O5 could potentially be used in an interdigi-
tated electrode- (IDE-)based, reference electrode free sensor, where the capacitance across
the TayO5/NbyOs-electrolytic solution double layer,®® and the “proton space charge” in the

metal oxide layer,®*%°

changes with pH. Removing the reference electrode simplifies the de-
vice manufacturing, as one less material is needed to produce the sensor. Furthermore,
a capacitive based sensor would remove the need to fabricate a transistor required in the
ISFET configuration, further simplifying sensor construction.

Therefore, this thesis will investigate the additive manufacturing of Ta,O5 on IDEs for
capacitive pH sensing, where Ta,O5 has been studied much more for pH sensing than Nb,Os.
However, the results of this thesis may be relevant for the additive manufacturing of NbyOs,
which should be taken under consideration in future studies, especially as both are group 5
metals with similar atomic radii due to the lanthanide contraction (often giving them similar
chemistry). Furthermore, the use of Ta,O5 and Nby,Oj extends far beyond pH sensing, and

the ability to additively manufacture these oxides could influence many sectors. Thus, a

short discussion on the sourcing and application of these oxides is warranted.
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2.3 Sister Elements - Tantalum and Niobium

Tantalum and niobium (both lying in the mass number range A = 63 - 209) are suspected
to have been formed via neutron absorption in pulsating red giant stars, and as niobium
and tantalum have an odd atomic number, these elements have lower abundances in the
universe, with tantalum being even more rare due to its higher mass.®® As a consequence,
niobium is more abundant on Earth and the Moon than tantalum, with a Nb/Ta ratio in the
Earth-Moon system being lower than that of the solar system®” and where tantalum is the

58,59 _ this has been further claimed as evidence of

rarest stable element in the solar system
the impact hypothesis for the Moon’s formation from Theia colliding with Earth®” (although
recent research has presented new questions regarding the impact hypothesis),®%! and the
Nb/Ta ratio further helps to explain continent formation which is unique to Earth.5?
About 4.5 billion years after Theia is thought to have impacted Earth, a mineral (columbi-
te) from the American continent was examined by an Englishman named Charles Hatchett in
1801, which he stumbled across at the British Museum in London, originally being acquired
from governor John Winthrop of Connecticut, United States. Obtained from the area of
New London in Connecticut, Hatchett observed a new element in the mineral and named it
columbium, after the Americas.%3% Then in early 1802, Anders Gustaf Ekeberg of Sweden
examined minerals from Ytterby, Sweden (yttrotantalite) and Kimito, Finland (tantalite)
where both appeared to contain a new element.5*6%57 Ag the element was unable to react
with any acid in Ekeberg’s laboratory, he named the new element tantalum after Tantalus,
who in Greek mythology was punished eternally by not being able to eat or drink. %6763
Later in 1809, William Hyde Wollaston of Britain examined columbite and tantalite
minerals more closely, having already discovered palladium in 1802 and rhodium in 1804.%
Wollaston was also the first to produce and market pure, malleable platinum ingots, while

his partner, Smithson Tennant, discovered osmium and iridium from platinum ore. Despite

his experience with platinum group metals, Wollaston’s examination of the columbite and
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tantalite minerals mistakenly led to the determination that both columbium and tantalum

were the same element, as quoted below: 5370

Notwithstanding the quantity employed in my analyses was thus limited, I have,
nevertheless, by proportionate economy of the materials, been enabled to render
my experiments sufficiently numerous, and have found so many points of agree-
ment in the modes by which each of these bodies can or cannot be dissolved
or precipitated, as to prove very satisfactorily that these American and Swedish
specimens in fact contain the same metal; and since the re-agents I have em-
ployed are in the hands of every chemist, the properties which I shall enumerate
are such as will be most useful in the practical examination of any other minerals

in which this metal may be found to occur.

However, upon further examination in 1844, Heinrich Rose suspected that two different

63,68

elements occurred in a Bavarian tantalite sample. Likely thinking that columbium and

tantalum were mistaken for the same element (Rose mentions the naming of columbium in

this study), Rose proceeded to name a new element and is quoted as follows:5®

Die Sdure aus dem baierschen Tantalite... besteht aus zwei Sduren, von denen die
eine sehr viele Aehnlichkeit mit der Tantalsiure aus dem finnlédndischen Tanta-
lite hat, und von welcher ich in der néichsten Abhandlung umsténdlicher sprechen
werde. Auch die andere Sdure hat Aehnlichkeit mit der Tantalsdure, unterschei-
det sich jedoch in mancher Hinsicht wesentlich von derselben. Sie ist das Oxyd
eines Metalls, das sich von den bisherbekannten unterscheidet. Ich nenne das-
selbe Niobium und sein Oxyd Niobsédure, von Niobe, der Tochter des Tantalus,
um durch den Namen die Aehnlichkeit mit dem nach letzterem benannten Metalle

und dessen Oxyde anzudeuten.

As both niobium and tantalum were found to be chemically similar, separation of the

two proved to be difficult. Finally in 1866, Jean Charles Galissard de Marignac found that
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the two elements could be separated by using potassium fluoride salts of both niobium and
tantalum, where K,NbOF; was found to be more soluble than K,TaF; in water.5%"172 The
use of this process to separate the two elements led to the confirmation that columbium and
niobium are the same element. This naming conflict lasted until 1949, where the American
preferred tungsten (from wolfram) was made official in exchange for the European preferred

63,73 although it is claimed that columbium is still used by some to this day.5?

niobium,

In 1905, von Bolton and Feuerlein of Siemens & Halske AG reported the use of tantalum
in a light bulb in Germany,™ where tantalum would later be replaced by tungsten as a
filament material. ™ By 1935, tantalum and niobium had many reported uses - chief among
them were the vacuum tube (the predecessor to the transistor), where tantalum proved
superior in comparison to other metals and where niobium was also useful for this application.
Tantalum’s corrosion resistance seemed to be largely understood, where below 200°C the
metal could only be attacked by hydrofluoric acid, concentrated sulfuric acid, strong alkalic
solutions, and hydrogen gas. Due to a thin oxide film forming on the surface of the metal,
tantalum was used in electrolytic rectifiers and capacitors. Tantalum’s corrosion resistance
allowed for it to be used in chemical apparatus, and its weldability in various machines.
Tantalum and niobium carbides were also being used in cutting applications, due to the
hardness of the ceramic material.

World War II later showcased tantalum as a biocompatible material, where in 1941
Lieutenant Commander O. Hugh Fulcher of the United States Navy performed the first
cranioplasty on a wounded sailor using tantalum, which was performed in the United States
Naval Hospital in Washington, DC. As the United States needed as many able bodied men
as possible for the war effort, Fulcher claimed new implants were needed to keep “as many
men at as many guns as many days as possible.” "7
The recommendation to use tantalum came from its malleability, as well as from tests

beginning in 1940 where bits of tantalum were placed into Ringer’s solution (an isotonic

solution mimicking bodily fluids) at body temperature for 3 months.”"™ After this period,
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no change in the weight or in the appearance of the solution and the metal were noticed.
Animal studies then followed where plates and screws were placed into dogs and rabbits,
where no negative immune reactions to the tantalum metal were observed. The success of
tantalum implantation was attributed to a thin tantalum oxide layer which formed on the
surface of the implant.™

Tantalum cranioplasty operations in cats confirmed these findings, while also noting that
fixation to the bone was not required as a connective tissue capsule formed around the tan-
talum implant upon healing.®® Based on these results, Fulcher proceeded with his operation
and found post-operation, a month after the beginning of the United State’s involvement in

World War 11, that his patient successfully recovered as quoted below:™

The patient returned from his sick leave on Jan. 8, 1942, anxious to return to
active duty. He was mentally alert, liked social life and was completely adjusted.
On January 13 and 14 a thorough examination was made to determine his qualifi-
cation for submarine duty, which included his ability to withstand an air pressure
of 50 pounds to the square inch [3.4 atm|. He passed this test satisfactorily and

on January 16 was returned to submarine duty on a North Atlantic patrol.

A year later in 1943, Spurling reported the repair of peripheral nerves with the same
element, in this case using tantalum wire and foil to complete the task.8! The idea is described
in further detail by Weiss, where nerves are held into a sleeve by suction and are thereby
encouraged to reunite; as tantalum foil is relatively malleable and biocompatible, the metal
was used as a protective liner for the sleeve.3? However, Norcross and Bakody found that
unannealed tantalum foil may fragment in the body long term, and they recommended to
use annealed foil as Weiss did.5?

During the Korean War (1950-1953), the United States military began to realize the value
of tantalum for defense purposes, which led to a national stockpile of niobium and tantalum

ore - increasing the price worldwide until 1958, when the United States paused purchasing
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of the ore.® As tantalum was recognized as valuable for making capacitors, and since the
Soviet Union was finding that their supplies were not sufficient, the Soviets pioneered niobium
capacitor research since niobium was much easier for them to obtain.%

In the 1960s, niobium capacitors began to be mass produced in the Soviet Union, and
tantalum was being utilized all over the world in consumer electronics, chemical production,
aerospace, and machinery manufacturing.®-8 Tantalum prices continued to cycle until the
late 1970s, where prices for the metal spiked worldwide due to concerns about reserves (i.e.,
war in Mozambique and closing of a Canadian mine).*%56 By 1983, the United States reported
that 70% of consumed tantalum was used in electronic components, 15% in metalworking
machinery, 8% in aerospace and transportation, 7% in chemical process equipment, and
less than 1% in other uses (including medical implants).3 Countries consuming the most
tantalum until the end of the century were also forecast as being the United States, Japan,
the Federal Republic of Germany, the Soviet Union, and other European countries - this is
notable as China had yet to play a major role in the tantalum supply chain.®

After the Cold War ended, the United States began selling off its tantalum stock in
1993.86 Then in the late 1990s, consumers were demanding more electronic products, and as
a consequence some tantalum ore processors locked themselves into long-term contracts in
order to meet this demand. Due to these contracts, other processors and electronic manu-
facturing companies found it harder to acquire the metal, and along with trader speculation
this led to a large price spike at the end of the century. Notably, this resulted in Sony not
being able to meet the demand for the PlayStation 2 at Christmas in 2000.

On the other side of the world, the Democratic Republic of the Congo (DRC) had internal
conflicts beginning in the early 1990s, which were exacerbated by the Rwandan genocide
through refugees flowing into the eastern Congo.3¢ Eventually, this pitted the DRC against
Uganda, Rwanda, and armed groups of the eastern Congo in the Second Congo War (1998-
2003). Casualty numbers went into the millions, and armed groups were looking for ways

to fund their campaigns. In 1998 and 1999, methods of exporting coltan (columbite [(Fe,
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Mn)NbyOg] - tantalite [(Fe, Mn)TayOg]) 87 out of the DRC were implemented, and the DRC
and other armed groups were able to take advantage of the price spike in tantalum ore at
the end of the decade.

Subsequently, coltan became notoriously associated with war and violence in the DRC,
and local violence continues to this day.® However, coltan is only one of many resources that
are used to fund conflicts in the DRC, and should not be considered as a direct cause of the
violence. Additionally, not all of the artisanal mining operations are associated with armed
groups, and they can provide the region with jobs when properly managed. Nonetheless, it
is difficult to track the origin of “conflict free” coltan, although a German group has been
developing a fingerprint method to track the origin of the mined ore. 868889

Despite these efforts, national governments and non-governmental organizations such as
the United Nations are finding out how difficult it is to control and track where tantalum
and niobium ore is coming from.® For example, in 2008 one source reported that Africa
produced 37% of the world’s tantalite ore,?® whereas a more recent study (taking into account
mined ore and products containing tantalum) found the figure to be almost 80%.%! These
discrepancies can largely be explained by the fact that organizations such as the United
States Geological Survey and the Tantalum-Niobium International Study Center only report
primary mine production and permitted artisanal, small scale mining - this leaves out illegally
traded coltan from Africa, making up for the extra tantalum found in our products. As a
direct result of much of African tantalum being unaccounted for, this lends to a resilient
supply chain as when large producers in Brazil, Australia, or Canada decide to shut down,
illegally mined tantalum in Africa can make up for the shortfall. Furthermore, 53% of African
tantalum was sent to China in 2014, a manufacturing power,?! demonstrating large changes
in the supply chain since 1983.%4

In the present day, tantalum and niobium play important roles in society, where their

84,92

fields of use have largely not changed since the 1960s, and both are known for having

high corrosion resistant films.?' Niobium is mostly used in ferrous metallurgy in order to
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improve the properties of steel,®? and tantalum largely in the electronics industry. Tantalum
is preferred for capacitors due to the small size, durability, and efficiency at which tantalum

85,86.91.92 When costs need to be reduced, niobium capacitors can also be

capacitors operate.
employed, although niobium capacitors have lower volumetric efficiencies, lower operating
voltages, and larger leakage currents (the larger leakage current in niobium capacitors had a
perplexing effect on Soviet researchers when they found that the leakage current increased
with storage time, which was blamed on an “evil spirit.” This spirit went away when the
hermetic seal was opened to balance the moisture).® Thus, tantalum’s reliablilty is why wet
tantalum electrolytic capacitors are often chosen for aersopace and military applications, as

well as for cardiac defibrillator devices.3%%3

2.4 Biomedical Applications of Tantalum and Niobium

Aside from capacitors for biomedical applications, cold worked tantalum and niobium metal
have been mechanically compared as orthopedic implant materials due to their corrosion
resistance and biocompatibility (properties lended by their oxide surfaces), where tantalum
showed a higher endurance limit than niobium in different environments.’® Furthermore,

95798 and cell pro-

porous tantalum implants are known to have enhanced osteointegration,
motion can be reduced by using argon plasma (thus increasing hydrophobicity) and making
the material more suitable for angioplasty and vascular surgery.%® Sol-gel produced TaOx
nanoparticles, acting as bioreactors encapsulating a catalase, have even been studied for
radiotherapy enhancement for tumors.'® A more recent study showed that tantalum can
be incorporated into soda lime borosilicate glasses in order to increase its hardness, while
still showing cytocompatibility towards osteoblast cells. %" Similarly, an investigation in 2020
used sol-gel-assisted micro-arc oxidation synthesis of tantalum and tantalum-strontium films

on titanium for increased hydrophilicity and osteoblast attachment to the substrate. 02

This biocompatibility has been further taken advantage of for both neural and cardiac
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electrodes. "% Tantalum oxide neural electrodes operate through capacitive charge injec-
tion, which lends inherent disadvantages such as relying on ion diffusion.%%1% Nonetheless,
Medtronic finds uses for tantalum oxide in cardiac stimulation, which is due to tantalum’s
classification as a valve, or vacuum tube, metal (valve metals, which include titanium, tan-

talum, niobium, hafnium, zirconium, and tungsten, readily form thin oxide films on the

106

surface of the metal),'?® meaning that tantalum oxide can pulse but not sense, and this can

be integrated with metals such as platinum or iridium to reduce noise during physiological
sensing. 14

Surface plasmon resonance (SPR) biosensors have taken advantage of the high refrac-
tive index of both tantalum oxide and niobium oxide in order to improve sensor sensitivity
and sensor stability. 9719 Types of electrochemical biosensors employing tantalum oxide

or niobium oxide include those for a variety of charged macromolecules (e.g., proteins and

DNA), 07115 hacteria, ''® cells and their behavior,''” as well as pH and other ions.':!!8119

Tantalum oxide and niobium oxide compete with other metal oxides as a pH sensing mate-

rial, 822:41:45,119-121 where tantalum oxide pH sensors have been studied in applications such as

122,123

tooth enamel erosion and cleaning-in-place sensors for the food industry.!® In partic-

41,45,120 311 insulative nature

ular for tantalum oxide, its cleanability,'® high buffer capacity,
lend it many desired properties; as mentioned previously, Lauks of the [-Stat Corporation
even claimed in 1991 that for potentiometric pH sensing, a sensing layer can be produced by
codepositing a small amount of iridium oxide with tantalum oxide, whereby the high sensitiv-
ity of the former and the redox resistance of the latter combines to provide a superior metal

124

oxide layer for potentiometric pH sensing in medical applications.? Niobium oxide!?* and

tantalum oxide!25!26 have also been investigated as pH sensitive layers for light-addressable

127,128

potentiometric sensors (LAPS), allowing for 2D mapping of pH changes in applications

such as cell metabolism.
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2.5 Additive Processing of Sol-Gel Derived Metal Oxides

Considering the various applications of these metals, investigations into additive manufac-
turing of their oxides should take mass manufacturing into account. Being able to reliably
produce many devices allows for a more significant impact in society, especially in the effort
to save resources when avoiding subtractive processing.

One of the most cost effective ways of achieving mass manufacturing is roll-to-roll pro-
cessing,'? particularly when demand for the item in question is high.!3° Essentially, as the
substrate enters the manufacturing line, several steps can be integrated, with the final prod-
uct ready for packaging upon exiting the line. More specifically, a flexible substrate, initially
stored in a roll, is unwound and modified by either additive (e.g., screen, inkjet, and gravure
printing) or subtractive (e.g., photolithography and etching) manufacturing steps. '3:'32 Such
processing further permits additional steps such as thermal treatment and UV curing, where
UV curing is often required on low melting point substrates.

Chemical solution deposition (CSD) and photochemical solution deposition (PCSD), both
roll-to-roll friendly deposition techniques of oxides, are lower cost processing techniques than
others such as atomic layer deposition (ALD), radio frequency sputtering, magnetron sput-
tering, ion beam sputtering, laser ablation, and metal organic chemical vapor deposition
(MOCVD). '3 Furthermore, CSD and PCSD provide other advantages such as the modifica-
tion of solution chemistry and stoichiometry for the required application, and incorporation
into additive manufacturing processes, thereby reducing wasted materials. %*

Highly scaled gravure printing, which utilizes silicon microfabrication techniques to create
molds with dimensions between 1 um to 10 wm, is a promising roll-to-roll manufacturing
and CSD/PCSD technique which is able to increase throughput while reducing the feature

size. 132

Other techniques, such as screen printing and inkjet printing, are able to achieve a
similar throughput with larger minimum feature sizes, which range from 10 um to 100 pwm

for inkjet printing, and are ~100 pm for screen printing.
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As creating gravure plates is rather expensive, this work will optimize the created tanta-
lum inks for drop-on-demand, piezoelectric inkjet printing, where future experiments could
modify the ink for gravure printing. The drop-on-demand, piezoelectric inkjet technique is
ideal for research applications, as patterns can be quickly made on a computer, which can be
subsequently printed. In applying the signal to the print head for printing the ink, a positive
voltage signal (being a trapezoid in its simplest form), or waveform, can be tailored for opti-
mum droplet formation and deposition. Nonetheless, inkjet printing of sol-gel inks presents
many obstacles, such as ink stabilization during printing, where Matavz and Mali¢'3* discuss
drop-on-demand, piezoelectric inkjet printing of sol-gel solutions in more detail. Moreover,
the deposition of tantalum oxide and niobium oxide via CSD or PCSD has run into obstacles

in the past, and these challenges will be addressed in Chapter 3.
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Chapter Three

Solution Synthesis

This chapter will begin with a short introduction to the sol-gel deposition of niobium oxide
and tantalum oxide, followed by a series of experiments which lead to an optimized synthesis
route to a near-UV curable tantalum solution. The final experiment will then show that the
procedure can be shortened to make such solutions. However, some suboptimal syntheses
will be described in Chapter 4 with the sensor fabrication, which were performed before the

d 135-137

experiments shown here were conducted. Parts of this chapter have been publishe and

discussed in German patent application DE 10 2019 006 976.5 filed on October 8, 2019.138

3.1 Sol-Gel Deposition of Nb,O5; and Ta,Os

The sol-gel process, a subset of chemical solution deposition (CSD) and photochemical so-
lution deposition (PCSD),!®? can be used to form oxide films and consists of forming a
sol, a stable suspension of colloidal particles, followed by the formation of a gel, a three-
dimensional solid network that may support a liquid phase.'®® As sol-gel science is a very
broad topic, this section will focus on the alkoxide, diol, and B-diketonate/B-ketoester route
to sol-gel derived tantalum oxide or niobium oxide films. One of the reasons for focusing on
a halide-free route is to avoid halide impurities in the produced thin films.!*® Another reason

to avoid metal halides is the possible production of acidic compounds, such as hydrochloric
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acid, which may be undesired.'*! However, metal alkoxide compounds were originally derived
from metal chloride compounds, and therefore a brief history of the metal chloride to metal
alkoxide transformation will be discussed below. This will be followed by sol-gel deposition

of tantalum oxide and niobium oxide films.

From Halide to Organic Precursors - 1856-1970s

Unwittingly, the first tantalum alkoxide and sol-gel experiment was performed in 1856 by
Heinrich Rose, where roughly a decade after the first formation of silica via the sol-gel route
by Ebelmen, *? and Rose’s naming of niobium, % Rose described how he dissolved a tantalum

chloride compound in alcohol and is quoted below: '3

Das Tantalchlorid 16st sich im wasserfreien Alkohol auf. In der alkoholischen
Losung wird die Tantalsdure durch Schwefelsdure nicht geféllt, auch nicht wenn
sie aufgekocht wird. Die Féllung geschieht erst dann, wenn nach einem Zusatz
von Wasser durchs Erhitzen der grofte Theil des Alkohols verfliichtigt worden

ist.

Precipitate formation after the addition of water and alcohol’s evaporation hinted as to
why in 1923, Lindner and Feit struggled to isolate alkoxide-halide compounds of tantalum,
as atmospheric moisture proved to be a major obstacle.!** However, successful attempts
were made by Funk and Niederléinder in a series of experiments (1928-1934).14% 18 Tn one
of their more relevant studies, mixed chloride-alkoxide compounds of niobium and tantalum
were first prepared with either methanol or ethanol, where only three of the chloride ions

could be substituted by an alkoxide ion (M = Nb, Ta; R = methyl, ethyl): 4
MCl; + 3ROH —> M(OR)yCl, + 3HCI (3.1)

These compounds were later modified by Funk in 1934, where it was demonstrated that both

acetylacetone and benzoylacetone could chelate to the metal center,'*® with a coordination

30



number of six and a general formula of M(OR),ACl, (M = Nb, Ta; R = methyl, ethyl,
A = acetylacetone, benzoylacetone). This is likely the first report of niobium or tantalum
[3-diketonate complex formation, and comes 5 years before the first sol-gel patent in 1939
from Jena Glassworks Schott & Associates in Germany for forming optical glass, where both
tantalum and acetylacetone are mentioned as possible solution constituents. !4

Then in 1954, Whitley, working with the metal alkoxide pioneer Bradley, describes in her
doctoral thesis the isolation of several tantalum alkoxide compounds by driving the reac-
tion forward with ammonia in a water free atmosphere, and the isolation was subsequently

discovered to work for niobium (M = Nb, Ta; R = methyl, ethyl, n-propyl, n-butyl): 150152

Such compounds were later found to be able to be produced electrochemically.!5® However,
in order to conduct a proper synthesis, an inert atmosphere is necessary as alkoxide com-

pounds of niobium and tantalum undergo hydrolysis in the presence of water to form an

150-152

oxide, and this may have been what Rose discovered in 1856;*3 for example, in the

case of tantalum(V) ethoxide: 1415
Tay(OCoHs)1p + 5Hy0 —= TayOs + 10 C;H;0H (3.3)

In addition to synthesis, Whitley used ebullioscopy to determine that such penta-alkoxides

156 159

are likely dimers at room temperature. This was also examined in later studies and

was eventually confirmed by nuclear magnetic resonance (NMR);!® interestingly, similar

161-163

alkoxide chemistry has been observed for uranium, where the sol-gel process can be

used to make nuclear fuel. 64
Whitley further demonstrated the synthesis of an eight-coordinated tantalum(V) ethoxide
benzoylacetonate compound, which would be the first reported alkoxide and {3-diketonate

compound of tantalum: %0163

Ta(OCQH5)5 + 3 CIOH1002 - Ta(OCQHS)Q(CngOQ)g + 3CQH5OH (34)
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Studies of such niobium and tantalum alkoxide chelate complexes were continued by Mehro-
tra and co-workers in the 1960s with acetylacetone, benzoylacetone, dibenzoylmethane,
methyl acetoacetate, ethyl acetoacetate, and ethyl benzoylacetate.!% 7 Such complexing
molecules are able to substitute up to three alkoxide ions (M = Nb, Ta, U; R = methyl,

ethyl; AH = B-diketone or B-ketoester; A = chelated form; x = 1-3):1%5
M(OR); + xAH — (RO) s yMA, + xROH (3.5)

Around this time, Mehrotra and Kapoor also found that alkoxide groups could be replaced

175172 and other tantalum and niobium

by glycols in tantalum and niobium compounds,
organometallic derivatives were also investigated.!” Despite the variety of compounds that

were studied, the goal of using such compounds in sol-gel deposition had yet to be recognized.

Sol-Gel Deposition - 1980s

In the early 1980s, Bulent Yoldas of Westinghouse Electric Corporation mentions the depo-
sition of tantalum oxide films through the sol-gel route, whereby proper solution stability
and subsequent oxide formation was controlled by adding tantalum(V) ethoxide, water, and
an acid in certain ratios in an ethanol solution.'”™!™ More detailed studies were subse-

quently carried about by two separate groups for tantalum oxide in the mid-1980s 54155176

and later for niobium oxide!”” which described the hydrolysis and condensation reactions of

such compounds (M = Nb, Ta; R = alkyl):
Hydrolysis
H,O + M(OR); — HO-M(OR), + ROH (3.6)
Condensation I - Yields Water

(RO),M—OH + HO-M(OR), — (RO),M-O—M(OR), -+ H,0 (3.7)
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Condensation II - Yields Alcohol

(RO),M—OH + RO-M(RO), — (RO),M—O~M(OR), + ROH (3.8)

Further hydrolysis and condensation reactions eventually lead to the complete formation
of tantalum oxide or niobium oxide films, often being M,Os. Other possibilities include an
early attempt in 1984 at forming a solid solution of potassium, tantalum, and niobium for
K(Ta,Nb)O; films, which consisted of mixing potassium ethoxide, tantalum(V) ethoxide,
and niobium(V) ethoxide with subsequent heat treatment.!™

In 1987, Silverman,'® who wrote his doctoral thesis on sol-gel derived tantalum oxide
thin films, reported mixing acetylacetone and tantalum(V) ethoxide in a 1:1 molar ratio in a
solution of ethanol and water, where (depending on the amount of added water) the solution
remained clear and precipitate free from 24 hours to more than a week in a closed container;
this provided evidence for chelated (3-diketones acting as stabilizers of metal alkoxides in the
presence of water. '3

At the end of the decade, Bradley, a colleague with whom Whitley obtained her doctorate
for producing the first tantalum(V) alkoxide compounds, notes the use of metal alkoxide

compounds in sol-gel deposition. 7

Photochemical Solution Deposition - 1990s-Present

Early 1990s patent literature by Tanitsu and coworkers describes dissolving metal (3-diketonate
complexes in aprotic polar solvents for their eventual use in CSD'® or PCSD,'®! where
further solvent additions were also permitted. Tanitsu also mentions that photocuring is
important in cases where the substrate can be adversely affected by excessive heat. Ohishi
et al.'® in 1992, and later Boyd et al.,'® reported PCSD of tantalum oxide by exposing
tantalum (V) ethoxide to far-UV irradiation.

One of the first reported academic studies of using (-diketones in photosensitive solu-

1.’ 184

tions was published in 1994 by Tohge et a where the comparison between using ti-
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tanium(IV) acetylacetonate and titanium(IV) benzoylacetonate complexes for PCSD was
performed. In 1999, Suzuki et al. reported using metal benzoylacetonate complexes to
fabricate K'Tag sNbg 503 films. % In 2003, Park et al.'® (followed up by work from Lim et
al.) 187 reported chelating various B-diketone and B-ketoester molecules to tantalum in 2-
methoxyethanol for mixed oxides, where each tantalum (-diketonate or (-ketoester complex
provides a different near-UV absorption peak. This allows the user to tailor the absorption
to the light emitting device on hand for photocuring.

Later, the patent literature discusses photopatterning metal oxide films via drop-on-
demand jetting in 2008'® and nanoimprinting in 2011.'%° Then in 2012, Noma et al.'®®
reported refluxing niobium(V) ethoxide with benzoylacetone in ethanol, resulting in a pho-
tocurable solution; this solution can be photopatterned by exposure to UV light, followed by
leaching in methanol to remove the unexposed niobium solution. Segawa et al.'?! later exam-
ined the reaction mechanism of the photodecomposition of titanium(IV) dibenzoylmethane
complexes during oxide deposition via PCSD. Nakajima et al.’®2 and Bretos et al.'?® provide

modern reviews on the subject of CSD and PCSD for the fabrication of metal oxide films,

including the use of photosensitive compounds in low temperature crystallization.

Diol Route - 1990s-Present

In producing lead-titanate materials in 1995, Calzada et al.1%

reported substitution of iso-
propoxide groups in titanium(IV) diisopropoxide bis(acetylacetonate) with 1,3-propanediol
in the presence of lead(I1) acetate trihydrate. This was accomplished with an 8 hour reflux,

with subsequent distillation and removal of isopropanol (Calzada et al. later discuss use of

the precursor mixed with lead(Il) acetate trihydrate for PCSD):!%
Ti(OC;Hy)s(CsH0s)s + 2HOC,HEOH —= Ti(OC3HgOH)5(CsH7Oy)s 1+ 2C3H,0H  (3.9)

However, in preparing the precursor in the absence of lead(II) acetate trihydrate, Kemmitt

and Daglish '%¢ reported in 1998 the decomposition of titanium(IV) and zirconium(IV) acety-
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lacetonate complexes. This occurred via alcoholysis (the heavy diol reacting with chelated
acetylacetone to create acetone and 3-hydroxypropyl acetate). Precipitate was found to form
in solution over time, and was analyzed to be M(IV)(OC3H¢O), with M being zirconium or
titanium, where both terminal oxygens on the diol are bound to the metal cation.

In 2002, Kao et al.'®7 reported reflux of lithium acetylacetonate with 1,3-propanediol,
followed by tantalum(V) isopropoxide addition and further reflux as a precursor to LiTaO;

films. In the same year, Gonzélez %19

submitted her Spanish doctoral thesis, describing
a method to create a tantalum pentaglycolate precursor solution for strontium bismuth
tantalate films, resulting in an ethanol free solution which could be stored for months; the
work was later reported in 2005 with Calzada in an English publication.??° The procedure

involves the substitution of ethoxide groups in tantalum(V) ethoxide with 1,3-propanediol

via reflux and distillation via heat:
Ta(OCQH5)5 -+ 5HOCgHGOH - Td(OC3H60H)5 + 5 CQH5OH (310)

This work was based on experiments reported by Mehrotra and Kapoor in 1965, where
substitution of ethoxide groups with glycols in tantalum and niobium compounds was per-
formed.'"H172 Calzada et al.20%2? also reported the use of 1,3-propanediol in niobium based
solutions.

These investigations by Calzada’s group were not purely out of academic curiosity, but
rather an effort to replace 2-methoxyethanol with 1,3-propanediol as the solution solvent. 2-
methoxyethanol is often used for stabilizing solutions, as the solvent creates a chelate complex
as a way to hinder nucleophilic attack from water to the metal cation.2%® Despite its high
use in CSD, 2% 2-methoxyethanol exposure has been observed to have toxic reproductive and

developmental effects, 2%

and the solvent can be easily inhaled due to its relatively high vapor
pressure. Due to the solvent’s toxicity, the use of 2-methoxyethanol has been restricted in
some countries,?°® and therefore creates a major obstacle in manufacturing.

Thus, the goal of this work is to find the optimal procedure, via an Edisonian approach,
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for producing a tantalum(V) 1,3-propanediolate (-diketonate/B-ketoester solution. Such a
low toxic, air stable solution would allow for photocuring in the near-UV range in ambient
atmosphere, thereby reducing manufacturing costs. The results of Calzada’s group, Kem-
mitt and Daglish, and the known use of metal acetylacetonate precursors in nanoparticle

205-207

production will be used to guide the investigation.

3.2 Introduction to Experiments

The goal of this section is to create a 2-methoxyethanol free, tantalum(V) B-diketonate/{3-
ketoester solution. This will be achieved by using 1,3-propanediol as the main solvent, as was
done by Calzada and Gonzalez %72 for solutions without a B-diketone where they removed
ethanol via heat and distillation. The experiments will be derived, and later evolve, from
what Whitley®® performed with tantalum(V) ethoxide and benzoylacetone in her thesis.
Additionally, photographs of the experiments are shown with time of day and dates in Jiilich,
Germany (military time with day.month.year, not the American format), as Silverman!®
pointed out in his thesis for tantalum sol-gel synthesis that the time of year in Cambridge,

Massachusetts, likely because of humidity, can affect the final results.

Reagent Preparation

When working with moisture sensitive compounds, such as tantalum(V) ethoxide, the use
of dry glassware and an inert atmosphere is often necessary for achieving the best results.
For example, in order to dry a Schlenk flask for synthesis, the flask can be heated under
vacuum, followed by filling the flask with argon; these steps can be performed when the
flask is connected to a Schlenk line fitted with both vacuum and argon lines. The dry
Schlenk flask can then be disconnected from the Schlenk line and transferred to an argon
filled glovebox, where the reagents and magnetic stirring rod can be added to the flask in an

inert atmosphere. The flask can then be removed from the glovebox and reconnected to the
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Schlenk line, where synthesis can proceed. All glass joints used a polytetrafluoroethylene
(PTFE) sleeve in order to avoid grease contamination. These preparation steps were used
for all of the experiments described in this chapter.

Nuclear magnetic resonance (NMR) spectra, specifically 'H and 3C NMR, were per-
formed for the reagents to aid in assigning peaks in the synthesis products. The peak as-
signments are labeled in the respective figures for tantalum(V) ethoxide (Alfa Aesar, 99+ %,
Figures 3.1 and 3.2), 1,3-propanediol (Sigma-Aldrich, for synthesis, Figures 3.3 and 3.4),
acetylacetone (Alfa Aesar, 95%, Figures 3.5 and 3.6), and benzoylacetone (Sigma Aldrich,
99%, Figures 3.7 and 3.8). These reagents and their suppliers were used for all experi-
ments unless otherwise noted. Additionally, total correlation spectroscopy (TOCSY) and
heteronuclear multiple bond correlation (HMBC) were used for some of the products. All
spectra were measured versus an external D,O reference, except for benzoylacetone which
was measured versus a CDClI3 reference solvent, at 25°C by using a 600 MHz AVANCE
NMR spectrometer (Bruker Corporation, USA). In making assignments for the enol tau-
tomer of acetylacetone, [H3C(CO)CH(CO)CHs] will represent either a H bound molecule,
being [H3C(COH)CH(CO)CHjs], or a Ta®" bound complex, being [HsC(COTa)CH(CO)CHs],
as the NMR results are unable to resolve which is occurring for a particular peak (the same

is true for the respective benzoylacetone-enol tautomer).
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3.3 Experiment 1 - Whitley Method with Acetylacetone

As Alice Whitley described in her doctoral thesis, '** where tantalum(V) ethoxide and ben-
zoylacetone were mixed under heat in benzene to achieve chelation, the first experiment will
attempt the same with acetylacetone while replacing benzene with 1,3-propanediol. After
assumed chelation of acetylacetone over 9 hours, distillation will begin so that ethanol will

leave and be replaced by 1,3-propanediol under heat.

3.3.1 Synthesis

1,3-Propanediol (39.79 mmol, 3028 mg [Sigma-Aldrich, for synthesis]), acetylacetone (6.41
mmol, 642 mg [Alfa Aesar, 95%]), and tantalum(V) ethoxide (6.00 mmol, 2439 mg [Alfa
Aesar, 99+%]|) were mixed in a dried Schlenk flask under argon in a glovebox. The Schlenk
flask with a magnetic stirring rod was removed from the glovebox and connected to a short-
path distillation setup and a Schlenk line. The Schlenk flask with the reagents (reactor flask)
was submerged in silicone oil, where the temperature of the silicone oil was maintained at
100°C. The reaction was conducted under argon and continuous stirring, and the vertical
condenser (cold finger) was pointed towards the reactor flask for about 9 hours; this was
done in order to facilitate the chelation of acetylacetone and to avoid its loss to the distillate
flask. After 9 hours, the vertical condenser was rotated towards the distillate flask for
ethanol removal. After 4 days, condensation on the vertical condenser appeared to cease,
thus marking the end of the reaction.

As can be seen in Figure 3.9, the color of the solution in the reactor flask changes over
4 days from colorless and transparent, to a dark amber color. Furthermore, precipitate was

not observable in the reactor flask. The distillate was colorless and transparent.
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3.3.2 NMR Measurements

Distillate results shows the presence of ethanol; 'H NMR (3 |ppm]|, Figure 3.10): & 1.68
[HOCH,CH 3], & 4.11 [HOCH,CHg|, § 5.45 [HOCH,CHjs|; 1*C NMR (5 [ppm]|, Figure 3.11):
5 15.8 [HOCHyCHg|, & 55.1 [HOCH,CHj]. However, many other unassigned peaks are
present in these spectra, showing either the presence of impurities or byproducts.

The 'H NMR spectrum of the product (3 [ppm]|, Figure 3.12) shows the presence of the
expected 1,3-propanediol peaks at 5 1.86 [HOCH,CH,CH,OH], $ 3.77 [HOCH ;CH,C H,OH],
and 8 5.35 [HOCH,CHsCH,OH|. Two separate methine acetylacetone-enol peaks appear
at § 6.01, and § 5.91 [H3C(CO)CH(CO)CHs]. The peaks from & 2.40 to & 2.10 overlap
significantly. Further downfield, as the § 4.26 triplet peak resonates at a higher frequency
than the alcoholic methylene 1,3-propanediol peak at & 3.77, in addition to the presence of
the large methyl peak at § 2.18, this likely indicates the presence of an unknown byproduct.

The 3C NMR spectrum of the product (3 [ppm]|, Figure 3.13) shows the expected
1,3-propanediol peaks at & 35.2 [HOCH,; CH;CH,OH]| and § 59.0 [HOCH,CH; CH,OH].
Acetylacetone-enol peaks are present around § 191.0 [HsC(CO)CH(CO)CHs), and around
5 98.0 [H3C(CO)CH(CO)CHgs|. Methyl peaks in the & 30.0 to & 20.0 range are difficult to
assign, with the 8 20.4 peak likely being associated with the unknown byproduct previously
mentioned. The large peak at & 171.6, not associated with any of the reagents, is located
in the range typically found for ester carbonyl carbons.?%® As an ester was unexpected, this
indicates the presence of a byproduct, where HMBC (measured 6 months later) in Figure
3.14 shows cross-peaks at 'H 8 2.10 — 3C 5 171.5 and *H § 4.15 — 13C 5 171.5. This sug-
gests that acetylation of an alcohol group has occurred, resulting in either ethyl acetate or
3-hydroxypropyl acetate. However, the data is not clear enough to determine which molecule
these peaks belong to, especially as ethanol was present from the beginning. In considering
possible creation of acetone from alcoholysis, acetylacetone-keto [H3C(CO)CHy(CO)CHj]

or acetone 929 [H3;C(CO)CHj| carbonyl peaks are visible at 8 205.0 in Figure 3.11 for the
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distillate 13C NMR and & 207.6 in Figure 3.13 for the product **C NMR.

3.3.3 Discussion

As the distillate and product spectra both show the presence of unknown byproducts, the
reaction method needs to be improved in order to increase the yield of the desired photo-
sensitive complexes. Furthermore, the presence of byproducts in the distillate demonstrates
that removal of ethanol via heat should be avoided in the presence of acetylacetone. How-
ever, this does not rule out whether this method will work for benzoylacetone, which will be

attempted in Experiment 2.
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07:08 on 15.02.2019: 4 days — end. Distillate <1 ml.

Figure 3.9 Photographic record of Experiment 1.
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3.4 Experiment 2 - Whitley Method with Benzoylacetone

As Alice Whitley described in her doctoral thesis, '** where tantalum(V) ethoxide and ben-
zoylacetone were mixed under heat in benzene to achieve chelation, the second experiment
will attempt the same with benzoylacetone while replacing benzene with 1,3-propanediol. Af-
ter assumed chelation of benzoylacetone over 8 hours, distillation will begin so that ethanol

will leave and be replaced by 1,3-propanediol under heat.

3.4.1 Synthesis

1,3-Propanediol (39.51 mmol, 3006 mg [Sigma-Aldrich, for synthesis]), benzoylacetone (6.21
mmol, 1007 mg [Sigma Aldrich, 99%]), and tantalum(V) ethoxide (6.01 mmol, 2442 mg
[Alfa Aesar, 99+%]) were mixed in a dried Schlenk flask under argon in a glovebox. The
Schlenk flask with a magnetic stirring rod was removed from the glovebox and connected
to a short-path distillation setup and a Schlenk line. The Schlenk flask with the reagents
(reactor flask) was submerged in silicone oil, where the temperature of the silicone oil was
maintained at 100°C. The reaction was conducted under argon and continuous stirring, and
the vertical condenser (cold finger) was pointed towards the reactor flask for about 8 hours;
this was done in order to facilitate the chelation of benzoylacetone and to avoid its loss to
the distillate flask. After 8 hours, the vertical condenser was rotated towards the distillate
flask for ethanol removal. After 7 days, condensation on the vertical condenser appeared to
cease, thus marking the end of the reaction.

As can be seen in Figure 3.15, the color of the solution in the reactor flask changes over
7 days from colorless and transparent, to a dark amber color. Furthermore, precipitate was
not observable in the reactor flask. The distillate was colorless and transparent, but not

enough distillate could be collected for NMR measurements.
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3.4.2 NMR Measurements

The 'H NMR spectrum of the product (8 |ppm]|, Figure 3.16) shows the presence of the
expected 1,3-propanediol peaks at 8 1.73 [HOCH,C H,CH,OH], 8 3.64 [HOCH,CH,CH,0OH],
and 8 5.08 [HOCH;CH,CH;OH]. The peaks around & 2.00 overlap significantly and are
difficult to assign. Further downfield, as the 8 4.09 peak resonates at a higher frequency
than the alcoholic methylene 1,3-propanediol peak at § 3.64, in addition to the presence of
the large methyl peak at & 1.94, this likely indicates the presence of an unknown byproduct
(especially in the absence of observable benzoylacetone-enol methine peaks).

The 3C NMR spectrum of the product (3 [ppm|, Figure 3.17) shows the expected
1,3-propanediol peaks at & 35.2 [HOCH;CHCH,OH| and § 59.0 [HOCH,CHy CH,OH].
Benzoylacetone-enol [Ph(CO)CH(CO)CHs] or benzoylacetone-keto [Ph(CO)CH,(CO)CHs]
peaks around & 191.0, around § 100.0 (enol) [Ph(CO) CH(CO)CHjs], peak(s) within the range
3 40.0 to & 10.0 [Ph(CO)CH,(CO) CHs]/[Ph(CO)CH(CO) CHs]/byproducts, and the multi-
ple phenyl ring carbon peaks in the range 8 140.0 to 8 125.0 appear in the spectrum. The peak
at 8 171.5, not associated with any of the reagents, is located in the range typically found
for ester carbonyl carbons.?®® As an ester was unexpected, this indicates the presence of a
byproduct, where HMBC (measured ~6 months later) in Figure 3.18 shows relevant cross-
peaks at 'H 5 2.00 '¥C5171.0 and 'H 5 4.10 '3C & 171.0; this suggests that acetylation of
an alcohol group has occurred. Additionally, a benzoylacetone-keto [Ph(CO)CHz(CO)CHj]

or acetone %29 [H;C(CO)CHjs| carbonyl peak is visible at 5 198.9 in the '3C NMR spectrum.

3.4.3 Discussion

As the product spectra show the presence of unknown byproducts, the reaction method needs
to be improved in order to improve the yield of the desired photosensitive complexes. In
order to determine whether the presence of ethanol leads to byproducts under heat, the next

experiment will involve removing the ethanol from the solution before (3-diketone addition.
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09:07 on 25.02.2019: Mixed 09:46 on 25.02.2019: Start under
reagents in glove box. argon, finger towards reactor (left).

20:35 on 03.03.2019: 6 days 09:26 on 05.03.2019: 8 days — end.
checkpoint.

Figure 3.15 Photographic record of Experiment 2. The white solid at the beginning
is undissolved, solid benzoylacetone at room temperature, which disappears after
heating the solution.

57



"9Npo1d — g yeurradxy [0 rewenxy| YN H; 91°€ 2InSt

0¢ ¢g¢ 0¢ g€ OV GSY 09 g9 09 G9 0L S 08
TPT

gl

wdd

e

S

1

00" L0 0B0'F SO0 060 SBO'F OO'F SOL'F OLL'Y S|

wdd

58

S

5.

4.
4.

4.
—_—4.7

AN (]

W W

7.96
.95
91
.89
.54
.43
.32
.31
286
.18
7.17

.52



SE'BT
£E*0Z
B8 ET
9T°GZ
BE'GT
9L°GT
6192

oo
G o
o
oo

Nz Ny s\l

£G°TE
0L ze

o
E
o
Lkl

FZ LS
9286
668G
99°6G
LET 09
TO0'19
F1°T9
¥S 1O
60°ZH
£6'T9
T6° €9
v2°29
G9' LY
L 69
L8'L6
T8 66
00°00T
T 00T
BF 00T
9T PIT
LLTLTT
FS TZT
9E°GTT
LS 8TT
61°8ZT
0E'8ZT
99°82T
BLBZT
FE'CET
T6 9€T
ZT'6ET
ST'TFT
6L THT
veTTRT
9L 9T
LT'SST

NS

PGS 99T ——
0§ TLT —

GG 06T —_
LLTET ——

BB 86T ——

Ubu |

40

59

| \‘M‘ L

ppm

20

180 160 140 120 100 80 60

200

t 2 — Product.

imen

Exper

Figure 3.17 *C NMR |External D,0]



85 80 75 70 65 60 55 50 45 40 35 30 25 20
333 | | | | | | | | | | | | | ]
160 160
165 165
0 L
] L
170 b 170
175 175
180 180
185 -185
190 190
195 195
0 0 ”
200 - 200
T T T T T T T T T T T T T "
85 80 75 70 65 60 55 50 45 40 35 30 25 20 ppm

Figure 3.18 HMBC [External D,O]: Experiment 2 — Product.

60



3.5 Experiment 3 - Calzada and Gonzalez Method with
Acetylacetone

In order to exclude ethanol as a reagent leading to side products, a modified procedure from

Calzada and Gonzalez'98:200

was used to create a tantalum(V) 1,3-propanediolate solution
free of ethanol. Acetylacetone was then added to this solution under heat, in order to see if

side products would still arise.

3.5.1 Synthesis

1,3-propanediol (42.37 mmol, 3224 mg [Sigma-Aldrich, for synthesis]) and tantalum(V)
ethoxide (6.02 mmol, 2445 mg [Alfa Aesar, 99+%]|) were mixed in a dried Schlenk flask
under argon in a glovebox. The Schlenk flask with a magnetic stirring rod was removed
from the glovebox and connected to a short-path distillation setup and a Schlenk line. The
Schlenk flask with the reagents (reactor flask) was submerged in silicone oil, where the tem-
perature of the silicone oil was maintained at 130°C under continuous stirring. With the
vertical condenser (cold finger) pointed towards the distillation flask, the reaction was run
under argon over 24 hours to collect the distillate for NMR. After 24 hours, the distillate was
collected and the tantalum(V) 1,3-propanediolate solution remained under heat and mixing,
with the reaction being exposed to atmosphere for 5 hours; this was done in order to reduce
pressure over the solution and to ensure that as much ethanol was removed from the solution
as possible. After 5 hours, some of the tantalum(V) 1,3-propanediolate solution (710 mg)
was collected and stored in a syringe - unfortunately, as the solution was stored overnight
before sample preparation, the syringe exploded upon adding the solution to the NMR tube
(likely caused by the needle hole being filled with tantala glass or the high viscosity of the
solution). This led to a loss of some of the solution, and thus giving suboptimal NMR

spectra.

61



After the tantalum(V) 1,3-propanediolate NMR sample was removed, acetylacetone (5.05
mmol, 506 mg [Alfa Aesar, 95%]) was then added to the reaction flask, and the reaction flask
was returned to argon (this time with the condenser pointed towards the reaction flask). The
flask was maintained at 80°C in silicone oil with continuous mixing for 72 hours, with the

210 with a longer running

intention of improving the chelation yield'®® and the solubility
reaction.
The reaction steps are shown in Figure 3.19. During the 3 day reaction after acetylacetone

addition, the solution changed from clear and transparent to having a yellow hue, with this

color being much lighter than in Experiment 1.

3.5.2 NMR Measurements

In preparing the tantalum(V) 1,3-propanediolate product, distillate results show the pres-
ence of ethanol with few byproducts (unlike in Experiment 1); 'H NMR (3 |ppm|, Figure
3.20): 5 1.72 [HOCH,CH;|, § 4.15 [HOCH,CH;), 6 5.86 [HOCH,CHs|; ¥C NMR (5 [ppm],
Figure 3.21): 3 15.8 [HOCH;CHs], § 55.2 [HOCH,CHjg]. Product results indicate the pres-
ence of 1,3-propanediol; 'H NMR (3 |[ppm|, Figure 3.22): & 1.77 [HOCH,CH,CH,OH], &
3.68 [HOCHCH,CHL0H], 8 5.41 [HOCH,CH,CH2OH| (a relatively large DoO peak at §
4.54 is present due to the low sample volume); *C NMR (3 [ppm]|, Figure 3.23): 5 35.3
[HOCH;CH,CH,OH], 8 59.0 [HOCH,CH; CH,OH]. The results corroborate those obtained
by Calzada and Gonzélez. 98200

The 'H NMR spectrum of the product with added acetylacetone (5 |[ppm|, Figures 3.24
and 3.25) shows the presence of the expected 1,3-propanediol peaks at § 1.83 [HOCH,CH»C-
H,OH], § 3.74 [HOCH;CH,CH,0H], and & 5.18 [HOCH,CH,;CH,OH|. Two separate me-
thine acetylacetone-enol peaks appear at 5 5.98 and § 5.88 [H;C(CO)CH(CO)CH;]. An
acetylacetone-keto methyl peak [H3C(CO)CH,(CO)CH 3] or acetone-methyl peak from alco-

holysis 162! | H3C(CO)CH 3] occurs at 8 2.28. An acetylacetone-enol methyl peak | H3C(CO)-
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CH(CO)CH 3] occurs at 8 2.23. The & 4.23 peak occurs as a triplet and indicates coupling
to two protons with the same coupling constant on neighboring carbon atom(s); the peak
at § 4.67 is difficult to assign with the available data. Due to the fact that the & 4.23
peak resonates at a higher frequency than the alcoholic methylene 1,3-propanediol peak at
0 3.74, in addition to the large methyl peak at § 2.15, this likely indicates the acetylation
of 1,3-propanediol and the creation of 3-hydroxypropyl acetate.?%® The 5 2.15 peak would
then correspond to the methyl attached to the ester carbonyl [HOCH,CH,CH,O(CO)CH 3],
and the peak at 8 4.23 would be the protons on the methylene carbon bound to the ester
oxygen [HOCH;CH,CH,0O(CO)CHjz]. In support of this, the TOCSY spectrum in Figure
3.26 shows three distinct proton groups on three consecutive carbon atoms, and the 3C
NMR and HMBC spectra corroborate these findings, as well as the literature values for
3-hydroxypropyl acetate.?!2

The ¥C NMR spectrum of the product (5 [ppm]|, Figure 3.27) shows the expected 1,3-
propanediol peaks at & 35.3 [HOCH;CHyCH,OH] and & 59.0 [HO CH,CH, CH,OH]. Enol
peaks around & 191.0 [H3C(CO)CH(CO)CHjs], around & 104.0 [H;C(CO) CH(CO)CHj), and
around 8 26.2 [H3 C(CO)CH(CO)CHjs| appear in the spectrum. Either acetylacetone-keto,
or acetone from alcoholysis!%2% peaks are visible at 5 208.9 [H;C(CO)CHz(CO)CHj| or
[H;C(CO)CH;g], and & 30.5 [H3C(CO)CHy(CO)CHjz] or [H3C(CO)CHj]. The peak at &
171.7 [HOCH;CH,;CH,O(CO)CHj], not associated with any of the reagents, is located in
the range typically found for ester carbonyl carbons?® and would support the idea that
1,3-propanediol has been acetylated to create 3-hydroxypropyl acetate. This is supported
by literature?'? and by the HMBC spectrum in Figure 3.28, which shows cross-peaks at 'H
5 2.15 -~ ¥C 5 171.7 and 'H 5 4.23 — 13C § 171.7. HMBC also shows no visible cross-peak
at 'H 8 4.67 '3C 5 171.7, possibly indicating that the compound with the 'H & 4.67 peak

does not contain an acetylated alcohol.
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3.5.3 Discussion

The NMR spectra in this experiment indicate that in the absence of ethanol, alcoholysis
byproducts such as acetone and 3-hydroxypropyl acetate can be created with added acety-
lacetone under heat. Furthermore, the yellow color of the resulting solution in Figure 3.19
may be enhanced by light scattering from nanoparticle formation after alcoholysis.205-207
However, confirmation from dynamic light scattering experiments would be needed to deter-
mine the presence of nanoparticles. Considering these factors, heating a 3-diketone in the
presence of 1,3-propanediol and a tantalum cation should be avoided when increased yield
of photosensitive (3-diketonate complexes is desired, as was reported for Zr(IV) and Ti(IV)

acetylacetonate complexes. 1%
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09:58 on 21.03.2019: Start under argon, 10:17 on 21.03.2019: 130°C
finger towards distillation flask (right).  reached.

09:35 on 22.03.2019: 1 day 10:05 on 22.03.2019: exposed to
checkpoint. atmosphere, distillate removed.

’ :’ ‘ » € ] = -] e
14:59 on 22.03.2019: acetylacetone 15:10 on 22.03.2019: 80°C reached,
added and returned to argon. finger towards reactor (right).

15:11 on 23.03.2019: 15:12 on 24.03.2019: 15:05 on 25.03.2019:
2 days checkpoint. 3 days checkpoint. 4 days end.

Figure 3.19 Photographic record of Experiment 3 ((C) The Royal Society of Chem-
istry 2020).136:157
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Figure 3.20 'H NMR |External D,O|: Experiment 3 — Distillate (© The Royal Society of Chemistry 2020). 36137
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Figure 3.22 'H NMR |External D,O|: Experiment 3 — Tantalum(V) 1,3-propanediolate ((©) The Royal Society of
Chemistry 2020). 136:137
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Figure 3.24 'H NMR [External D,O]: Experiment 3 — Product ((© The Royal Society of Chemistry 2020).136:137
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Figure 3.26 TOCSY |External D,O|: Experiment 3 - Product ((C) The Royal Society of Chemistry 2020). %6137
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3.6 Experiment 4 - Proposed Method with Acetylacetone

In order to minimize alcoholysis of the tantalum(V) B-diketonate complex, this experiment
will explore whether a reduction in both temperature and pressure can lead to ethanol
removal and reduced alcoholysis. This entails first synthesizing (or obtaining) a tantalum (V)
ethoxide f3-diketonate complex, where in the case of using acetylacetone as the B-diketone
in a 1:1 molar ratio with tantalum(V) ethoxide for synthesis, the reaction would proceed as

shown under reflux at an elevated temperature:
Ta(OCQH5)5 + CSHSOQ - TaC5H7OQ(OCQH5)4 + CQH5OH (311)

Following synthesis, 1,3-propanediol would then be added after cooling the solution to room
temperature. Once mixing of the complex with 1,3-propanediol at this reduced temperature

is complete, reduction of the closed system pressure would then lead to ethanol removal:
TaC5H7OQ(OC2H5)4 + 4 HOCgHGOH - TaC5H7OQ(OC3HGOH)4 + 4CQH5OH (312)

More specifically, ideal selection of the distillation temperature and pressure would ensure
that alcoholysis of the tantalum(V) B-diketonate complex is reduced and that the vapor
pressure of ethanol is higher than the closed system pressure, while the vapor pressure of
1,3-propanediol and the tantalum(v) 1,3-propanediolate 3-diketonate complex is lower than
the closed system pressure. Following ethanol extraction, the tantalum(v) 1,3-propanediolate
3-diketonate solution would be isolated in a liquid form at room temperature.

213,214

For example in Figure 3.29, at 23°C the vapor pressure of ethanol is 70 mbar, while

the vapor pressure of 1,3-propanediol is 0.1 mbar2!216 (

1,3-propanediol data are extrapolated
beyond the experimental data range via the literature Antoine parameters). By heating
mildly to 40°C, the vapor pressure of ethanol increases to 180 mbar?!32!4 and that of 1,3-

propanediol to 0.4 mbar?'5216 (

the latter still being a theoretical extrapolation). Thus, at

40°C the system pressure should be set above 0.4 mbar and below 180 mbar for ethanol
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extraction, whereby the tantalum(V) 1,3-propanediolate p-diketonate solution would remain
in the flask.

Anhydrous ethanol was selected as the reflux solvent for synthesis of the tantalum(V)
ethoxide (3-diketonate precursor, since lighter monoalcohols are less likely to undergo alcohol-
ysis than heavier diols in the presence of a metal cation and a B-diketone (where Experiment
3 shows alcoholysis is possible in the absence of ethanol).!% Thus, higher temperatures with
heavier diols should be avoided, in addition to long reflux times with lighter monoalco-

150,168 ).

hols where 8 hours should be sufficient.®0:168:217 Reflux solvents such as benzene
tetrahydrofuran?'” could be used, but the former is carcinogenic and the latter may present

an explosion hazard after drying on glassware.

1751 A Ethanol AA
® 1,3-Propanediol A
| A
,:150 A
© AA
£ 1251 A
- A
[} AA
5 100 - A
()] AA
0 A
¢ 75 AA
o AA
A
= A
2 50
©
>
25 4
01 © © © © 0000000600000 0090 00

T T T T T T T T T T

20 22 24 26 28 30 32 34 36 38 40
Temperature (°C)

Figure 3.29 Temperature vs. vapor pressure as per the National Institute of Stan-

dards and Technology, U.S. Department of Commerce ((€) The Royal Society of
Chemistry 2020).
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3.6.1 Synthesis

Anhydrous ethanol (42.33 mmol, 1950 mg [AcrosOrganics, 99.5%, ExtraDry, absolute]),
acetylacetone (6.15 mmol, 616 mg [Alfa Aesar, 95%]) and tantalum(V) ethoxide (6.15 mmol,
2499 mg [Alfa Aesar, 99+%]|) were mixed in a dried Schlenk flask under argon in a glovebox,
after which the Schlenk flask with a magnetic stirring rod was removed from the glovebox
and connected to a Schlenk line. The flask was dipped in silicone oil, with the oil temperature
being maintained at 80°C over 8 hours in order to promote chelation of acetylacetone to the
tantalum cation. The reaction was kept under argon with continuous stirring and a vertical
condenser (cold finger), whereby the condenser keeps the acetylacetone in solution.

Following the 8 hour mixing, the silicone oil was cooled to 23°C over a 2 hour period.
1,3-propanediol (42.04 mmol, 3199 mg [Sigma-Aldrich, for synthesis]) was then added to the
flask via syringe through the Schlenk valve, and the flask was then returned to argon. After
addition, small bubbles appeared which went away over time. The mixing continued for 12
hours, after which the solution was colorless and precipitate free.

As the Schlenk line setup was suboptimal for vacuum distillation, the solution in the
Schlenk flask was removed from the Schlenk line, transferred from the Schlenk flask to a
round-bottom flask, and the round-bottom flask was connected to a rotary evaporator for
ethanol removal from the solution. Once connected, the rotation speed was set to 95 rpm, the
system pressure to 30 mbar, and the water bath temperature to 40°C (where the flask would
remain submerged). Ethanol removal proceeded for 8 hours, and afterward the measured
mass loss of 3236 mg was close to the calculated ethanol loss of 3367 mg.

The entire procedure is displayed in Figure 3.30. NMR of the sample was performed
roughly a month later, in order to give a better idea of solution stability. Unfortunately, not

enough distillate could be collected for NMR.
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3.6.2 NMR Measurements

The 'H NMR spectrum of the product (3 [ppm], Figures 3.31 and 3.32) shows the presence of
the expected 1,3-propanediol peaks at 5 1.81 [HOCH,CH,CH,;OH], § 3.72 [HOCH ;CH,CH -
OH], and & 5.21 [HOCH3;CH,CH,OH]|. Three separate methine acetylacetone-enol peaks
appear at 3 5.96, 8 5.87, and § 5.74 [H3C(CO)CH (CO)CHg|. The peaks from & 2.30 to & 2.14
overlap significantly (with § 2.21 being the most prominent peak, see Figure 3.32), making the
following methyl peak assignments tentative: acetylacetone-keto [H3C(CO)CH,(CO)CHj]
or acetone |H3C(CO)CH 3] methyl peaks (the latter from alcoholysis) %6211 occur at § 2.30
and d 2.26, and the acetylacetone-enol [H3C(CO)CH(CO)CH 3] methyl peaks around & 2.21
and § 2.14. The multiple peaks for the same proton on the acetylacetone-enol tautomer may

97 or due

be due to the different ways in which acetylacetone can bind to the metal cation,?
to possible peak shifts when more than one acetylacetone molecule chelates to the metal
cation.

Further downfield, as the § 4.21 peak resonates at a higher frequency than the alcoholic
methylene 1,3-propanediol peak at 8 3.72, in addition to the presence of another overlapping
methyl peak at 8 2.14, this likely indicates the acetylation of 1,3-propanediol and the creation
of 3-hydroxypropyl acetate,?%® despite the extra steps taken to avoid alcoholysis of the com-
plex. One of the overlapping peaks at 6 2.14 would then correspond to the methyl attached
to the ester carbonyl [HOCH,;CH,CH,O(CO)CHj), and the peak at & 4.21 would be the
protons on the methylene carbon bound to the ester oxygen [HOCH,CH,CH,O(CO)CHs.
Additionally, the TOCSY spectrum in Figure 3.33 shows three distinct proton groups on
three consecutive carbon atoms, and the *C NMR and HMBC spectra corroborate these
findings (discussed below), as well as the literature values for 3-hydroxypropyl acetate.?'? It
is not clear whether the 8 4.21 peak occurs as a triplet, and the peak at & 4.65 is difficult to
assign with the available data.

The 3C NMR spectrum of the product (3 [ppm]|, Figure 3.34) shows the expected
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1,3-propanediol peaks at & 35.2 [HOCH;CHyCH,OH| and § 59.0 [HOCH,CHy CH,OH].
Acetylacetone-enol peaks around 8 192.0 [H;C(C'O)CH(CO)CHj], around & 102.0 [H3C(CO)-
CH(CO)CHg|, and around 3 26.2 [H3C(CO)CH(CO)CHs] appear in the spectrum, along
with some acetylacetone-keto [HzC(CO)CHy(CO)CHs] or acetone 96209 [H;C(CO)CH;| pea-
ks at § 209.2 and & 204.3, and around § 31.6 [H3 C(CO)CH,(CO)CHjg| or [H;C(CO)CHs);
there is possibly an acetylacetone-keto peak around & 59.0 [H;C(CO) CH,(CO)CHjg|, which is
difficult to assign due to the presence of 1,3-propanediol. The peak at 8 171.8 [HOCH;CH,C-
HyO(CO)CHs), not associated with any of the reagents, is located in the range typically
found for ester carbonyl carbons and would support the idea that 1,3-propanediol has been
acetylated and that 3-hydroxypropyl acetate has been formed.?*® This is supported by lit-
erature?'? and the HMBC spectrum in Figure 3.35, which shows cross-peaks at 'H § 2.14

13C 5 171.8 and 'H & 4.21 — 13C 5 171.8. HMBC also shows no visible cross-peak at 'H &
4.65 13C 5 171.8, possibly indicating that the compound with the 'H 8 4.65 peak does not

contain an acetylated alcohol.

3.6.3 Discussion

As the acetylacetone-enol methyl peaks appear more prominently than the acetylacetone-
keto and 3-hydroxypropyl acetate methyl peaks, particularly with respect to Experiment
3, the method appears to reduce alcoholysis. Furthermore, the resulting solution remains
stable for at least a month. Therefore, this method will also be tested with benzoylacetone
in the next experiment. Interestingly, the resulting solution is much more transparent than

the Experiment 1 product, and less yellow than the Experiment 3 product.
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& f‘ E 5 e &
09:37 on 07.05.2019: Start under 09:51 on 07.05.2019: 80°C reached.
argon, finger towards reactor (right).

¥ —

17:53 on 07.05.2019: Begin 19:53 on 07.05.2019: 1,3-Propanediol

cooling to room temperature added via syringe and Schlenk valve.
(leave in silicone oil).

08:38 on 08:52 — Begin 13:15 — 16:53 — End,
08.05.2019: 30 mbar at 40°C Checkpoint return to
Mixing at room  (rotary evaporator). 30 mbar at 40°C.  atmosphere.
temperature

ended.

Figure 3.30 Photographic record of Experiment 4, where the extra flask in the
Schlenk line (left) was not used and is to keep the system closed ((©) The Royal
Society of Chemistry 2020).136:137
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6 2.21, Acetylacetone-enol methyl /
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Figure 3.32 'H NMR |External D,0O[: Experiment 4 — Product ((©) The Royal Society of Chemistry 2020).'36:137
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3.7 Experiment 5 - Proposed Method with Benzoylace-
tone

As the proposed method appeared successful with acetylacetone, the procedure will be at-
tempted here with benzoylacetone, where in the case of using benzoylacetone as the f3-
diketone in a 1:1 molar ratio with tantalum(V) ethoxide for synthesis, the reaction would

proceed as shown under reflux at an elevated temperature:
Ta(OCQH5)5 + CmeOQ - TaClOHQOQ(OC2H5)4 + CQH;OH (313)

Following synthesis, 1,3-propanediol would then be added after cooling the solution to room
temperature. Once mixing of the complex with 1,3-propanediol at this reduced temperature

is complete, reduction of the closed system pressure would then lead to ethanol removal:

TaClOH902(0C2H5)4 =+ 4 HOCgHGOH _— TaclngOQ(OC3H60H)4 =+ 4CQH5OH (314)

3.7.1 Synthesis

The synthesis steps from Experiment 4 will be repeated here for clarity. Anhydrous ethanol
(54.24 mmol, 2499 mg [AcrosOrganics, 99.5%, ExtraDry, absolute]), benzoylacetone (5.99
mmol, 972 mg [Sigma Aldrich, 99%]) and tantalum(V) ethoxide (6.12 mmol, 2486 mg [Alfa
Aesar, 99+ %)]) were mixed in a dried Schlenk flask under argon in a glovebox, after which the
Schlenk flask with a magnetic stirring rod was removed from the glovebox and connected to a
Schlenk line. The flask was dipped in silicone oil, with the oil temperature being maintained
at 80°C over 8 hours in order to promote chelation of benzoylacetone to the tantalum cation.
The reaction was kept under argon with continuous stirring and a vertical condenser (cold
finger), whereby the condenser keeps the benzoylacetone in solution.

Following the 8 hour mixing, the silicone oil was cooled to 23°C over a 2 hour period.

1,3-propanediol (42.16 mmol, 3208 mg [Sigma-Aldrich, for synthesis]) was then added to the
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flask via syringe through the Schlenk valve, and the flask was then returned to argon. After
addition, small bubbles appeared which went away over time. The mixing continued for 12
hours, after which the solution had a slight yellow hue and was precipitate free.

As the Schlenk line setup was suboptimal for vacuum distillation, the solution in the
Schlenk flask was removed from the Schlenk line, transferred from the Schlenk flask to a
round-bottom flask, and the round-bottom flask was connected to a rotary evaporator for
ethanol removal from the solution. Once connected, the rotation speed was set to 95 rpm, the
system pressure to 30 mbar, and the water bath temperature to 40°C (where the flask would
remain submerged). Ethanol removal proceeded for 8 hours, and afterward the measured
mass loss of 3681 mg was close to the calculated ethanol loss of 3909 mg.

The entire procedure is displayed in Figure 3.36. NMR of the sample was performed
roughly a month later, in order to give a better idea of solution stability. Unfortunately, not

enough distillate could be collected for NMR.

3.7.2 NMR Measurements

The 'H NMR spectrum of the product (3 [ppm]|, Figures 3.37 and 3.38) shows the presence of
the expected 1,3-propanediol peaks at 8 1.68 [HOCH,CH ;CH,OH], § 3.59 [HOCH 2;CH,CH o-
OH], and & 5.11 [HOCH,CH,CH,OH]. Three separate methine benzoylacetone-enol peaks
appear at 0 6.53, 5 6.44, and 8 6.24 (Ph = phenyl group) [Ph(CO)CH (CO)CHs]. The
peaks from & 2.50 to & 2.00 overlap significantly (with § 2.22 being the most prominent
peak), with the following tentative assignments: & 2.46 for the benzoylacetone-keto methyl
[Ph(CO)CH2(CO)CH 3| and around & 2.22 for the enol methyl [Ph(CO)CH(CO)CH ;). Peaks
in the § 8.00 to & 7.30 range belong to the phenyl group protons on benzoylacetone [Ph(CO)C
-H(CO)CHjg|. Many unassigned peaks are present, possibly associated with different alco-
holysis products. As for acetylacetone, benzoylacetone may be bound to the metal cation

in different ways,?°” resulting in multiple peaks for the same proton; alternatively, this may
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be due to possible peak shifts when more than one benzoylacetone molecule chelates to the
metal cation.

The 3C NMR spectrum of the product (8 |[ppm|, Figure 3.39) shows the expected
1,3-propanediol peaks at & 35.1 [HOCH;CH,CH,OH] and & 58.9 [HOCH,CH,; CH,OH].
Benzoylacetone-enol peaks around § 193.0 [Ph(CO)CH(CO)CHjg], around & 182.0 [Ph(C-
O)CH(CO)CHj], around & 100.0 [Ph(CO) CH(CO)CHs], peak(s) within the range & 28.0 to
5 25.0 [Ph(CO)CH(CO) CHj] (difficult to assign exact peak), and the multiple phenyl ring
carbon peaks (likely mixed in with those of the keto tautomer) in the range 5 140.0 to 8 125.0
[Ph(CO)CH(CO)CH3;] appear in the spectrum, along with some benzoylacetone-keto peaks
at 8§ 199.2 [Ph(CO)CH,(CO)CH;|, a carbonyl peak likely overshadowed by enol peaks in
the range 8 195.0 to 8 190.0 [Ph(CO)CHy(CO)CHjsl, around & 59.0 [Ph(CO)CH,(CO)CHs]
(difficult to assign exact peak), and peak(s) within the range 5 33.0 to 8 30.0 [Ph(CO)CH,(C-
O)CHjy] (difficult to assign exact peak). The peak at § 171.7, not associated with any of
the reagents, is located in the range typically found for ester carbonyl carbons and would

support the idea that acetylation of an alcohol group has occurred. %8

3.7.3 Discussion

As the benzoylacetone-enol methyl peaks appear more prominently than the benzoylacetone-
keto and possibly 3-hydroxypropyl acetate methyl peaks, the method appears to reduce al-
coholysis. Furthermore, the resulting solution remains stable for at least a month. Like the
Experiment 4 product relative to Experiment 1, the resulting solution here with benzoylace-

tone is much more transparent than the Experiment 2 product.
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10:09 on 08.05.2019: Start under 10:30 on 08.05.2019: 80°C reached.
argon, finger towards reactor (right).

18:31 on 08.05.2019: Begin cooling 20:31 on 08.05.2019: 1,3-Propanediol

to room temperature (leave in added via syringe and Schlenk valve.
silicone oil).

09:22 on 09:36 — Begin  12:04 — Checkpoint 17:37 — End,

09.05.2019: 30 mbar at 30 mbar at 40°C. return to
Mixing at room 40°C (rotary atmosphere.
temperature evaporator).

ended.

Figure 3.36 Photographic record of Experiment 5, where the extra flask in the

Schlenk line (left) was not used and is to keep the system closed ((©) The Royal
Society of Chemistry 2020).136:137,
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3.8 Proposed Method - Discussion and Repeated Syn-
thesis

Upon storing the solution products from Experiments 4 and 5 in atmosphere, visible pre-
cipitates do not form over the course of 2 months, and the solutions largely keep their color
as shown in Figure 3.40 (the 10.05.2019 photo is from a few days after synthesis, and the
31.05.2019 photo is shortly before NMR measurements). Considering the solution stability
and the NMR results, further repetition of this synthesis method is warranted in order to

confirm its reproducibility.

10.05.2019 31.05.2019 04.07.2019

Figure 3.40 Experiment 4 with acetylacetone (Acac, left) and Experiment 5 with
benzoylacetone (Bzac, right) compared over time.

Therefore, the proposed method was repeated for methyl acetoacetate, ethyl acetoacetate,
acetylacetone, benzoylacetone, and dibenzoylmethane (the first two being f-ketoesters, and

the latter three B-diketones), with the reagent and distillate masses listed below:

e Experiment 6 - Methyl acetoacetate (6.05 mmol, 702 mg [Sigma-Aldrich, Reagent-
Plus®), 99%]), anhydrous ethanol (42.02 mmol, 1936 mg [AcrosOrganics, 99.5%, Ex-
traDry, absolute]), tantalum(V) ethoxide (6.03 mmol, 2451 mg [Alfa Aesar, 99+%)]),
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and 1,3-propanediol (42.24 mmol, 3214 mg [Sigma-Aldrich, for synthesis]) as the reagents,
with a measured mass loss of 3405 mg upon distillation (calculated ethanol loss of 3325

mg, which is unexpectedly less than the measured loss).

e Experiment 7 - Ethyl acetoacetate (6.17 mmol, 803 mg [Sigma-Aldrich, puriss. p.a.,
>99.0% (GC)]), anhydrous ethanol (42.04 mmol, 1937 mg [AcrosOrganics, 99.5%, Ex-
traDry, absolute]), tantalum(V) ethoxide (6.15 mmol, 2498 mg [Alfa Aesar, 99-+%]),
and 1,3-propanediol (43.11 mmol, 3280 mg [Sigma-Aldrich, for synthesis]) as the reagents,

with a measured mass loss of 3320 mg upon distillation (calculated ethanol loss of 3353

mg).

e Experiment 8 - Acetylacetone (6.04 mmol, 605 mg [Alfa Aesar, 95%]), anhydrous
ethanol (42.65 mmol, 1965 mg [AcrosOrganics, 99.5%, ExtraDry, absolute]), tanta-
lum (V) ethoxide (6.01 mmol, 2440 mg [Alfa Aesar, 99+%]), and 1,3-propanediol (42.11
mmol, 3204 mg [Sigma-Aldrich, for synthesis]) as the reagents, with a measured mass

loss of 3216 mg upon distillation (calculated ethanol loss of 3349 mg).

e Experiment 9 - Benzoylacetone (6.00 mmol, 973 mg [Sigma Aldrich, 99%)]), anhy-
drous ethanol (54.27 mmol, 2500 mg [AcrosOrganics, 99.5%, ExtraDry, absolute]),
tantalum(V) ethoxide (6.02 mmol, 2445 mg [Alfa Aesar, 99+%]), and 1,3-propanediol
(42.06 mmol, 3200 mg [Sigma-Aldrich, for synthesis|) as the reagents, with a measured

mass loss of 3577 mg upon distillation (calculated ethanol loss of 3887 mg).

e Experiment 10 - Dibenzoylmethane (6.26 mmol, 1403 mg [Sigma-Aldrich, 98%]),
anhydrous ethanol (54.27 mmol, 2500 mg [AcrosOrganics, 99.5%, ExtraDry, absolute]),
tantalum (V) ethoxide (6.23 mmol, 2532 mg [Alfa Aesar, 99+%]|), and 1,3-propanediol
(43.99 mmol, 3347 mg [Sigma-Aldrich, for synthesis|) as the reagents, with a measured

mass loss of 3623 mg upon distillation (calculated ethanol loss of 3935 mg).
During distillation in all experiments, the pressure was set to 30 mbar but would fluctuate
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from 30 mbar to 60 mbar throughout the 8 hour distillation. As with Experiments 4 and 5,
stable solutions were obtained for all experiments, and are shown in Figure 3.41.
Considering the reproducibility of the proposed synthesis method, along with the results
from Experiments 1 - 3, one can observe that alcoholysis of the complex by 1,3-propanediol
can be avoided during ethanol removal. As stated in Experiment 4, this can be accomplished
through adjustments in the system temperature and pressure. Therefore, when beginning
with 1,3-propanediol and a tantalum(v) tetraethoxide P-diketonate complex or a tanta-
lum(V) tetraethoxide B-ketoester complex, the desired substitution may proceed as shown

in Figure 3.42, with A in the equation below being the chelated (-diketone or -ketoester:
TaA(OCQH;-,M + 4HOCsH60H - TaA(chHSOH)4 + 4CQH5OH (315)

If the temperature is set too high and for too long, then undesired alcoholysis of the complex is

more probable, with the proposed reaction mechanism2°7

also shown in Figure 3.42. However,
when using the optimal parameters and by replacing tantalum(V) ethoxide with titanium(IV)
isopropoxide, this resulted in a cloudy solution (see Figure A.1 in the Appendix) and was
also reported by Kemmitt and Daglish with their methods.'% Therefore, the procedure may
only work for tantalum(V) with its odd valency, and possibly niobium(V), based solutions.

The resulting tantalum solutions can be modified with diethylene glycol monoethyl ether
(DEGEE) (Sigma-Aldrich, ReagentPlus 99%) in order to achieve the proper viscosity and
surface tension for inkjet printing,?!® with the results tabulated in Table 3.1, where the
solution products from Experiments 6 - 10 were used. The viscosity (2 minute mark) was
measured with a DV3T rheometer (AMETEK Brookfield, USA), and surface tension (average

of n = 10, except for dibenzoylmethane where n = 1) with a surface tensiometer model A3

(KINO Industry Co., Ltd., USA).
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21.09.2019

Figure 3.41 Method repeated and compared with different chelating molecules (labeled individually with production
date, and observed together at date below), going from left to right from Experiment 6 to Experiment 10.
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Figure 3.42 Desired substitution (above) and the undesired mechanism of alco-
holysis (below), the latter of which results in the formation of acetone and 3-
hydroxypropyl acetate through the alcoholysis of acetylacetone. R; and Ry are
both methyl groups for acetylacetone, and would change for other p-diketones/f-
ketoesters (© The Royal Society of Chemistry 2020).136:137
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Table 3.1 Viscosity and surface tension at 23°C in atmosphere for products and
dilutions from proposed synthesis in Experiments 6 - 10 (DEGEE = diethylene glycol
monoethyl ether; MeOAc = methyl acetoacetate; EtOAc = ethyl acetoacetate; Acac
= acetylacetone; Bzac = benzoylacetone; DBM = dibenzoylmethane).

Solutions at 23°C Viscosity (mPas) Surface Tension (mN m™!)
1,3-propanediol 48.1 44
DEGEE 4.60 31
MeOAc product 218 40
30 wt% MeOAc prod. 10.4 33
EtOAc product 188 39
30 wt% EtOAc prod. 9.70 32
Acac product 347 45
40 wt% Acac prod. 15.4 34
30 wt% Acac prod. 10.3 33
Bzac product 850 45
30 wt% Bzac prod. 10.0 33
DBM product 2600 35
30 wt% DBM prod. 12.2 34

In order to see if the solution can be mixed with a small amount of iridium, with the
possible goal of later obtaining a more pH sensitive layer,3 the experiment was repeated
again for acetylacetone and then diluted to 40 wt% product. The diluting solution was
DEGEE with 1 wt% iridium(III) acetylacetonate (Sigma-Aldrich, 97%); the solution was
made by vortexing 117 mg of iridium(III) acetylacetonate with 11583 mg of DEGEE for a
total of 11700 mg, followed by sonicating for 30 minutes with the Emmi-35HC-Q ultrasonic
cleaner (EMAG AG, Germany). This resulted in a precipitate free, bright yellow solution.

Future research could involve deposition and testing of such iridium-tantalum solutions. The
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tantalum solution synthesis reagents are listed below with the measured ethanol loss, along
with images of before and after vortexing the product with the iridium(III) acetylacetonate

solution in Figure 3.43.

e Experiment 11 - Acetylacetone (6.61 mmol, 662 mg [Alfa Aesar, 95%]), anhydrous
ethanol (42.07 mmol, 1938 mg [AcrosOrganics, 99.5%, ExtraDry, absolute]), tanta-
lum(V) ethoxide (6.60 mmol, 2682 mg [Alfa Aesar, 99+%]), and 1,3-propanediol (46.42
mmol, 3532 mg [Sigma-Aldrich, for synthesis]) as the reagents, with a measured mass

loss of 3363 mg upon distillation (calculated ethanol loss of 3458 mg).

Figure 3.43 Ink before vortexing with phase separation, with 1 wt% iridium(III)
acetylacetonate in DEGEE above as bright yellow and the product below as a very
light yellow (a), and ink after vortexing and sonicating (b).
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3.9 Experiment 12 - “Fast” Proposed Method with Acety-
lacetone

The final experiment concerns whether the synthesis process with acetylacetone from Exper-
iments 4, 8, and 11 can be sped up, namely by shortening the overnight mixing time after
1,3-propanediol addition. Synthesis was followed by sending a sample directly for NMR

measurements.

3.9.1 Synthesis

Anhydrous ethanol (42.35 mmol, 1951 mg [AcrosOrganics, 99.5%, ExtraDry, absolute]),
acetylacetone (6.62 mmol, 663 mg [Alfa Aesar, 95%]) and tantalum(V) ethoxide (6.42 mmol,
2607 mg [Sigma-Aldrich, 99.98% trace metals basis]) were mixed in a dried Schlenk flask
under argon in a glovebox, after which the Schlenk flask with a magnetic stirring rod was
removed from the glovebox and connected to a Schlenk line. The flask was dipped in silicone
oil, with the oil temperature being maintained at 80°C over 8 hours in order to promote
chelation of acetylacetone to the tantalum cation. The reaction was kept under argon with
continuous stirring and a vertical condenser (cold finger), whereby the condenser keeps the
acetylacetone in solution. The tantalum(V) ethoxide from Sigma-Aldrich, which was used
in this experiment (there were delivery problems from Alfa Aesar), gives the solution a more
yellow hue than when tantalum(V) ethoxide from Alfa Aesar was used in Experiments 4, 8,
and 11.

Following the 8 hour mixing, the silicone oil was cooled to 23°C over a 1.5 hour period.
1,3-propanediol (45.10 mmol, 3432 mg [Sigma-Aldrich, for synthesis]) was then added to the
flask via syringe through the Schlenk valve, and the flask was then returned to argon. After
addition, small bubbles appeared which went away over time. The mixing continued for 1

hour, a much shorter time than the 12 hours for Experiments 4 - 11, after which the solution
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was colorless and precipitate free.

As the Schlenk line setup was suboptimal for vacuum distillation, the solution in the
Schlenk flask was removed from the Schlenk line, transferred from the Schlenk flask to a
round-bottom flask, and the round-bottom flask was connected to a rotary evaporator for
ethanol removal from the solution. Once connected, the rotation speed was set to 95 rpm,
the system pressure to 30 mbar, and the water bath temperature to 40°C (where the flask
would remain submerged). Ethanol removal proceeded for 8.75 hours, and afterward the
measured mass loss of 3073 mg was close to the calculated ethanol loss of 3430 mg. Once
ethanol removal was completed, a sample of the product was sent directly to NMR; however,
not enough distillate could be collected for NMR. The entire procedure is displayed in Figure

3.44.

3.9.2 NMR Measurements

The 'H NMR spectrum of the product (3 [ppm]|, Figures 3.45 and 3.46) shows the presence of
the expected 1,3-propanediol peaks at 5 1.80 [HOCH2CH ;CH,OH], 8 3.70 [HOCH ;CH5CH »-
OH], and & 5.25 [HOCH,CH,;CH,OH]. Three separate methine acetylacetone-enol peaks
appear at § 5.95, 8 5.85, and d 5.73 [H3C(CO)CH (CO)CHj]. The peaks from § 2.35 to
3 2.10 overlap significantly (with & 2.19 and § 2.13 being the most prominent peaks, see
Figure 3.46), making the following methyl peak assignments tentative: acetylacetone-keto
[H3C(CO)CH,(CO)CHj3) or acetone [H3C(CO)CH 3] methyl peaks (the latter from alcohol-
ysis) 19621 occur at § 2.32 and 8 2.29, and the acetylacetone-enol |H3;C(CO)CH(CO)CH ;)
methyl peaks around § 2.19 and 8 2.13. The multiple peaks for the same proton on the
acetylacetone-enol tautomer may be due to the different ways in which acetylacetone can
bind to the metal cation,?’” or due to possible peak shifts when more than one acetylacetone
molecule chelates to the metal cation.

Further downfield, as the & 4.20 peak resonates at a higher frequency than the alco-
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holic methylene 1,3-propanediol peak at 6 3.70, this likely indicates the acetylation of 1,3-
propanediol and the creation of 3-hydroxypropyl acetate as in Experiment 4,2 despite the
extra steps taken to avoid alcoholysis of the complex. A possible overlapping peak at § 2.13
would then correspond to the methyl attached to the ester carbonyl [HOCH,CH,CH,O(CO)C-
Hj3l, and the peak at & 4.20 would be the protons on the methylene carbon bound to the
ester oxygen [HOCH,CH,CH,O(CO)CHjs]. Additionally, the TOCSY spectrum in Figure
3.47 shows three distinct proton groups on three consecutive carbon atoms, and the 3C
NMR and HMBC spectra corroborate these findings (discussed below), as well as the litera-
ture values for 3-hydroxypropyl acetate.?'? It is not clear whether the & 4.20 peak occurs as
a triplet, and the peak at 8 4.64 is difficult to assign with the available data.

The *C NMR spectrum of the product (8 |[ppm|, Figure 3.48) shows the expected
1,3-propanediol peaks at & 35.2 [HOCH, CH,CH,OH]| and § 58.9 [HOCH,CHs CH,OH].
Acetylacetone-enol peaks around 8 192.0 [H;C(CO)CH(CO)CHjs], around § 102.0 [H3C(CO)-
CH(CO)CHg|, and around & 26.1 [H3C(CO)CH(CO)CHs] appear in the spectrum, along
with some acetylacetone-keto [H3C(CO)CHy(CO)CHs| or acetone %6209 [H;C(CO)CH;| pea-
ks at 8 204.4, and around & 30.5 [H3 C(CO)CHz(CO) CHj] or [H3 C(CO) CHgl; there is possi-
bly an acetylacetone-keto peak around & 59.0 [H3C(CO) CHy(CO)CHj], which is difficult to
assign due to the presence of 1,3-propanediol. The peak at 8 172.0 [HOCH,CH,CH,O(CO)C-
Hj], not associated with any of the reagents, is located in the range typically found for ester
carbonyl carbons and would support the idea that 1,3-propanediol has been acetylated and
that 3-hydroxypropyl acetate has been formed.?® This is supported by literature?'? and
the HMBC spectrum in Figure 3.49, which shows a cross-peak at 'H § 2.13  13C § 172.0

(although unlike Experiment 4, there is no visible cross-peak at'H & 4.20 — *C 5 172.0).
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3.9.3 Discussion

Aside from the more unclear 3-hydroxypropyl acetate peaks and cross-peaks, these results
are largely consistent with those of Experiment 4. Therefore, shortening the mixing time
after 1,3-propanediol addition from 12 hours to 1 hour appears to give the same results. The
12 hour mixing time in Experiments 4, 8, and 11 was less a matter of science and more of
convenience, as that allows for 8 hour chelation during the day, mixing overnight, and then
8 hour ethanol removal the following day. The 1 hour mixing time, although faster, would

require a 19 hour working day (or two closely placed shifts).

103



19:30 on 06.08.2019: Begin cooling 21:05 — 1000 RPM, 22:06 — 1000 RPM,

to room temperature (leave in 1,3-propanediol bubbles gone.
silicone oil). added.

22:32 — Begin 07:15 — End,
50 mbar at 40°C, send directly to
on 06.08.2019 NMR, on

(rotary evaporator). 07.08.2019

Figure 3.44 Photographic record of Experiment 12, where the extra flask in the
Schlenk line (left) was not used and is to keep the system closed (the observed
pressure of 50 mbar was with the rotary evaporator set to 30 mbar).
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Chapter Four

Sensor Fabrication

As flash lamp annealing is highly compatible with roll-to-roll processing, when compared

9 investigations into photocuring tantalum oxide layers with

to other annealing techniques,?!
a flash lamp will be conducted in this chapter. This chapter will begin with finding the
optimal photocuring parameters with a flash lamp, which are then used to fabricate the
capacitive pH sensor described in Chapter 5. The following experiment will show how the
flash lamp cured material remains on the gold electrode after exposure to acidic and basic
solutions in an extended-gate field-effect transistor (EGFET) measuring configuration. In
the final experiment, solutions from the optimized solution synthesis will be flash lamp
cured and characterized by various spectroscopy techniques. Parts of this chapter have been

published 135-137:220 and discussed in German patent application DE 10 2019 006 976.5 filed

on October 8, 2019.138

4.1 Flash Lamp Annealing

Most of this section will be taken from Chapter 2 of the recently published Flash Lamp

! which provides a very thorough review of the

Annealing: From Basics to Applications,??
topic.

Considering a black body which absorbs all incident radiation, its emitted energy per unit
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area as a function of wavelength and temperature can be determined using Planck’s law, 222
with h being Planck’s constant, ¢ being the speed of light, k& being Boltzmann’s constant, A
being the emitted wavelength, and T being the temperature of the black body:

2hc? 1
N exp (he/ MRT]) — 1 (41)

By(\T) =

The peak wavelength for any black body can be calculated using Wien’s displacement law,
with b being Wien’s constant, demonstrating that an increase in temperature will lead to a

decrease in the peak wavelength:

b

)\peak = T (42)

Thus, by assuming a star as a black body, the star’s surface temperature can be used to

estimate its spectral output, as shown in Figure 4.1 for Alpha Centauri,?*3?** our closest

neighbor.??5226 Ag the surface temperature of the star increases from Proxima Centauri,
then to Alpha Centauri B, and finally to Alpha Centauri A, the peak emitting wavelength

blueshifts, thereby allowing for more photon emission in the UV range.

Aa =500 nm L
Alpha Centauri ‘e Switch
e| =
A °|.3 T
5790 K Flew
g = », @2
551 nm i c3 £
L0 ®_ eulon, § [crarser] c §
/ \L 9.2,.90 4,/ ur;
/ \ 3042 Ky U
/ \\ Sol
[ \ 5772 K
/ \ L /

| \\\ .
| N\ Earth -1 AU . catnode
/ AN oo Upon Firing
/ Ap=953nm e ° 1. Space Charge
J e ) 2. lonization 12| 3 4

. 3. Transition
3000 4. Full Plasma

0 500 1000 1500 2000 2500
Wavelength (nm)

Figure 4.1 Left: spectral output of stars in the Alpha Centauri system, assuming
they are black bodies where an increase in surface temperature leads to a blueshift
in the peak wavelength - Sol and Alpha Centauri A have a similar spectral out-
put.?232%7 Right: simplified LC circuit with external triggering (via a transformer)
and a grounded cathode, with a reference coil wrapped around the lamp to ensure
reliable triggering. The optional switch is to protect the charger during discharge.??!
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By assuming Planck’s law for a flash lamp, containing a noble gas (He, Ne, Ar, Kr, Xe)
which can be ionized to produce light, an increase in plasma temperature would lead to
more emitted photons for photocuring a material in the UV range. For the quick delivery
of energy required for a flash lamp to achieve this, a charged capacitor with capacitance, C,
can be used where the square of the voltage, V, across the capacitor is proportional to the
stored energy, E:

E= %CVQ (4.3)

Upon discharge, the current, I, as a function of time, ¢, is governed by the rate of the voltage
change:

It)=C (4.4)

The current density profile in the lamp, j, is a function of I and the time-dependent plasma

arc diameter, d,:

i (t) = 4.5
i=" (45)
In relating the temperature, T, to j, the following equation can be used where pgr is the
reference pressure of the filling gas (element specific), pg the filling gas pressure, p the working

pressure, and F; the ionization energy (element specific):

0.4
‘ FE;
j% =1.064 x 10° (%) p? exp (—2 X 104?) (4.6)

When attempting to correct for deviations from the ideal gas model, the following equation
can be used instead:

j=11p" T E " exp 05000%) (4.7)
In either case, an increase in F from Equation 4.3, and thereby j, leads to an increase in 7.
Additionally, for the same value of F, an increase in the discharge rate of the capacitor from
Equation 4.4 leads to a higher I, and therefore a higher j. Thus a higher input energy and a

shorter discharge, or pulse, time would lead to a higher plasma temperature; however, if the

pulse time is too short, then the capacitor may not be able to release the required amount
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of energy, meaning that the lamp operator needs to balance these variables to achieve the
optimum energy and pulse length for UV light emission.

Typically, the pulse is modulated with a series LC circuit, as shown in Figure 4.1. In
this case, a transformer triggers the circuit via external circuitry. In a simplified circuit, the
time constant, 7, and the impedance, Z, are a function of L and C, which governs the pulse

shape:

T=VLC with Z:\/g (4.8)

For the lamp gas, conversion efficiency increases with atomic mass of the gas, and there-
fore xenon is often used. The lamp’s output spectrum, regardless of filling gas, is a broad
continuum from UV to near IR, with element specific spectral lines. The spectral lines are
more visible with a low flash energy, while the continuum is more visible at higher energy. In
attempting to apply Planck’s law, however, the emissivity of the the lamp initially increases
monotonically with wavelength, leading to an underestimate with Planck’s law for emitted
UV. Furthermore, energy increases lead only to small increases in the plasma temperature,
as other losses in the plasma consume some of the energy. However, with a further increase
in energy, the emissivity increases and converges towards a black body, and this increase is
observed to be stronger in the UV range than in the visible and IR range. Therefore, an
increase in the input energy and the plasma temperature is desired for curing UV absorbing
layers.

Additionally, the absorption and thermal properties of the material receiving the irradi-
ation need to be taken into account.??® Although it is difficult to measure the temperature
accurately during processing, the material temperature can be simulated. For example, by
using a transient 1-D heat conduction model, the heat conduction equation can be discretized
using finite element analysis. This equation requires knowing the density, p, the specific heat

at constant pressure, c,, and the thermal conductivity, , of the material receiving the irra-
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diation:

pcp% = % (K%) +5 (4.9)
In this case, S is a volumetric source term, and the equation would be used over a material
depth, L. Depending on the absorption properties of the material, the heat pulse after
receiving irradiation can be treated either as a surface heat flux or a volumetric source term,

the latter of which being based on the absorptivity. For the case of surface flux, while

considering the boundary conditions z = 0 (4.10) and x = L (4.11):

a5 (1) = dy (t) = hooo (To — To) — €0 Ty (4.10)
qr (t) = oo, (T — T 1) (4.11)

Here, g, (t) is the pulse waveform, o is the Stefan-Boltzmann constant, € is the emmisivity,
heo,0 is the convective heat transfer coefficient, T is the surface temperature, and Ty is the
ambient surface temperature above the film stack (the values for L are the same as those for
0 but for below the film stack). However, if a volumetric source term is used instead, g, ()
is omitted and Beer’s law is used, with ¢ as the incident heat flux, ¢” as the transmitted
flux through a planar volume of depth [, and « as the absorption coefficient:

¢

s =exp (—al) (4.12)
Beer’s law is then used to calculate the fraction of the surface heating pulse, g, (t), absorbed
in each cell. The PulseForge (Novacentrix, USA), which uses a xenon flash lamp for photonic
sintering and curing, uses these relations in its SimPulse software. In this way, the operator
can predict the heat profile in each layer after irradiation. By knowing the thermal profile, a
pulse can be made so as to properly cure or sinter the desired material, without damaging the
substrate beneath it. However, if the properties of the material to be sintered are unknown,
then an Edisonian approach towards finding the best pulse, which will be followed in the

experimental section, may be required.
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4.2 Deposition and Spectroscopy Methods

Inkjet Printing and Plasma Treatment

Viscosity was measured with a DV3T rheometer (AMETEK Brookfield, USA) at the 2
minute mark, and surface tension with a surface tensiometer model A3 (KINO Industry Co.,
Ltd., USA) being an average of n = 10. Ink sonication was performed with a Emmi-35HC-
Q ultrasonic cleaner (EMAG AG, Germany). Plasma substrate treatment used the NANO
plasma oven (Diener electronic GmbH + Co. KG, Germany), with parameters later specified
for each experiment. All inkjet printing was performed with an OmniJet 300 printer (Unijet
Co., Ltd., South Korea), using 10 pL Dimatix cartridges (FUJIFILM Dimatix, Inc., USA)

with detailed parameters for each case in the experimental section.

Annealing

Thermal annealing used a programmable, precision hot plate with the Programmer PR 5
(Harry Gestigkeit GmbH, Germany), where a glass Petri dish was placed over the samples
(lip contacting the hot plate) to prevent contamination from the environment. Flash lamp
annealing was carried out with the PulseForge 1200 (Novacentrix, USA) with an output
spectrum from roughly 230 nm — 1000 nm at the set voltages,??® with the procedure detailed
for each case in the experimental methods (a working distance of 25 mm was used in all

cases, with photocuring being run at room temperature).

Parylene C Deposition for Feed Line Passivation

Parylene C was chosen as a chemically inert and biocompatible passivation layer, where over
a thickness of 100 nm the material is pinhole free.23° In order to deposit the material, the SCS
Labcoter 2 - Parylene Deposition System 2010 (Specialty Coating Systems, Inc., USA) with
default system settings was used. The dimer dichloro-p-cyclophane (DPX-C, Specialty Coat-

ing Systems, Inc.) was pyrolyzed to form the layer, and y-methyacryloxypropyltrimethoxysil-
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ane (A-174 Silane, Specialty Coating Systems, Inc.) was used for adhesion to the substrate.
A tape mask, guided by the naked eye and utilizing clean room dicing tape (1008R-11.5,
Ultron Systems, Inc.), was cut with scissors and taped on the sensor contact pads and the
cured tantalum oxide layer - after parylene C deposition, the tape was carefully removed
with the aid of a scalpel, leaving a passivation layer covering the feedlines.

See Figure B.1 (Appendix) for a visual of sample placement in the chamber with an
example of tape mask removal. A modified, visual description of the deposition process from

the manufacturer?! is shown in Figure B.2 (Appendix).

UV /Visible Spectrophotometry

UV /Vis spectra of the films on a-SiO, were measured versus a 0.5 mm thick a-SiO, reference,
with a 1 nm step in the 200 nm to 400 nm range. The device used was a Lambda 900

spectrometer (PerkinElmer, USA).

Confocal Raman Microscopy

Confocal Raman microscopy was performed using an alpha300 R setup (WITec, Germany).
[umination of the sample was performed using a 532 nm excitation line from a single-mode
frequency doubled Nd:YAG laser via a 100 pm single-mode glass fiber. A LD EC Epiplan-
Neofluar 50 x 0.55 objective (Carl Zeiss AG, Germany) was used and the laser power at the
sample behind the objective was 12 mW.

An edge filter was used to separate the Raman signal from the excitation line. Confocality
of the Raman signal was achieved via a 50 pm multi-mode fiber glass between the microscope
and the Raman spectrometer, where the fiber serves as a pin-hole. The Raman spectrometer
was equipped with a holographic grating of 600 lines per mm. For the detector, a Newton
970 EMCCD camera (Andor Technology Ltd, United Kingdom) with 1600 x 200 pixels was
used, where this configuration allows a spectral resolution of about 2 em™! to be obtained.

An integration time of roughly 0.1 s per spectrum and pixel was used to improve the
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signal-to-noise ratio (S/N). For Raman depth scans, 100 pixel x 80 pixel scans were used
for covering an area of 50 pm x 40 pm. All data sets were analyzed using cluster analysis

and non-negative matrix factorization.

X-Ray Diffraction (XRD)

X-ray measurements were accomplished with a high-resolution D8 diffractometer (Bruker
Corporation, USA), using the CuKal wavelength (A — 1.54016 A) collimated and filtered by
means of a Gébel mirror and a Ge-220 four-crystal monochromator. On the detector side, a
scintillator with a mechanical slit of 3 mm was employed. The 20/0 scans were carried out
in a range from 20 = 3° 120° with angular resolutions of 0.1°. Each data point was measured

for 10 s.

X-Ray Photoelectron Spectroscopy (XPS)

Spectra were obtained using a Phi5000 VersaProbe II (ULVAC-Phi Inc., USA). The source
was AlKe, monochromatic (1.486 keV) with X-ray settings of 50 W, 15 kV in a 200 pm spot.
Survey spectra were obtained with a 187.5 eV pass energy, with a 0.8 eV step and 100 ms
per step. Detailed spectra used a 23.5 eV pass energy, with a 0.1 eV step and 100 ms per
step.

Atomic quantification assumed a homogeneous volume, using atomic% (at%) with a 15%
relative error. Quantification was normalized to 100 at%. The Shirley-background was
subtracted and empirical relative sensitivity factors were used. Charge compensation was

performed by setting the main peak of the C 1s signal to 285 eV.

Ion Beam Analysis

Rutherford backscattering spectrometry (RBS) and nuclear reaction analysis (NRA) were
performed using 1.43 MeV deuterons. A beam spot diameter of about 200 pm was set up

using a triple-focus. A 20 pm resolution imaging camera together with a piezo manipulator
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enabled positioning of the beam spot on the regions of interest on each sample. Each sample
spot was integrated for about 2000 s to about 3 pC of ion charge for sufficient counting
statistics. Signals were acquired using a 100 pm thick PIPS detector with 11 keV FWHM
resolution at 150° reaction angle.

RBS and NRA data were analyzed using SImNRA 7.02 with Rutherford cross-sections for
all elements except for C and O which were analyzed using the **O(d,pg)'”O and *2C(d,p,)"*C
reactions and Sigmacalc 2.0 cross-sections. The measurement achieves a total uncertainty
of 10% originating from the Particle*Sr value determined from the substrate RBS and NRA
counting statistics. The good counting statistics of tantalum results in negligible uncertain-

ties for this element.

LCR Meter Measurements (Experiment 3)

After the 125°C preliminary anneal, the layers were exposed to the xenon flash lamp, with
the parallel capacitance (with parasitic capacitance subtracted) and the parallel resistance
measured at 1000 Hz every 50 shots, using a DE-5000 LCR meter with TL-22 probes (DER-
EE, Taiwan). Plotted values were an average from 5 structures, with the error bar reporting

the standard deviation.

Focused Ion Beam (FIB) Sectioning and Scanning Electron Microscopy (SEM)

FIB sectioning and subsequent SEM imaging was carried out with a HELIOS 600i NanoLab
(FEI, Thermo Fisher Scientific, USA). First the region of interest on the sample was covered
in situ with protective Pt/C layers. Rough milling was processed with Ga* ions at 0.43 nA
or 0.79 nA and 30 kV followed by a fine polishing step at 40 pA and 30 kV. SEM imaging

was performed at 21 pA and 3 kV using the TL detector for secondary electrons.
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4.3 Experiment 1 - Flash Lamp Annealing

The first solution for flash lamp testing involved refluxing 618 mg tantalum(V) ethoxide
(Alfa Aesar, 99+%), 637 mg acetylacetone (Alfa Aesar, 95%), and 1725 mg 1,3-propanediol
(Sigma-Aldrich, for synthesis) in 120°C silicone oil for 8 hours in air (23.07.2018), followed
by removal of the vertical condenser (cold finger) for 2 hours to allow for ethanol removal
(this assumption was made before the nuclear magnetic resonance (NMR) experiments in
Chapter 3 were run). This product had a dark amber appearance, similar to Experiment
1 in Chapter 3, and was then diluted with 1-butanol (99.9%, Sigma-Aldrich) in order to
achieve the proper viscosity and surface tension for inkjet printing. However, dilution with
1-butanol led to the need to constantly purge (flood the nozzles to remove blockage) during
printing, possibly due to the formation of tantala glass particles (i.e., the ink was not air
stable, perhaps caused by 1-butanol evaporation). Thus, diethylene glycol monoethyl ether
(DEGEE) (Sigma-Aldrich, ReagentPlus 99%) was used instead and led to better results,
likely because of DEGEE’s lower vapor pressure. In both cases, vortexing was required to

obtain a homogeneous ink.

Table 4.1 Viscosity and surface tension for diluted product.

Ink Viscosity (mPa s) Surface Tension (mN m™')
504 mg Product, 500 mg 1-Butanol 8.42 27
782 mg Product, 825 mg DEGEE 115 32

In order to make more solution after viscosity and surface tension measurements, another
reflux was run with 610 mg tantalum(V) ethoxide (Alfa Aesar, 99+%), 603 mg acetylacetone
(Alfa Aesar, 95%), and 1751 mg 1,3-propanediol (Sigma-Aldrich, for synthesis) in 120°C
silicone oil overnight (starting at 20:22 on 01.08.2018). Unfortunately, the camera used to

take the pictures, where the file timestamp was used to mark reaction duration, was dropped
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on the asphalt and broke, so the exact reaction time is not clear - however, the reaction
was stopped the next day in the morning (with the condenser removed for 2 hours for
assumed ethanol removal), and the product had a dark amber appearance like the previous
experiment. A 50 wt% product dilution in DEGEE (filtered with a Whatman Puradisc
13, GF/B, 1.0 nm glass filter [GE Healthcare, USA]) was then used for inkjet printing on
laser ablated, gold interdigitated electrodes (IDEs) on PET (see Table 4.2 for laser ablation
parameters and substrate specifications). These IDEs consisted of 40 digits, being ~2000
pm long, ~55 pm wide, and with a gap spacing of about ~25 pm. The plasma parameters

are in Table 4.3, and the printing parameters in Table 4.4.

Table 4.2 Laser ablation of 50 nm thick gold, 5 nm thick titanium adhesion layer
(gold and titanium deposited via electron-beam physical vapor deposition), on 80
pm thick DuPont PCS (PET) with an RDX 500 Laser Machine (Pulsar Photonics
GmbH, Germany).

Installed Laser Source

Focus Objective (mm) Pulse Width (ps) Wavelength (nm)

100 12 932

Ablation Settings

Repetition Rate (MHz) Laser Power (W) Mark/Scanner Speed (mm s—t)

5 30 1000

Table 4.3 Surface plasma treatment for laser ablated IDEs.

Gas  Pressure (mbar) Power (W) Time (s)

Argon 0.6 150 120
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Table 4.4 Printing parameters for laser ablated IDEs (head height not noted).

Waveform (ps) Voltage (V) Frequency (Hz) Pitch (pm) Dimensions (Drops)

1-10-1 25 1000 30 140 x 140

After printing, all samples were annealed for approximately 10 hours at 125°C on a hot
plate. For finding the best shot parameters with the PulseForge 1200 (Novacentrix, USA),
each pulse would be tested and then adapted for improvement. The tests proceeded with the
following assumptions: large pulse envelopes shock the material, and may lead to unwanted
fracturing and cracking; higher voltages (maximum output of 450 V with the PulseForge
1200) emit more photons in the UV range (as discussed in the previous section and reported

229 which is necessary for oxides and chelated pB-diketonates. Parallel

by the manufacturer),
capacitance was measured with a RLC 200 Meter (Grundig, Germany) at 1000 Hz, and
microscope images were taken with the Keyence X-150 Laser Microscope (Keyence, Japan).
Composite images were made with a machine controlled stage and the microscope software,

where some “before” images were only taken of part of the sensor, as a false assumption was

made that only part of the sensor needed to be imaged to save time.

4.3.1 Finding the Right Pulse

Sample 1 in Figure 4.2 (also Figure C.1 in the Appendix) shows an example of where with
too large of a pulse envelope at 350 V, the gold/titanium/PET substrate absorbs too much
heat, which leads to the undesired cracking. Therefore, various tests at 450 V were run with
divided pulse envelopes and are tabulated in Table 4.5, where a higher voltage from Equation
4.3 would theoretically yield more UV photons. Each listed group of shot parameters was
tested for a different sample, where the images are shown in Figures C.2 - C.14 in the

Appendix. The final sample (Sample 14) listed at the bottom of Table 4.5 is shown here
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in Figure 4.3 and in the Appendix in Figure C.14, which shows a color change and a slight
capacitance increase after photocuring. From these tests, the best results occurred with
multiple, short pulses at a high voltage, with each pulse divided into “ppulses” as they are

referred to by the manufacturer.

Figure 4.2 Sample 1 Firing Parameters - 1x 770 mJ cm™2, 350 V, 500 ps, 1 undi-
vided pulse, no capacitance change (a - before flash lamp, b - after flash lamp).

Figure 4.3 Sample 14 Firing Parameters - 2400x at 2 Hz, 663 mJ cm~2, 450 V, 500
s, 7 ppulses with 40% duty cycle, [3.5 pF before, 5.0 pF after, 1.2 pF parasitics]
(a - before flash lamp, b - after flash lamp). The estimated surface temperature
of the substrate, according to the SimPulse 2.5 software, plateaus at the following
temperatures (with an operating temperature of 25°C): 80 um thick PET, ~30°C;
80 um thick PET with 5 nm Ti adhesion layer and 50 nm Au layer, ~390°C.
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Table 4.5 Shot parameters for successive samples, starting from the top and arriving at the optimal parameters at
the bottom, where an underline denotes a change from the previous treatment (above) and where an absence of an
underline indicates an attempt to recreate the previous result. For the “Changes” column, the following denote a
particular change: X = cracks, C = color change, x pF = parallel capacitance increase.

Shots Frequency (Hz) Energy (mJ cm™2) Voltage (V) Envelope (us) ppulses Duty Cycle (%) Changes Figure
1 - 558 450 400 5 50 None C.2
20 2 558 450 400 5 50 None C.3
20 2 1130 450 800 5 50 X C.4
20 2 362 450 600 5 50 X C5
20 2 692 450 500 5 50 None C.6
20 2 692 450 500 5 50 None C.7
120 2 692 450 500 5 50 None C.8
120 2 739 450 500 7 50 None C.9
1200 2 739 450 500 7 50 C C.10
2400 2 739 450 500 7 50 X, C,08pF C.11
2400 2 739 450 500 7 50 X,C,08pF C.12
2400 2 663 450 500 7 40 C, 1.7 pF C.13
2400 2 663 450 500 7 40 C, 1.5 pF 4.3
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Being relatively defect free when compared to the other samples, Sample 14 in Figure
4.3 was then compared to a gold negative control with no deposited tantalum oxide layer for
pH versus impedance sensitivity, with pH buffer solutions pipetted onto the IDEs. Merck
Titrisol buffers of pH 5 (citrate and sodium hydroxide), pH 7 (potassium dihydrogen phos-
phate and disodium hydrogen phosphate), and pH 9 (boric acid, potassium chloride, and
sodium hydroxide) were used for the measurements. Before measuring, both samples were
conditioned for two hours in Britton-Robinson’s universal pH buffer?3? (0.04 M acetic acid
[Glacial, PhEur, SAFC], 0.04 M phosphoric acid [85%, Reag. Ph. Eur, KMF optiChem],
0.04 M boric acid [GR, Merck]) with no addition of sodium hydroxide, giving the buffer a
pH of ~1.9. Impedance was measured at a 10 mV amplitude (rms) from 1 Hz to 1 MHz (10
measurements per decade) with the PalmSens 4 (PalmSens BV, The Netherlands), with the
counter and reference electrodes shorted and connected to one digit array, and the working
electrode to the opposite digit array. On both the negative control sample and the tantalum
oxide sample, the pH was cycled from pH 5 to pH 7 to pH 9 a total of 5 times (rinsed with
Milli-Q water and N, between measurements), with the Bode spectra averaged and plotted
in Figure 4.4 for the negative control and Figure 4.5 for Sample 14 having tantalum oxide
covering the gold.

The negative control appears to have no clear pH sensitivity. However, when comparing
the impedance modulus around 10 kHz for the tantalum oxide sample, the deposited layer
appears to have an increasing impedance with pH. However, this experiment is flawed, as
the droplet size may change from measurement to measurement. Nonetheless, the results
support further investigation of this phenomenon, which will be discussed in more detail in

Chapter 5 with Sensor 7-7.
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4.3.2 XPS for Oxidation State and Carbon Content

For a similar experiment (Sample 15), reflux was conducted with 815 mg tantalum(V)
ethoxide (Alfa Aesar, 99+%), 203 mg acetylacetone (Alfa Aesar, 95%), and 1010 mg 1,3-
propanediol (Sigma-Aldrich, for synthesis) for 24 hours (04.12.2018 - 05.12.2018) in silicone
oil at 100°C in air, where the vertical condenser (cold finger) was removed for 2 hours under
heat (after the 24 hour reflux). The ink product was then diluted to make a 55 wt% DEGEE
ink, and subsequently filtered with a Whatman Puradisc 13, GF/F, 0.7 pm glass syringe filter
(GE Healthcare, USA). The ink was then printed on laser ablated gold IDEs on PET, with
40 digits having a length of ~3500 pm, a gap of ~50 pm, and a width of ~50 pm (see Table
4.2 for laser ablation parameters and substrate specifications). Before printing, the IDEs
were sonicated with 1 v/v % Aquet detergent (concentrate, Scienceware) in Milli-Q water
for 10 minutes, followed by 10 minute sonication in isopropanol. The plasma parameters are

in Table 4.6, and the printing parameters in Table 4.7.

Table 4.6 Surface plasma treatment for laser ablated IDEs.

Gas Pressure (mbar) Power (W) Time (s)
1) Argon 0.6 150 180
2) Oxygen 0.3 150 30

Table 4.7 Printing parameters for laser ablated IDEs (head height at 0.5 mm).

Waveform (ns) Voltage (V) Frequency (Hz) Pitch (nm) Dimensions (Drops)

1-10-1 25 1000 150 32 x 32

After printing, a 125°C pre-anneal (30 minute ramp, 2 hour hold) was performed on a

hot plate. The thermally annealed layers were then photocured with 4000 shots at 0.333
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Hz, with the shot parameters in Table 4.8. The shot parameters were further modified
from that of Sample 14, in order to avoid machine failure and for more reproducible pulses.
The estimated surface temperature of the substrate, according to the SimPulse 2.5 software,
plateaus at the following temperatures and an operating temperature of 25°C: 80 wm thick

PET, ~25°C; 80 um thick PET with 5 nm Ti adhesion layer and 50 nm Au layer, ~250°C.

Table 4.8 Shot parameters for flash lamp curing of tantalum oxide layers for Sample
15 and Sensor 7-7, where a total of 4000 shots were fired at a frequency of 0.333 Hz.

Pulse Shape Energy (mJ cm™2) Voltage (V) ppulses ppulse rise — fall (ps)

LLL 456 400 3 75 — 150

The XPS survey spectrum in Figure 4.6 and the Ta 4f and O 1s spectra in Figure 4.7
show the formation of stochiometric Tay,Os, where the O/Ta ratio is 2.4 which is within the
expected error for a O/Ta ratio of 2.5. The detected silicon in Table 4.9 may be from the
laser ablation of PET with siloxane contamination,?? while the detected carbon is affected

by surface contamination and is not an indicator of bulk carbon content.

Table 4.9 XPS for Sample 15.

At% C1s At O1ls At% Si2p At% Ta4f At% Au 4f

13.8 62.5 7.2 15.4 1.2
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4.3.3 Sensor 7-7 Fabrication

In making the tantalum ink for the immittance spectroscopy study in Chapter 5 with Sensor
7-7, reflux was conducted with 813 mg tantalum(V) ethoxide (Alfa Aesar, 99+%), 209 mg
acetylacetone (Alfa Aesar, 95%), and 1037 mg 1,3-propanediol (Sigma-Aldrich, for synthesis)
for 24 hours (27.10.2018 - 28.10.2018) in silicone oil at 100°C in air, where the vertical
condenser (cold finger) was removed for 2 hours under heat (after the 24 hour reflux). The
ink product was then diluted to make a 60 wt% DEGEE (Sigma-Aldrich, ReagentPlus 99%)
ink, and subsequently filtered with a Whatman Puradisc 13, GF/F, 0.7 pm glass syringe
filter. The ink was then printed on laser ablated gold IDEs on PET (see Table 4.2 for laser
ablation parameters and substrate specifications), with 40 digits having a length of ~3500
nm, a gap of ~50 pm, and a width of ~50 pm. Before printing, the IDEs were sonicated
with 1 v/v % Aquet detergent (concentrate, Scienceware) in Milli-Q water for 10 minutes,
followed by 10 minute sonication in isopropanol. The plasma parameters are in Table 4.10,

and the printing parameters in Table 4.11.

Table 4.10 Surface plasma treatment for laser ablated IDEs.

Gas Pressure (mbar) Power (W) Time (s)
1) Argon 0.6 150 180
2) Oxygen 0.3 ~105 30

Table 4.11 Printing parameters for laser ablated IDEs (head height at 0.8 mm).

Waveform (ps) Voltage (V) Frequency (Hz) Pitch (pm) Dimensions (Drops)

1-10-1 25 1000 190 25 x 25
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After printing, a 125°C pre-anneal (1 hour ramp, 4 hour hold) was performed on a hot
plate. The annealed layers were photocured with the shot parameters in Table 4.8, for a
total of 4000 shots at a firing frequency of 0.333 Hz. Following photocuring (no thermal post-
anneal), parylene C was deposited with 6.0 g of dichloro-p-cyclophane (DPX-C, Specialty
Coating Systems, Inc.), with silane used for adhesion to the substrate, leaving an estimated
3 um layer covering the feedlines after tape mask removal; the process of removing the tape
mask from Sensor 7-7 is shown in Figure B.1 in the Appendix. The immittance spectra

measurements are reported and discussed in Chapter 5.

4.4 Experiment 2 - pH Buffer Resistance

After determining that the synthesized solutions can be photocured to form tantalum oxide
films on gold /titanium /PET foil, this experiment will investigate whether prolonged exposure
to acidic and basic solutions, through pH measurements in an EGFET configuration, can
remove the tantalum oxide from the gold electrode.

The product from Experiment 1 of Chapter 3 was used for this experiment, with ink
preparation and printed layers shown in Figure 4.8. The ink product was diluted to make
a 55 wt% DEGEE (Sigma-Aldrich, ReagentPlus 99%) ink, and subsequently filtered with a
Whatman Puradisc 13, GF/F, 0.7 nm glass syringe filter (GE Healthcare, USA). The ink
was then printed on laser ablated gold IDEs on PET, with 62 digits having a length of ~4800
nm, a gap of ~25 pm, and a width of ~50 pm (see Table 4.2 for laser ablation parameters
and substrate specifications). The series capacitance at 1 Hz versus pH for these sensors in
Britton-Robinson buffer solutions?3? with 0.28 M NaCl is shown in Figure 5.31 at the end of
Chapter 5, and the immittance spectra are shown in the Appendix (Figures F.1 - F.8), where
the solutions have a salinity similar to “low sodium Kimchi.”!! The ink was also printed on 5
mm x 5 mm gold PET electrodes for EGFET testing (also laser ablated to form gold strips

shown in Figure 4.9). Before printing, the gold PET substrate was rinsed with toluene to
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remove gold particles, sonicated with 1 v/v % Aquet detergent (concentrate, Scienceware)
in Milli-Q water for 10 minutes, and lastly sonicated for 10 minutes in isopropanol. The
plasma parameters are in Table 4.12, and the printing parameters in Table 4.13.

Table 4.12 Surface plasma treatment for laser ablated IDEs.

Gas Pressure (mbar) Power (W) Time (s)
1) Argon 0.6 150 300
2) Oxygen 0.6 150 120

Table 4.13 Printing parameters for laser ablated IDEs (head height at 1.1 mm).

Waveform (ps) Voltage (V) Frequency (Hz) Pitch (pm) Dimensions (Drops)

1-10-1 40 1000 150 40 x 40

Table 4.14 Shot parameters for flash lamp curing of tantalum oxide layers in Ex-
periment 2 and Experiment 3, where for Experiment 2 a total of 5000 shots were
fired at a frequency of 0.333 Hz.

Pulse Shape Energy (mJ cm™2) Voltage (V) ppulses ppulse rise — fall (ps)

LLL 623 400 3 100 — 200

After printing, a 125°C pre-anneal (1 hour ramp, 2 hour hold) was performed on a hot
plate. The annealed layers were photocured with the shot parameters in Table 4.14, for a
total of 5000 shots at a firing frequency of 0.333 Hz; this pulse was further improved from
prior experiments, where the longer rise and fall times at a lower voltage and frequency were
found to be more reproducible. The estimated surface temperature of the substrate, accord-

ing to the SimPulse 2.5 software, plateaus at the following temperatures and an operating
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temperature of 25°C: 80 um thick PET, ~25°C; 80 wm thick PET with 5 nm Ti adhesion
layer and 50 nm Au layer, ~300°C.

A 125°C post-anneal (1 hour ramp, 2 hour hold) was then performed, followed by pary-
lene C deposition to passivate the feedlines. 6.1 g of dichloro-p-cyclophane dimer (DPX-C,
Specialty Coating Systems, Inc.) was used to deposit an estimated 3 pwm thick layer covering
the feedlines, with silane used for adhesion. Figure 4.9 shows the prepared sensing electrodes

before and after tape mask removal.

Figure 4.8 Ink before vortexing with phase separation, with DEGEE above as
clear and the product below as amber (a), ink after vortexing (b), and ink printed
on gold PET foil (c¢) annealing on the hot plate, with the darker areas being the
printed layer.
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Figure 4.9 Tape mask on tantalum oxide and contact pads after parylene C depo-
sition (a) and tape mask removal (b).

4.4.1 EGFET pH Measurement

A pioneering use of Ta,0O5-EGFETs in 1971 by Lagow et al.?** involved anodizing tantalum
metal to form an oxide film, cutting the anodized metal into circles which were “crimped
into the shape of bottle caps with a face diameter of 1/4 inch,” and attaching the metal side
to a field-effect transistor for use as chloride resistant, long-term electrocardiogram (EKG)
electrodes intended for astronauts and patients in intensive care. Namely, the tantalum oxide
film would contact the patient’s skin, who is grounded by ohmic contact, for low-impedance
recording and transmission. Ta,O5-EGFETSs have also been investigated for pH sensing with
Ta,0j5 sputtered onto gold metallized PET foils,'?! and the flash lamp annealed films used
here will be examined as a sensing material for this configuration.

The EGFET pH sensing experiment in this work followed that of Ghoneim et al.,?*> due
to their extensive characterization of the experimental setup. Therefore with the goal of
reproducibility, their procedure was replicated as much as possible with a diagram shown
in Figure 4.10. The setup, run in a dark Faraday cage, used a CD4007UBE nMos tran-

sistor (Texas Instruments, USA), a BASi RE-6 Ag/AgCl reference electrode containing a 3
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M NaCl gel (Bioanalytical Systems, Inc., USA), and the prepared tantalum oxide sensing
layer. Measurements were run in saturation mode with the 4200A-SCS Parameter Analyzer
(Keithley Instruments, USA) with a Vpg bias of 5 V and a Vg bias of 3 V. Saturation mode
was chosen since Ghoneim et al. were able to achieve a Nernstian response with zinc oxide,
unlike in linear mode. The intrinsic drift of the transistor (Figure D.1), the drift of the
reference electrode (Figure D.2), and the transistor sensitivity (Figure D.3) for a mV pH™*
conversion are shown in the Appendix, which also followed the procedure of Ghoneim et al.

Test solutions were made with Britton-Robinson’s universal pH buffer?? (0.04 M acetic
acid [Glacial, PhEur, SAFC], 0.04 M phosphoric acid [85%, Reag. Ph. Eur, KMF optiChem],
0.04 M boric acid [GR, Merck]) by adding 1 M sodium hydroxide (pellets, Sigma-Aldrich)
to adjust the pH. A 2 hour conditioning of the sensing electrode in the buffer without added
sodium hydroxide (pH ~1.9) was performed; in support of this conditioning step, the zeta
potential of TayOs, deposited via atomic layer deposition (ALD), stabilized after 1 hour at
pH 5.6 in 1 mM KClI, where ozone activation was performed before solution exposure.?3¢ For
measuring the solution pH and conductivity, a MPC227 pH/Conductivity Meter (Mettler-
Toledo, USA) was used with the InLab RoutinePro pH electrode (Mettler-Toledo, USA) and
the InLab 731-ISM-2m conductivity electrode (Mettler-Toledo, USA). The pH was measured
both before and after placement of the tantalum oxide electrode in the buffer solution, with
the measured pH after removal of the tantalum oxide electrode from the solution taken for
the EGFET plots. Solution conductivity was measured after the EGFET experiment was
run. All pH and conductivity values are tabulated in Table 4.15.

Due to the insulative nature of tantalum oxide, and the high input impedance of the
transistor, the drain current was recorded for 60 minutes after the tantalum oxide sensing
layer and reference electrode were placed into solution. The tantalum oxide electrode and
reference electrode were also shorted beforehand, in order to equalize the charge on the

electrodes.
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Figure 4.10 EGFET setup?® in a dark Faraday cage with a CD4007UBE nMos transistor run in saturation mode
with the Keithley 4200A-SCS Parameter Analyzer, using a Vpg bias of 5 V and a Vgg bias of 3 V. For resetting
before measurement, the BASi RE-6 Ag/AgCl reference electrode containing a 3 M NaCl gel was shorted with the
fabricated tantalum oxide extended-gate, where the extended-gate was connected to the gate pin of the transistor.
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Table 4.15 pH and conductivity measurement of Britton-Robinson solutions, with
values during the increase from pH 2 to pH 12 in blue, and the decrease from pH
12 to pH 2 in red. Solution conductivity measurements were made after the entire
experiment was run.

Approximate pH pHat t =0s pHat¢=23600s Conductivity (mS cm™!)

2 2.01 2.01 3.53
3 3.06 2.96 1.71
4 4.01 3.96 2.00
5 5.05 5.02 3.47
6 5.98 6.00 4.29
7 7.00 7.00 5.07
8 8.02 8.01 5.75
9 8.97 9.01 6.48
10 10.05 10.06 7.45
11 11.11 11.03 7.95
12 12.06 12.04 10.54
11 11.09 11.1 7.95
10 10.06 9.96 7.45
9 9.03 9.07 6.48
8 8.09 8.03 5.75
7 7.04 7.01 5.07
6 6.05 5.96 4.29
5 5.07 5.01 3.47
4 4.02 4.02 2.00
3 3.04 3.01 1.71
2 2.05 2.02 3.53
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Figure 4.11 Continuous measurement of drain current from pH 2 to pH 12, and
back to pH 2 (only one measurement at pH 12). After the 1 hour measuring period,
the sensing electrode was rinsed with Milli-Q and Ny, and the circuit was reset in

the new solution (sensing and reference electrodes shorted).
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Figure 4.12 Drain current measurement taken at 1 hour, and then converted to
mV in order to see linear sensitivity. After the 1 hour measuring period, the sensing
electrode was rinsed with Milli-Q and Nj, and the circuit was reset in the new
solution (sensing and reference electrodes shorted).

In measuring the drain current from pH 2 to pH 12, and back to pH 2, a pH sensitive slope
takes more than 30 minutes as shown in Figure 4.11 (see pH 7, pH 8, and pH 9). The current
drift appears to be much larger than the drift of the transistor or the reference electrode (see
Figures D.1 and D.2 in the Appendix), showing that the sensing layer is largely responsible
for the drift. Using the calculated transistor sensitivity value of 2.25 x 107 v/A mV ™" (see
Figure D.3 in the Appendix), the pH sensitivity in mV was determined and plotted at 1
hour in Figure 4.12. Although the response time (at least 30 minutes) is much longer than
for the more conductive zinc oxide sensor from Ghoneim et al. (about 2 minutes at pH 6,
pH 7, and pH 8), the layer appears to show linear pH sensitivity, which is supported by
the fact that the pH 3 solution has a lower conductivity than the pH 2 and pH 4 solutions.

Using insulating oxides in an EGFET construction has been observed to reduce their pH
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response with respect to more conductive oxides,?*” although EGFET configurations can
vary significantly. Given the linear sensitivity observed here, further investigations with an

impedimetric sensor are warranted, and will be discussed in Chapter 5.

4.4.2 XPS for pH Buffer Resistance

XPS for a 125°C pre-anneal sample (Figure 4.13), a sample with photocuring and pre-/post-
Annealing (Figure 4.14), and a sample with annealing, photocuring, tape mask removal,
and solution exposure during the EGFET experiment (Figure 4.15) have tabulated atomic
percentages in Table 4.16; 24 hours includes the 2 hour conditioning time, the 21 hour consec-
utive measurement time, and time taken in cleaning the electrodes and changing solutions.
The XPS data shows that carbon decreases after photocuring and a post-anneal, and that
tantalum oxide remains present after tape mask removal and buffer exposure. Furthermore,

238 in all steps of the process, showing a

the oxidation state appears to be +5 for TayO;
chemically stable tantalum oxide layer on the gold, even after the EGFET experiment. As
with Experiment 1, the detected silicon in Table 4.16 may be from the laser ablation of PET

with siloxane contamination.?3

Table 4.16 XPS for Experiment 2.

Treatment At% Cl1ls At% O 1s At% Si2p At% Ta 4f At% P 2p
125°C Pre-Anneal 40.8 46.0 2.9 10.3 -

hv with Pre-/Post-Anneal 17.9 62.9 3.2 16.0 -

24 Hour pH Buffer 11.5 66.2 3.9 15.5 2.9
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XPS Exp. 2, 125°C Pre-Anneal - Survey
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Figure 4.13 XPS after initial thermal anneal at 125°C.
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Figure 4.14 XPS after flash lamp annealing followed by another thermal anneal at
125°C.
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XPS Exp. 2, pH Buffer Exposure - Survey
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Figure 4.15 XPS after 24 hour pH buffer exposure and EGFET measurement.
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4.5 Experiment 3 - Optimized Deposition

The inks used to deposit the layers for the final experiment are from Experiments 4 and 5
of Chapter 3, which describe the proposed optimal synthesis methods for the acetylacetone
solution and the benzoylacetone solution, respectively. However, the benzoylacetone layers
were only examined using UV-Vis, since benzoylacetone is a larger molecule than acety-
lacetone, and where the use of benzoylacetone would likely lead to more unwanted carbon
impurities. 185 The viscosity and surface tension measurements for the inks are from separate
syntheses in Chapter 3 (Experiment 8 for acetylacetone and Experiment 9 for benzoylace-
tone) and are shown in Table 3.1. Layers were printed to be uniform, where after printing
all substrates were thermally annealed on a hot plate at 125°C with a 1 hour ramp and a 2
hour hold, which was followed by photocuring for the phototreated samples.

The surface temperatures of the substrates for the used shot parameters in Table 4.14,
estimated by using the SimPulse 2.5 software, plateau at a firing frequency of 0.333 Hz and
an operating temperature of 25°C as follows: 500 wm thick a-SiO,, ~25°C; 500 pm thick
¢-Si, ~60°C; 80 wm thick PET, ~25°C; 80 pwm thick PET with 5 nm Ti adhesion layer and
50 nm Au layer, ~300°C.

4.5.1 UV-Vis for Acetylacetone and Benzoylacetone Layers

Amorphous silicon dioxide (a-SiO,), being 0.5 mm thick, was selected as the best substrate
for measuring in the near UV range, as PET absorbs substantially more than a-SiO, in this
range. Before printing, the substrate’s surface was plasma treated with the parameters in
Table 4.17. Then for printing, the parameters for both the acetylacetone and benzoylacetone
based films are shown in Table 4.18. The acetylacetone ink was 706 mg of DEGEE (70 wt%)
vortexed with 308 mg of product (30 wt%), while the benzoylacetone ink was 732 mg of
DEGEE (69 wt%) vortexed with 328 mg of product (31 wt%).

146



Table 4.17 Surface plasma treatment for a-SiO, used in the UV-Vis measurements.

Gas  Pressure (mbar) Power (W) Time (s)

Argon 0.6 150 300

Table 4.18 Printing parameters on 0.5 mm a-SiO, for both the acetylacetone and
benzoylacetone layers used in the UV-Vis measurements (head height at 1.0 mm).

Waveform (ps) Voltage (V) Frequency (Hz) Pitch (pm) Dimensions (Drops)

1-10-1 25 1000 75 400 x 220

UV-Vis absorption spectra are plotted in Figure 4.16 for acetylacetone and Figure 4.17
for benzoylacetone. The absorption peaks for the unbound (-diketones’ 71 — 7r* transition

peaks, 239

along with the Ta-bound peaks, are shown in Table 4.19. In the acetylacetone
layer, exposure to 1000 shots results in the global maximum redshifting to about 212 nm,
while for benzoylacetone more than 1000 shots are required. This difference may be due to

the benzoylacetone film being denser, or perhaps due to benzoylacetone being less volatile

as it is solid at room temperature (acetylacetone is liquid at room temperature). The global

183,184 185-187

maxima peaks and the local maxima for the -diketones’ 7t — 7t* transition peaks
for photocured, tantalum oxide films all agree with literature. As expected, the Ta-bound
peaks are redshifted relative to the unbound peaks.

Table 4.19 © — 7t* absorption peaks (nm) for acetylacetone and benzoylacetone
as unbound molecules,?° and when bound to tantalum on a-SiOs.

3-Diketone 7 — 7* unbound 7 — 7* Ta-bound
Acetylacetone ~270 319
Benzoylacetone ~310 348
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Figure 4.16 UV-Vis absorption spectrum for the acetylacetone based film and
different treatments ((C) The Royal Society of Chemistry 2020).'36:!37
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Figure 4.17 UV-Vis absorption spectrum for the benzoylacetone based film and
different treatments (©) The Royal Society of Chemistry 2020).136:137

4.5.2 Raman and XRD for Acetylacetone Layer

Amorphous silicon dioxide (a-Si0O,), being 0.5 mm thick, was selected as having minimal
interference for both the Raman and XRD measurements. Before printing, the substrate’s
surface was plasma treated with the parameters in Table 4.20. The printing parameters are
then shown in Table 4.21, where the droplet density was increased from the UV-Vis sample
in order to obtain better Raman spectra. The concentration of the product in the ink was
also increased for better spectra, where 611 mg of DEGEE (60 wt%) was vortexed with 404

mg of product (40 wt%).

149



Table 4.20 Surface plasma treatment for a-SiOy used in the Raman and XRD
measurements.

Gas  Pressure (mbar) Power (W) Time (s)

Oxygen 0.6 150 300

Table 4.21 Printing parameters on 0.5 mm a-SiO, for the acetylacetone layer used
in the Raman and XRD measurements (head height at 1.0 mm).

Waveform (ps) Voltage (V) Frequency (Hz) Pitch (pm) Dimensions (Drops)

1-10-1 25 1000 70 450 x 275

Prior studies have indicated that amorphous tantalum oxide films have two characteristic
bands, one being the O-3Ta band for the stretching and bending of triple-coordinated oxygen
at 670 cm™!, and the other being the O-2Ta band for the stretching of double-coordinated
oxygen at 800 cm™!.240.24! In crystalline samples, other peaks in the 400 cm™' to 900 cm™!
range may arise, which is the range for various coupled modes involving the stretching and
bending of different Ta~-O bonds.

The measured Raman shifts in Table 4.22 and the Raman and XRD spectra in Figure 4.18
appear to indicate that the deposited layer is amorphous after photocuring, where the for-
mation of a crystalline layer would require an annealing temperature of over 600°C, 200240241
The Raman spectra were obtained through a hyperspectral analysis of the measured interface
and subsequent subtraction of the remnant a-SiO, spectrum. The a-SiO, spectrum, along
with the photocured tantalum oxide layer and the precursors, are shown in Figure 4.19. The
depth scans that distinguish the photocured tantalum oxide layer from the a-SiO, substrate
show an observed thickness which is thicker than the actual value, as the Z-resolution is too

low in optical microscopy.



Before photocuring (0 shots), other peaks appear to be present which disappear after
photocuring on the same sample (1000 shots), especially where the C-H band at ~2800
ecm~! appears to diminish after photocuring. The precursor peaks also appear to be largely
absent in the 1000 shot spectrum. In combination with the UV-Vis spectra, these results

show that tantalum oxide arises through the decomposition of the acetylacetonate complex.

Table 4.22 Raman shifts (cm™!) for the observed amorphous tantalum oxide bands
and with the C-H band indicating the presence of organic molecules.?0:4!

0-3Ta 0O-2Ta C-H

~670  ~800 ~2800
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Figure 4.18 Raman and XRD spectra for the acetylacetone based film and different
treatments ((C) The Royal Society of Chemistry 2020).136:137
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4.5.3 RBS/NRA for Acetylacetone Layer

Crystalline silicon wafer (c-Si), being 0.5 mm thick, was selected as the best substrate for
minimizing excess oxygen and carbon. The substrate is also made of lower mass nuclei
than tantalum, which is important for distinguishing peaks in RBS. Before printing, the
substrate’s surface was plasma treated with the parameters in Table 4.23. The printing
parameters are then shown in Table 4.24. The acetylacetone ink was 622 mg of DEGEE (60

wt%) vortexed with 414 mg of product (40 wt%).

Table 4.23 Surface plasma treatment for c-Si used in the RBS/NRA measurements.

Gas  Pressure (mbar) Power (W) Time (s)

Argon 0.6 150 300

Table 4.24 Printing parameters on 0.5 mm c-Si for the acetylacetone layer used in
the RBS/NRA measurements (head height at 1.0 mm).

Waveform (ps) Voltage (V) Frequency (Hz) Pitch (um) Dimensions (Drops)

1-10-1 25 1000 70 75 X 75

Sharp peak forms are shown for all separate samples in Figures 4.20 and 4.21, with the
samples being the 125°C pre-anneal treatment (0 shots), the 1000 shot treatment with pre-
anneal, the 5000 shot treatment with pre-anneal, and the 125°C post-anneal treatment (1
hour ramp, 2 hour hold) with a pre-anneal and 5000 shots. All detected material resides in
the first resolution bin of 5.5 x 10! atoms per m?, with the layer thicknesses being in the
range from 1.0 x 10?! atoms per m? to 1.5 x 10%' atoms per m?.

The tabulated atomic percentages for these samples are in Table 4.25, where the car-

bon content appears to decrease after an initial phototreatment of 1000 shots. However, as



these were all different samples, care must be taken in drawing a direct conclusion between
photocuring and carbon content. The amount of detected carbon is similar to that of a few
monolayers of graphite, but surface contamination may also influence the carbon measure-
ment. The O/Ta values, which ideally would be 2.5, are larger for all samples and exceed the

values for anodic tantalum oxide NRA oxygen standards;242-244

additionally, even though the
samples have different O/Ta values, the ratio remains constant within uncertainties. The
observed extra oxygen could stem from SiO, formation, organic molecules, or adsorbed wa-
ter. Furthermore, with the limited depth resolution, some of the oxygen may be present near

the c¢-Si surface or within the substrate.

Table 4.25 RBS/NRA observed atom content (10 at% relative uncertainty due
to the counting statistics of 10 NRA, assuming homogeneous layer) with a c-Si
substrate, where the layer thickness has units of 10! at. per m3. The O/Ta ratio
has an approximate error of +0.5.

Treatment at% C at% O at% Ta Thickness O/Ta
125°C Pre-Anneal 10.9 70.7 18.4 149 3.8
1000 Shots 3.3 76.7 19.9 143 3.9
5000 Shots 5.0 71.8 23.2 113 3.1
125°C Post-Anneal 5.2 73.7 21.1 123 3.5
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Figure 4.20 RBS/NRA spectra of “125°C pre-anneal” and “1000 shots with pre-
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Figure 4.21 RBS/NRA spectra of “5000 shots with pre-anneal” and “125°C post-
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4.5.4 XPS, LCR Meter, and FIB/SEM for Acetylacetone Layer

Wet-etched Au/Ti/PET foil, with less than 50 nm of gold deposited on a ~5 nm titanium
adhesion layer (metallization via electron-beam physical vapor deposition) on 80 um PET
(DuPont PCS), was the target substrate for the pH sensors as the substrate is flexible enough
for roll-to-roll processing. The wet-etched, IDE structures consisted of 250 digits in a 4 mm
x 4 mm area, with a digit length of ~3992 um and a width/gap length of ~8 pum. Before
printing, the substrate’s surface was plasma treated with the parameters in Table 4.26. The
printing parameters are then shown in Table 4.27. The acetylacetone ink was 622 mg of

DEGEE (60 wt%) vortexed with 414 mg of product (40 wt%).

Table 4.26 Surface plasma treatment for Au/Ti/PET used in the XPS and LCR
meter measurements.

Gas  Pressure (mbar) Power (W) Time (s)

Oxygen 0.6 150 120

Table 4.27 Printing parameters on Au/Ti/PET for the acetylacetone layer used in
the XPS and LCR meter measurements (head height at 1.0 mm).

Waveform (ps) Voltage (V) Frequency (Hz) Pitch (nm) Dimensions (Drops)

1-10-1 25 1000 150 35 x 31

The XPS survey spectra for all samples are plotted in Figures 4.22 and 4.23, with the
samples being the 125°C pre-anneal treatment (0 shots), the 1000 shot treatment with pre-
anneal, the 5000 shot treatment with pre-anneal, and the 125°C post-anneal treatment (1
hour ramp, 2 hour hold) with a pre-anneal and 5000 shots. The atomic quantities obtained

from the spectra are listed in Table 4.28.



The binding energies for Ta 4f are plotted in Figures 4.24 and 4.25, where the binding
energies at ~26.8 eV for Ta 4f7/» (57.1% Ta 4f area) and ~28.7 eV for Ta 4f5;» (42.9%
Ta 4f area) are visible in all samples, demonstrating that Ta stays at one oxidation state
throughout thermal annealing and photocuring, which would be +5 for Ta,O5. 238

The O 1s binding energies are plotted in Figures 4.26 and 4.27, which show an increase
in oxide oxygen and a decrease in organic oxygen after 1000 shots.?*® Further treatment at
5000 shots and with a post-anneal do not appear to affect the oxygen and carbon content
within error. The oxide O/Ta ratios are listed in Table 4.28, which stay around a value of
3.0 (ideally this value should be 2.5 for TayOs). The observed oxygen excess may be due to
the fact that XPS is a surface characterization technique, which would have a higher oxygen
content than the bulk oxide.

The C 1s binding energies are plotted and fitted?*¢ in Figures 4.28 and 4.29. Acetylated
1,3-propanediol, and thus the formation of 3-hydroxypropyl acetate, may be detected with
the ester groups in all samples. However, the surface likely has contamination from the

environment, and the ester groups may come from organic contaminants.

Table 4.28 XPS atom content with deposited layer on wet-etched Au/Ti/PET foil
(15 at% relative uncertainty, assuming homogeneous layer). XPS is a surface char-
acterization technique, unlike RBS/NRA which penetrates the material further, and
is likely why the at% values for both techniques are quite different. The tantalum
oxide O/Ta values are in excess (ideally O/Ta = 2.5), but have an error which is
difficult to determine due to the overlapping O 1s integrals.

Treatment At% C1s At% O1ls At% Ta4f At% Audf Oxide O/Ta
125°C Pre-Anneal 40.9 479 10.7 0.4 3.1
1000 Shots 16.5 64.2 174 1.9 3.0
5000 Shots 15.2 65.2 17.4 2.2 3.0
125°C Post-Anneal 20.2 62.4 15.5 1.8 3.1
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Figure 4.24 XPS Ta 4f spectra of “125°C pre-anneal” and “1000 shots with pre-
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Figure 4.25 XPS Ta 4f spectra of “5000 shots with pre-anneal” and “125°C post-
anneal (pre-anneal and 5000 shots before)” samples.
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Figure 4.27 XPS O 1s spectra of “5000 shots with pre-anneal” and “125°C post-
anneal (pre-anneal and 5000 shots before)” samples.
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Figure 4.28 XPS C 1s spectra of “125°C pre-anneal” and “1000 shots with pre-
anneal” samples (© The Royal Society of Chemistry 2020).136:137
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Figure 4.29 XPS C 1s spectra of “5000 shots with pre-anneal” and “125°C post-
anneal (pre-anneal and 5000 shots before)” samples.
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Figure 4.30 Parallel capacitance and parallel resistance measured with an LCR
meter ((© The Royal Society of Chemistry 2020).'36:137

Figure 4.31 FIB/SEM of a sample exposed to a 125°C pre-anneal, 5000 flash lamp
shots, and a 125°C post-anneal (€ The Royal Society of Chemistry 2020).136:137

168



The parallel capacitance and resistance values are shown in Figure 4.30, where the parallel
capacitance peaks after about 500 shots and it then levels off at roughly 80 pF. The parallel
resistance decreases to about 200 k(2 and then flattens out, where the leakage current could
be caused by oxygen vacancies, defects, or carbon impurities. 183:185,229,247,248

FIB sectioning and SEM of a sample exposed to all treatments (thermal pre-anneal, 5000
shots, and a thermal post-anneal) is shown in Figure 4.31, with a tantalum oxide layer being
less than 10 nm thick on the PET between the gold digits. Due to the “coffee-ring effect”

with inkjet printing, the thickness likely varies over the entire sample, where the layer would

be thicker at the edges and thinner in the middle.

4.6 Discussion

Through finding the optimal flash lamp shot parameters in Experiment 1 (with subsequent
improvements in the parameters for better reproducibility), demonstrating resistance to
acidic and basic solutions in Experiment 2, and pursuing more detailed characterizations
in Experiment 3 with layers derived from optimally synthesized solutions, a flash lamp an-
nealing procedure for the produced tantalum oxide films has been outlined in this chapter.
Future experiments should involve determining the dielectric constant and refractive index
of the tantalum oxide layers as a function of flash lamp shots, which would require accurate
thickness measurements (which unfortunately due to a lack of instrumentation, were not
performed here). One possible way to measure the dielectric constant would be to produce
many metal-insulator-metal samples, each with a different amount of flash lamp treatment,
and then determine the dielectric constant as Matavz et al. did for inkjet printed, sol-gel

derived, and doped tantalum oxide films.?'8

However, the exact layer geometry would need
to be known for such a determination, and the layer would need to be free of defects. Fur-
thermore, the layer thickness may also affect the rate of diffusion of oxygen into the layer

and carbon volatiles out of the layer, which may further affect the layer properties.
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Chapter Five

Immittance Analysis for pH Sensing

This chapter will begin with a short introduction to immittance spectroscopy, which en-
compasses impedance, admittance, complex capacitance, and modulus (the last of which
being the inverse of complex capacitance, which is not to be confused with the impedance
magnitude in Bode spectra). The derivation of modulus and the calculation of its spectra
will not be performed here, since the spectra were not used in the analysis. Following the
immittance spectroscopy discussion will be the derivation of the equivalent circuit, the ex-
perimental methods, the results, and finally a concluding discussion. Parts of this chapter

have been published elsewhere.22°

5.1 Immittance Spectroscopy

This introduction to immittance spectroscopy will use relevant information from Immittance
Spectroscopy - Applications to Material Systems,?*? specifically Chapter 1 for derivations,
Chapter 4 for interpretation of admittance and complex capacitance, and Chapter 7 for
Bode plane analysis.

In order to simplify trigonometric functions used to describe alternating current (AC),

Euler’s formula can be used where j = /—1:

exp (jz) = cos (z) + jsin () (5.1)
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Due to this relation, the voltage V' (¢) and current I (t) of a periodic signal can be represented
below with ¢ as time, 0 as the lag angle between current and voltage, and w = 2 f with f

as frequency:
V(t) = Voexp (jwt) and I () = Iyexp (j [wt — 0]) = Iy exp (jwt — j6) (5.2)

In a linear system, Ohm’s law is able to satisfy the principle of superposition. Therefore, in
defining the impedance, Z (t):

Vo exp (jwt)
Z(t)= ————"—
®) Iy exp (jwt — j0)

= Zyexp (j0) (5.3)
Euler’s formula from Equation 5.1 can be used to convert Equation 5.3 to a trigonometric

function and allow for a straightforward, graphical representation:
Zyexp (j8) = Zycos (0) + jZosin (0) = Z' + 52" (5.4)

Impedance, Z, is further defined to have two components, resistance, Z’ (also known as R),

and reactance, Z” (also known as X):
Z=27+i2" (5.5)

7" can be affected by an inductive reactance, X, or a capacitive reactance, Xc:

1
Xp=wL and X¢ = 0 (5.6)
w

Thus, the sign of Z” determines whether inductive effects (positive) or capacitive effects
(negative) are primarily influencing the reactance. Furthermore, these relations allow for the
calculation of series inductance or series capacitance at a given frequency.

In a Nyquist plot, the resistance is plotted on the x-axis, and the reactance on the y-
axis. However, there are multiple ways to represent impedance. For instance, the impedance
magnitude, |Z|, and the phase angle, 0, can be derived from the resistance and reactance
values:

Z//
|Z] = (Z/)2 + (Z”)2 and 6 = arctan (*)

Z/
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|Z] and 6 then allow for plotting versus frequency in the Bode representation, as shown in
Figure 5.1. The plotted data assumes a 1 puF capacitor in series with a 100 € resistor, where
the Bode plot in Figure 5.1 will be used later for a comparison to the experimental data.
At high frequencies, the capacitive reactance term goes to zero, and the resistor dominates,
thereby having a phase angle approaching 0°. As the frequency decreases, the capacitive
reactance term becomes larger, and the phase angle approaches —90° with an increase in |Z|
(ideal capacitors have an infinitely large resistance at f = 0 Hz, i.e., direct current).

Therefore, when the phase angle is 0°, the device under test is a resistor, and when the
phase angle is —90° or 90°, the device under test is a capacitor or inductor, respectively. In
the case of a Nyquist plot, a capacitor or inductor would yield a line parallel to the y-axis
(Z"), with the x-intercept determined by the series resistance and where a lone resistor would
be a dot on the x-axis (Z').

Another way to represent the impedance is by its inverse, admittance:

1 1 1 1 Z —jz" Z — i7"
S== - Y=== — = ‘ : = (5.8)
Q Z Z/ +]Z// Z/ +]Z” Z/ . ]Zl/ (Z/)Z + (Z//)?

The admittance, Y, is defined to have the conductance, Y’ (also known as G), and suscep-

tance, Y (also known as B):
Y =Y+ Y (5.9)
Then from Equation 5.8, the magnitude of Y’ and Y” can be determined from Z’ and Z":

, Z/ . Z//
Y= (Z'2+ (2")? and Y = _(Z/)2+(Z”)2 (5.10)

Y" can be affected by an inductive susceptance, By, or a capacitive susceptance, Bc:

1
BL = _E and BC =w(C (511)

The admittance can be further converted to complex capacitance, C*, as shown below:

poS el Y YN (YNNI YT Y o (59
Hz jw Jjw Jw i w w
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Then for the sake of clarity:

Y/I Y/
C'="— and " ="— (5.13)
w w

The imaginary capacitance, C”, is related to loss, where an ideal capacitor with no loss effects
is a dot on the C’ axis at the capacitor’s magnitude for all frequencies. Itagaki et al.2’* have
simulated the Nyquist plot (Z’ versus Z”) and complex capacitance plot (C” versus C"”) for
various circuits with an electrode in solution.

Along with the Bode representation, the admittance (Y’ versus Y”) and complex capac-
itance will be used for interpreting the experimental impedance data. The Nyquist plot will
also be shown, but this representation will prove to be less informative. Furthermore, the
y-axis (Z”, Y”, and C”) will be arbitrarily plotted as positive in order to keep the plot in
Cartesian quadrant I, as inductive effects are expected to be negligible.

In a series RC circuit, comparing the admittance plot (where higher frequencies are more
easily observed) to its respective complex capacitance plot (where lower frequencies are
more easily observed) makes it easier to visualize whether there are two series RC elements
in parallel. If there is one semicircle in both plots, then the circuit can be modeled as a
simple RC series circuit. Another example is shown in Figure 5.2, where the admittance plot
shows a clearly visible semicircle, indicating the presence of a capacitor, Cy, in series with a
resistor, Ry. However in the complex capacitance plot, two clearly visible and neighboring
semicircles indicate the presence of two capacitors, C; and Cs, in parallel with their respective
input resistances of Ry and Rg, where Cy = C; + Cy. As both C; and Cy are visible in the
complex capacitance plot, their capacitances are close in order of magnitude. However, as
only one semicircle is clearly visible in the admittance plot, this would suggest that R; and
R differ by orders of magnitude (where the smaller resistance dominates in the admittance
plane). In the opposite case not shown here, where one semicircle is clearly visible in the
complex capacitance plot, and two semicircles are clearly visible in the admittance plot, then
the resistors would be close in order of magnitude and the capacitors would differ largely in

order of magnitude.
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Bode Representation
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10% 4 C=1pF, R=100 Q

|—w\

Z =R - j/(wC)
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103 4
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Figure 5.1 Bode plot for a series RC circuit, where R = 100 2 and C = 1 pF.
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Admittance

YII

Yl

Complex Capacitance

Cy=GC, +C,
C, Ry

C, R,

C" orY'/w

wR1C1 =|w1'1 =1

C'orY'""/w

Figure 5.2 Admittance and complex capacitance plots for a series RC circuit, where
C; and C, are roughly the same order of magnitude, while R; and Ry have a large
difference in order of magnitude. 7 is the respective time constant (with units in s
[seconds] when resistance is in 2 and capacitance is in F), being the time to 63% of
total charge and thereby the time to 37% of discharge.?!
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5.2 Equivalent Circuit

If desired, impedance data recorded over a range of frequencies can be fitted with an equiva-
lent circuit model. Such models suffer from being based in theory, and may neglect unknown
elements in the system. Additionally, a good fit can be obtained simply by adding many
elements to the model. Nonetheless, fitting a model based on a simple, grounded theory is
accepted practice among scientists and engineers.

However, the system must be linear in order for an equivalent circuit to be fit. The
Poisson-Boltzmann equation, based on statistical thermodynamics (the nonlinear, exponen-
tial term), describes the potential and the distribution of ions in solution at a charged

electrode: 252

|4

F & 2z F
- ;ci,wzi exp <f AT ) (5.14)

The equation models a mean field and assumes ions as point charges, where F' is Faraday’s

Vi = —

constant, €, is the relative permittivity of water, ¢ is the permittivity of vacuum, c;  is the
bulk solution species concentration for a total of n species, z; is the species valency, v is the
double layer potential when considering an electrical gradient locally parallel to a surface in
solution (1) = 0 in the bulk solution), R is the molar gas constant, and 7" is the temperature.
As 1) resides in the exponential function, the operating voltage needs to be kept low in order
to assume a linear system.

By ignoring the boundary conditions of Equation 5.14, the potential can be normalized

by the thermal voltage, RT/F, which is about 25 mV at room temperature: >

._Fy
v = (5.15)
Then, combining the normalized potential, ¢*, with Equation 5.14, leads to:
2 F? -
VT = _eweoRT Z:Ci,oozi exp (—ziY)") (5.16)

The concentrations of n species can be further normalized by the ionic strength, I., of the
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bulk solution, I, py: 2254

n

Ci 1
o= where I, = = Y ¢z} 5.17
’ e butk 2 Z (5.17)

i
By using the normalized concentration in Equation 5.16, and by multiplying the right-hand
side by 2/2 to correct for both anions and cations, a characteristic multiplier emerges:

. 1 2P N, .
V23t = —57 eORTZCi‘OOZi exp (—zit*) (5.18)

Through dimensional analysis, the multiplier’s dimensions have units of m~2:

2F?%], C? @ Jm Kmol 1 1 (5.19)
€wcoRT ~ mol2 m3 (2 J K m? o

Therefore, the characteristic length, Ap, or the Debye length, can be calculated with the

Ny €wcoRT
b=\ "aFer,

The Debye length is an approximation of the distance where the potential at the electrode

following formula:

(5.20)

bulk

decays into the bulk solution.?2? This will be used as the characteristic length of the diffuse
layer described below. 2

In describing the impedance of the SiOq-electrolyte interface (with the following charges
and capacitances being expressed per unit area), Bousse and Bergveld?® mention in 1983
an insulator surface charge, oy, having both a pH contribution, ¢,, and an interfering,

specifically adsorbing ion with a partial charge contribution and high capacitance, gqg: 489

09 = 0g + Ogd (5.21)

In deriving the equivalent circuit, contributions will be ignored for now from o,4, leaving
09 = 04. When the insulator is deposited on a gold electrode, with the electrode inserted into
solution, the insulator with a charge, @;, separates the gold electrode from an electrolyte,

where the electrolyte has a diffuse layer charge, o4. Then for any solid electrode in solution, 257
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a charge balance emerges where in this case @ 4, is the surface charge of the gold electrode,

and @4, is the charge at the gold-insulator interface: 25

Qau+ Qaui + Qi +00+0a=0 (5.22)

When an external circuit provides an incremental charge, d@, for a non-conducting insulator,
this allows for the assumption that @4, ; and @; are not affected by incremental charge and

potential changes. Therefore, the following relation is obtained: 25
dQ = dQ sy = — (dog + doyg) (5.23)

In this case, the distribution of d@ between doy and doy from Equation 5.23 hinges on the
surface reactions at the insulator-electrolyte interface.

The AC performance of a circuit with a capacitor is regulated by a differential capacitance,
in contrast to a total capacitance, with the differential capacitance, C, defined below where

q is the positive charge difference and V' the positive voltage drop:2*

_ 4

C =
dV

(5.24)

In considering this definition, the insulator-electrolyte interface impedance, Z;., can be de-
termined from Equation 5.23 with the potential drop in the electrolyte at the same interface,

1)y, where Z7! =Y from Equation 5.8 and Y (jw)71 = C* from Equation 5.12:2%6

_ - AQau . (AUd AUo)
77 = jw =—jw /| ———+ —=
T A, Aty Ady

(5.25)

e

Thus from Equation 5.25, two parallel capacitive components become apparent.

The first term relates to the electrical double layer which forms at the electrode-electrolyte
interface. Again, ignoring specific adsorption of counterions in the condensed area of the
double layer, the Gouy-Chapman-Stern theory will be applied. Within this model, the
charge of the diffuse part of the double layer is defined in terms of the valence magnitude for

symmetric electrolytes, z, the potential over the diffuse layer, 14, and the normalized diffuse

179



layer potential from Equation 5.15, 1/7:%%

_ ewbtha (2 {2z
1= (21/1; smh[ 5 ]) (5.26)

In considering the diffuse layer capacitance per unit area, Cy, the capacitance is defined in

terms of the Debye length from Equation 5.20:2%

Cyq= ﬁ;j (cosh {Z;bﬂ) (5.27)
D

Additionally, the diffuse layer charge from Equation 5.26, o4, and its potential drop, %4, can

be related to the capacitance in the condensed layer, or the Stern capacitance per unit area,

Cltern, to arrive at the total interface potential:25

0d
Ostern

Yo = tha — (5.28)

The Stern capacitance, which is placed in series with the diffuse layer capacitance, is defined

by a characteristic permittivity, g, and thickness, \g:2%

€s
stern — 2
Cuarm = 2 (5.29)

For aqueous electrolyte solutions near electrodes, the usual values for the Stern permittivity
are predicted to be between 6ey and 30ey, with a Stern thickness from 1A to 10 A.2% The

thickness is often related to the hydrated ion radius,'? as shown in Figure 5.3.

Simplified AC Circuit
with Opposing Electrodes

Electrical Double Layer for C,,

Electrode 1 @ Electrode 2

Y

H,0 Solution

cstern,1 cd,1 Rsnlution cd,z cstem,z

a19Ken asnyjg uewdeys-Anog

Stel:lLl:ayer

Negative Electrode in Solution

Figure 5.3 Simplified AC circuit for two opposing and chemically inert electrodes in
solution, along with a simplified illustration (ignoring the solvation shells and water
molecules) of the series combination of the Gouy-Chapman diffuse layer (described
with Boltzmann statistics) with the condensed Stern layer. 25
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Finally by adding the diffuse layer capacitance from Equation 5.27, with the stern layer
capacitance from Equation 5.29 in series, the following relation for the double layer capaci-

tance per unit area, Cpy, is obtained when ignoring steric hindrance: 2%

dibg €w€o 2% -t €g -t
. Ay -1 JEwR0 g |2 = .
CDL - dO’d Cd + Cstern { )\D <COSh [ 2 :|> } + {)\S} (5 30)

As the Debye length, Ap, decreases (with an increase in ionic strength from Equation 5.20)
and approaches the Stern thickness, Ag, the total double layer capacitance from Equation
5.30 increases. For sodium chloride solutions, the observed Debye length has been seen to
decrease with an increase in concentration up to about 1 M NaCl, whereafter the Debye
length increases with a further increase in concentration.?®® Additionally, in relating the
Stern thickness, Ag, to hydrated ion radius, one would expect that a smaller hydrated ion
radius would yield a higher Stern capacitance. '?

In glass systems such as SiO,, Al,O3, and Ta,Os5, the primary charge determining ions are
H* and OH ions, which affect both the double layer and the specific adsorption layer. #1:45:47:259
Furthermore, the electrophoretic mobilities in water (movement in the solvent in response to
an electric field) for H" and OH ions are about 7x and 4x higher, respectively, than those of
K", Na®, and Li" at room temperature and at infinite dilution; this faster movement of H*
and OH in water is due to reactive mechanisms which include the Grotthus mechanism, but
their mobilities are of roughly the same order as other ions at the glass-water interface. 2?60

As H" and OH are smaller and more able to adsorb than K, Na™, and Li" on Ta,Os,*7
a prediction could be made that the pH plays a larger role in affecting the double layer
capacitance in the presence of interfering cations, especially at shorter Debye lengths (i.e.,
higher ionic strength with minimal steric hindrance) where the double layer reduces to the
Stern layer. This will be further discussed later, where in returning to the pH adsorption

term from Equation 5.25, the surface charge of the insulator as a function of pH can be

described with the site-binding model?'** (while ignoring the the improved model*"*5 for
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this derivation): 2%

_ Y0 o rinh (20
(pH,,. — pH) In10 = o T arsinh <76N3) (5.31)

Here, pH is the solution pH, pH,,. is the solution pH where the insulator surface is electrically
neutral (pH 2 for SiO,, pH 8 for Al,O3, and pH 3 for Ta,O5),5% « is the surface reactivity
(assumed that v? < 1 for all usual insulators in silicon technology), N, is the number of
reaction sites per unit area on the insulator surface, k is the Boltzmann constant, and e is
the elementary charge.

This adsorption effect can be used to determine the capacitance in parallel to the double

layer capacitance, where the former branch of the Z;, has two components in series: 25
o1 A 1 0% .1 0 ApH
18% _ 1 9%o 1 9%o 5.39
(jw) Aoy (jw) 50| + (jw) 5pil |, Aoy (5.32)

Evaluating these partial derivatives assumes that the surface reactions can be established on
an experimental time-scale, which has been observed in prior studies.?*® Then by taking the
first term of Equation 5.32, and relating it to the adsorbed charge of H" and OH ions, the

pH adsorption capacitance, Cy, can be determined: 2

- dy kT o 17\ °

1

= ——"" = 1 .
Ca dog  ve2N, ( + |:’}/€NS:| (5.33)

By taking the second term of Equation 5.32, and considering semi-infinite linear ion dif-

fusion (i.e., unrestricted diffusion towards a large planar electrode), where the surface pH

changes based on the applied AC signal, the Warburg impedance from standard theory can

256,261

R
Wa = Jjw (6pH

Both the ion concentrations, [H'] and [OH], and their respective diffusion coefficients, Dy+

be used:

(5.34)

ApH kT 1—j
w) Bov ~ 22w [0 /Dy + [OH |V Dor

and Doy-, affect the Warburg impedance, W,. Further note that with /2w in the denom-
inator in the first fraction on the right-hand side, W, becomes larger with a decrease in

frequency, where it would be more visible at lower frequencies in the immittance spectra.
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As both the double layer capacitance without specific adsorption, Cpy, and the pH spe-
cific adsorption capacitance, C,, appear in parallel, then the insulator-electrolyte impedance,
Z:., approaches a pure capacitance with a decrease in frequency (W oc w2, C o w™?!) with

both branches added below:2%

-1 2
Cieo = lim <ZZ€ ) =Cpr+Co=Cpr [ 1+54/1+ < %0 ) (5.35)
w—0 \ jw yeN;

Here, 8 is a pH sensitivity parameter at the surface and is shown below, where at high

ionic strength the double layer approaches the stern capacitance, Cyiern, and 3 is then only

insulator dependent: 2>

2
e N
= 5.36
B VT, (5.36)

However as discussed previously, in the presence of interfering, specifically adsorbing ions at

high ionic strength, such as K*, Na*, and Li",*7 or at a pH far from pH_,., a separate term

pzc?
for the interfering partial charge adsorption from Equation 5.21, 0,4, may be required:2%
_1 . ZX(Qx4u . <iZX(Td Z30-0, Zxo—ad)

= —jJw +

Z - 294
ie.ad Aty Ay Ay Aty

(5.37)

Then at the limit of zero frequency, Z;. . would approach the following capacitance: 2%

—1
Cieo,0a = limy (ijd> =Cpr + Cy+ Cag (5.38)
An example of Cpy, in parallel with C,q is illustrated®” in Figure 5.4 (the variables’ italics
are now removed for consistency with the impedance introduction and the fitted data shown
later).

Then for building the equivalent circuit by placing Zic.q in series with an insulator
capacitance, C;, the solution resistance, Rg,, and other system impedances, the Bousse-
Bergveld circuit with interfering ions is complete and is shown in Figure 5.5.2°¢ Although
some metal oxide insulators, such as SiO,, have lower pH reactivity (yielding a higher in-

terfacial impedance) and require the C,—W, branch, the pH reactivity of other oxides such

as Al,O3 and Ta,Oj is higher (yielding a lower interfacial impedance), and this branch may
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prove negligible in the case of the latter two oxides. The C,q—W,q branch may be negligible
at low ionic strength or close to pH,,., whereas at higher ionic strength or far from pH,,.
this branch may become more prominent.

In measuring the impedance of an interdigitated electrode (IDE) structure in solutions
containing different ion sizes with the same charge, such as for K, Na®, and Li", the effect
each ion size has on Cpp, and C,q, particularly for flash lamp annealed tantalum oxide,
needs to be understood. In order to explore the effects of interfering ions, this experiment
will examine how four different universal pH buffers (using NaOH to increase the pH), one
with no added alkali chloride salt, one with 0.5 M KCI, one with 0.5 M NaCl, and one
with 0.5 M LiCl would affect the double layer capacitance (namely solvated ions without
specific adsorption) and a parallel specific adsorption capacitance. An automated setup with
a gold IDE sensor, where the sensor has a sol-gel deposited tantalum oxide layer on the gold

structures, will be used for this experiment.

pH Dependent Interfering lon
Double Layer Branch Adsorption H,0
Reduced to Stern Layer W.q Branch
Solvated Cation 1 A digft‘)::(;c(a::{ion
M* in H0 Shell C__ c_Ta-O-M* as Dipole
DL ad\

R 4

N ~

e &

H BN H 0000000~ 20NEN #

00000000006, SORLE
— N

Negative Electrode with Tantalum(V) Oxide Insulator
at Low Currents and No Reverse Bias Failure

Figure 5.4 Parallel branches of Z; oq which omits C, and reduces Cpy, to the Stern
layer, shown with a simplified illustration of a solvated cation (M*) in the outer
Helmbholtz plane for Cpy,, and a specifically adsorbed cation (M™) on tantalum(V)
oxide in the inner Helmholtz plane for C,q. This illustration was modified and
adopted from Bootsma, de Rooij, and van Silfhout®? ((©) 2022 Elsevier B.V. All
rights reserved.).??

184



cDL :
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i Electrode 3 !
: Digit and Interface ™ie.ad
Block 1 2
Vermilyea Tantalum Platinum
Bousse-Bergveld Silicon Reference Electrode
This Work Gold Opposite Digit and Interface

Figure 5.5 Bousse-Bergveld circuit with interfering, specifically adsorbing ions
based on prior work from Vermilyea®®3* and Bousse, Bergveld.?>® C; is the insu-
lator capacitance, Cpy, is the double layer capacitance without specific adsorption,
C, is the pH specific adsorption capacitance, W, is the pH related Warburg element
for semi-infinite linear ion diffusion, C.q is the interfering ion specific adsorption
capacitance, W,q is the interfering ion related Warburg element, and Rg, is the
solution resistance. Additional elements, such as the global capacitance for the in-
terdigitated electrode (IDE) device,?5? were left out for the sake of brevity ((©) 2022
Elsevier B.V. All rights reserved.).22°
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5.3 Experimental Methods - Automated Setup

Sensor 7-7, from Experiment 1 of Chapter 4 which described sensor fabrication, was used in
these measurements. In order to get more data points, and to allow time for ion diffusion
in solution and in the sensor, an automated setup was constructed to avoid human error.
For avoiding interference between the pH electrode and the IDE sensor, a Braccio robotic
arm (Arduino, USA) was used to remove the pH electrode during measurement, as shown in
Figure 5.6. The robotic arm was set manually to have the following initial position: carousel
at 0°, link 1 (coming out of the carousel) perpendicular to Earth, link 2 (attached to link 1)
parallel to Earth, link 3 (attached to link 2) parallel to Earth, the hand (attached to link 3)
parallel to Earth, and the grabber with its servo (servo 6) removed. The initial position must
be set manually, as the robotic arm jumps to the “safety position” immediately upon being
turned on. Coincidentally, the hand has a hole where the InLab RoutinePro pH electrode
(Mettler-Toledo, USA) can fit and be held. The hand’s rotating servo (servo 5) was thus
deactivated to keep the hand parallel to Earth, and thereby hold the electrode perpendicular
to Earth in solution. Finally, the pH electrode cable was taped to link 2 during measurement,
and a plastic support was attached to link 2 via cable tie in order to protect the electrode if
the power cut out.

The arm was controlled with an Arduino Uno microcontroller (Arduino, USA), with the
code in the Appendix. The microcontroller took either one of two byte commands, with
0 being a 3 M potassium chloride (99%, Alfa Aesar) electrode storage solution (carousel
rotation at 0°), and 1 for the measurement solution (carousel rotation at 90°). A third
beaker containing Milli-QQ water as a cleaning solution was placed between the two beakers
(carousel rotation at 45°), where the arm would dip the electrode in this solution for 5
seconds before moving to either the storage or measurement solutions. 400 mL plastic PMP
Griffin beakers with printed red scale (VITLAB, Germany) were used to store the solutions;

glass beakers were not used, as glass beakers may lead to increased pH electrode damage
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when compared to plastic beakers upon accidental collision.

The measurement beaker contained 200 mL of Britton-Robinson’s universal pH buffer?3?
(0.04 M acetic acid [Glacial, PhEur, SAFC], 0.04 M phosphoric acid [85%, Reag. Ph. Eur,
KMF optiChem], 0.04 M boric acid [GR, Merck]), where 1 M sodium hydroxide [pellets,
Sigma-Aldrich] was added dropwise to increase the pH. Base addition was controlled with
a separate Arduino Uno microcontroller (Arduino, USA) and ALA-VMS solenoid valves
(Scientific Instruments, USA), where the valves would pinch a silicone tube with a 0.7 mm
inner diameter and a 2.0 mm outer diameter. The tube was connected to an open syringe
containing the base, and when the solenoid valve opened, the base was fed via gravity to the
measurement beaker at an approximate rate of ~1.5 drops s7.

A Python 3 “command script” (see Appendix) controlled the robot arm and the solenoid
valves, while also running a measurement script on request for the PalmSens 4 impedance
analyzer (PalmSens BV, The Netherlands). Once the measurement script was run, the
“command script” would close (or more technically in Python parlance, “kill”) the PalmSens
PSTrace software, which was required for performing another measurement later. Addition-
ally, the computer operating system sleep was turned off, or else the setup would freeze in
position upon sleeping.

The IDE sensor was held in the measurement beaker, where its impedance was measured
at a 10 mV amplitude (rms) from 1 Hz to 1 MHz (10 measurements per decade) with the
PalmSens 4 potentiostat and impedance analyzer, with the counter and reference electrodes
shorted and connected to the digit array on one side of the sensor, and the working electrode
to the opposite array. Before the impedance measurement, a 2 hour conditioning step in
the beaker was performed, where sensor drift was observed largely to cease after this period;
in support of this conditioning step, the zeta potential of Tay,Ojs, deposited via atomic layer
deposition (ALD), stabilized after 1 hour at pH 5.6 in 1 mM KCI, where ozone activation
was performed before solution exposure.??¢ After the impedance measurement, base was

added to the measurement beaker by opening the solenoid valve for 30 seconds, in order to
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increase the pH of the measurement solution. After 30 seconds, the valve was closed and
the pH electrode was moved from the storage beaker to the measurement beaker, where
pH and temperature were measured for 30 minutes before the next measurement. The pH
and temperature data were recorded in a separate program about every second by using
output from the MPC227 pH/Conductivity Meter (Mettler-Toledo, USA). No stirring was
performed over the 30 minute period, as solution movement can affect the pH measurement
via changes in the streaming potential?® and electromagnetic interference needed to be
avoided as much as possible. After 30 minutes, the robot arm would move the pH electrode
back to the storage beaker, and another impedance measurement would be performed. This
process was repeated for each measurement, with the entire setup in a dark Faraday cage.
Sensor 7-7 was used in four different buffer solutions, in order to determine the effects
of the Debye length and ion size on the measured impedance.?® These solutions were all
Britton-Robinson buffers, 232 the first being with no added alkali chloride salt, the second with
0.5 M potassium chloride (99%, Alfa Aesar), the third with 0.5 M sodium chloride (BioXtra,
>99.5% (AT), Sigma-Aldrich), and the fourth with 0.5 M lithium chloride (anhydrous, Fluka
BioChemika). The impedance was measured at 25 pH points (24 base additions). Plotted
impedance was labeled with the pH immediately before electrode removal, and equivalent
circuit fitting was performed with the Levenberg-Marquardt algorithm (error bars indicate

percent error) with the PalmSens PSTrace software.
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Figure 5.6 Diagram of the arm holding the pH electrode perpendicular to Earth in
solution (upper left), along with the arm position for removing the electrode (upper

right) and the beaker positions (lower left).

The image of the automated setup in

the Faraday cage (lower right) shows the arm moving the pH electrode from beaker
to beaker (© 2022 Elsevier B.V. All rights reserved.).?*
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5.4 Results

pH and temperature over time are plotted in this section, where the “spikes and dips” between
the 30 minute measurement times are when the pH electrode is removed from the measure-
ment beaker. The pH at room temperature tends to drift much more in the high ionic
strength solutions, especially at low pH; the addition of neutral salts to solution has been
observed to affect ion activity and may reduce the the buffering ability of the solutions. #6426
Furthermore in the high ionic strength solutions, the change in the liquid junction potential
with respect to the calibration buffers may affect the pH, in addition to alkaline error of
the glass electrode. Thus, the impedance versus pH, which was measured over roughly 1
minute, will assume that the pH does not change over this relatively short time period; this

256 wwhich for

again goes back to the assumption of measuring on an experimental time scale,
practical purposes in this case limited the measurement from 1 Hz to 1 MHz.

The Bode plots (Figures E.1 - E.4), the Nyquist plots and admittance plots (Figures E.5
- E.8), and the series RC plots (Figures E.9 - E.12) are shown in the Appendix, while the
complex capacitance plots are shown in Figure 5.14. The Bode plots have a similar charac-
teristic shape and order of magnitude as the example discussed previously in the impedance
introduction in Figure 5.1. The Nyquist plots are relatively vertical when comparing the
magnitude of the x-axis and the y-axis, thus approaching a vertical line for a capacitor. The
admittance plots appear to show one semicircle, while in approaching infinitely low frequency
the complex capacitance plots appear to show two neighboring semicircles (although this is
inconclusive for the low ionic strength and 0.5 M KCI solutions); this behavior was also
discussed previously for the example in Figure 5.2.

In observing the assumed circuits for both low ionic strength (Figure 5.12) and high ionic
strength solutions (Figure 5.13), a pH dependent Cry,0,, possibly caused by a “proton space
charge” as has been observed in anodic Ta,QOj films,* is observable in the series capacitance

plots at high frequencies and in all solutions (after the double layer effects diminish at ~10
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kHz and before the inductive effects begin after ~50 kHz),2%6 where the series capacitance
decreases with an increase in pH. At most frequencies in the high ionic strength solutions,
the same pH dependence is observed, where both Cpr, and Cry,,o, have been observed to be
pH sensitive by Vermilyea for anodic Ta,Os, but this pH dependence varies with the solution

constituents. 354

Due to the low, primarily H' /OH™ driven interfacial impedance for Ta,0j,53:256,262,266-268
Cra,0, With an assumed leakage current (see Figure 4.30), Rau, and Rgo are lumped into
R, as a series resistance for both simplified circuits, which allows for better fitting with
the Levenberg-Marquardt algorithm. In regard to Cra,o,, Vermilyea also noted that in KCI
solutions of varying concentration, the thickness of the Ta,Oy layer appeared to have no sig-
nificant effect on the change in magnitude for the insulator-electrolyte interface capacitance
versus pH.? Then for the interface, C;, also present in both simplified circuits, is attributed
to the double layer capacitance without specific adsorption, Cpy,, and is placed in series with
Ry. The pH dependent specific adsorption capacitance, C,, is expected to be negligible for
Ta, 05,250 particularly between pH 4 and pH 10 for thin, anodic Ta,O; where the impedance
is thought to be “diffusion controlled” rather than an adsorption capacitance.?® Therefore,
Cy (the low frequency semicircle on the right) is attributed to the interfering ion specific
adsorption capacitance, C,q4, in series with a Warburg impedance, W, attributed to W,q;
this branch was only fitted to the 0.5 M NaCl and 0.5 M LiCl solutions, since for the 0.5 M
KCI solutions the frequency would need to go lower than 1 Hz for more data points and a
realistic fit with the provided software. Thus, the simplified circuit for low ionic strength was
fitted to the 0.5 M KCI solution at higher frequencies (100 Hz to 1 MHz), in order to obtain
a more accurate fit for C;, while the same circuit was fitted to the “no added chloride salt,”
low ionic strength solution from 1 Hz to 1 MHz. Example fits in the complex capacitance
plane are shown in Figure 5.15, and fitted values for Ry, Cy, Cs, and W; are then plotted
versus pH in their own subsection, where the results will be discussed further in the next

section.
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5.4.1 Time versus pH and Temperature

In the “no added alkali chloride salt” solution shown in Figure 5.8, the pH values appear
stable after 30 minutes of mixing by diffusion, with the temperature cooling slowly overnight
from ~20.8°C to ~20.2°C. However, for the 0.5 M KCI solution in Figure 5.9, the pH values
are not as stable after 30 minutes of mixing by diffusion, unlike for the solution with no
added chloride salt. Thus, the added 0.5 M KCI appears to affect the buffering ability of
the solution, as with the 0.5 M NaCl (Figure 5.10) and 0.5 M LiCl (Figure 5.11) solutions,
with possible causes discussed at the beginning of this section. The 0.5 M KCI solution
temperature cooled slowly overnight from ~21.5°C to ~20.2°C, while both the 0.5 M NaCl
solution and 0.5 M LiCl solution temperature hovered at ~20.6°C overnight.

In observing the recorded pH values, Figure 5.7 serves as a reference from the original
buffer first reported in 1931.232 As 0.2 M NaOH was added to the universal pH buffer, the
pH increases almost linearly. These plotted values allow for an estimated NaOH molarity

with each addition (see Table G.1 in the Appendix).

NaOH additions to 100 mL BR Buffer, 1931
0.04 M CH3;COOH, 0.04 M H5PO,, 0.04 M H;BO;

| pH = 0.1126mL + 1.2261
129 — R2 - 0.9958

O  Experimental
104 @ pH 7 with 52.5 mL Added

pHat18°C

0 20 a0 60 80 100
mL of added 0.2 M NaOH

Figure 5.7 Original data plotted for 0.2 M NaOH additions to 0.04 M phosphoric
acid, 0.04 M acetic acid, and 0.04 M boric acid.?3?
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No Chloride Salt
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Time (Hours)
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20.2 1

Temperature (°C)
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0 2 4 6 8 10 12 14
Time (Hours)

Figure 5.8 pH and temperature for the “no added alkali chloride salt” buffer, with
“spikes and dips” between the 30 minute pH measurement intervals being when the
pH electrode was removed from the measurement solution (© 2022 Elsevier B.V.
All rights reserved.).??
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0.5 M KClI
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Figure 5.9 pH and temperature for the 0.5 M KCI buffer, with “spikes and dips”
between the 30 minute pH measurement intervals being when the pH electrode

was removed from the measurement solution ((©) 2022 Elsevier B.V. All rights re-
served.).?%
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0.5 M NacCl
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Figure 5.10 pH and temperature for the 0.5 M NaCl buffer, with “spikes and dips”
between the 30 minute pH measurement intervals being when the pH electrode

was removed from the measurement solution ((©) 2022 Elsevier B.V. All rights re-
served.).?%
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0.5 M LiCl

pH
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Figure 5.11 pH and temperature for the 0.5 M LiCl buffer, with “spikes and dips”
between the 30 minute pH measurement intervals being when the pH electrode
was removed from the measurement solution ((©) 2022 Elsevier B.V. All rights re-
served.).??
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5.4.2 Complex Capacitance Plots with Fits

Assumed Low lonic Strength Bousse-Bergveld Circuit

Rau cTazos CoL : Rsor

| | | | O_pgosite

: ,\N\I | | | | IVV\, Digit and
i Electrode Interface
D|g|t and Interface

Simplified for Levenberg-Marquardt Fit
c1 R1

|—wv

Figure 5.12 Assumed and simplified circuit for the “no added alkali chloride salt,”
low ionic strength solution. The simplified circuit was fitted to the “no added alkali
chloride salt” solution from 1 Hz to 1 MHz, while the same circuit was fitted to the
0.5 M KCI solution from 100 Hz to 1 MHz, with the latter solution likely needing
to go below 1 Hz for an accurate, high ionic strength circuit fit.

Assumed, High lonic Strength Bousse-BergveId Circuit

c)L :
R,, Cra.o, ! Rgg

H : Opposite
;—l\/\/\,—| I— H—AA/N\— Dpigit and
Cod Wag Interface
H \A[ H
Electrode —_—
Digit and Interface Zi aa i

Simplified for Levenberg-Marquardt Fit
C

R,
C, W, VVYvV
W
_'—'
Zz

ie,ad

Figure 5.13 Assumed and simplified circuit for high ionic strength solutions. In
fitting the simplified circuit to the 0.5 M KCI solution, the Co — Wy branch was

omitted, reducing it to C; — Ry and fitting from 100 Hz to 1 MHz.
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Figure 5.14 Complex capacitance plots with the measured data from 1 Hz to 1
MHz for all solutions, with each pH point color coded from red (acidic) to more
basic (blue) (© 2022 Elsevier B.V. All rights reserved.).?2
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Figure 5.15 Levenberg-Marquardt fit examples for all solutions at roughly pH 7.
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5.4.3 pH versus Resistance in Series with Interface

R: - No Chloride Salt

145 -

140 - { {
135 - { {
- 130 - { {{

125 -

120 - {
115 - i

110 -

Figure 5.16 C; in series with R; for “no added alkali chloride salt” solution, where
R; peaks around pH 4.5.

R; - 0.5 M KCI
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S e e S
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Figure 5.17 C; in series with R; from 100 Hz to 1 MHz for 0.5 M KCI, where R,
hovers around 100 2.
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R; - 0.5 M NacCl
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Figure 5.18 R, in the simplified, high ionic strength circuit for 0.5 M NaCl, with
no clear pH dependence while considering error ((© 2022 Elsevier B.V. All rights
reserved.).??0
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Figure 5.19 R; in the simplified, high ionic strength circuit for 0.5 M LiCl, with
no clear pH dependence while considering error ((C) 2022 Elsevier B.V. All rights
reserved. ). 220
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5.4.4 pH versus Double Layer Capacitance

C; - No Chloride Salt
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Figure 5.20 C; in series with R; for “no added alkali chloride salt” solution, where
C; peaks around pH 6 but with significant error.
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Figure 5.21 C; in series with R; from 100 Hz to 1 MHz for 0.5 M KCl, where C;
appears pH dependent but with significant error.
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Figure 5.22 C; in the simplified, high ionic strength circuit for 0.5 M NaCl, where
C; appears pH dependent. The C; double layer capacitance magnitude for 0.5 M
NaCl here appears larger than for 0.5 M LiCl in Figure 5.23 (the opposite is true
for Cy) ((© 2022 Elsevier B.V. All rights reserved.).??
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Figure 5.23 C; in the simplified, high ionic strength circuit for 0.5 M LiCl, where
C; appears pH dependent. The C; double layer capacitance magnitude for 0.5 M
LiCl here appears smaller than for 0.5 M NaCl in Figure 5.22 (the opposite is true
for Cy) ((© 2022 Elsevier B.V. All rights reserved.).??
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5.4.5 pH versus Interfering Ion Specific Adsorption Capacitance

C, - 0.5 M NacCl
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Figure 5.24 C, in the simplified, high ionic strength circuit for 0.5 M NaCl, with no
clear pH dependence while considering error. The C, specific adsorption capacitance
magnitude for 0.5 M NaCl here appears smaller than for 0.5 M LiCl in Figure 5.25
(the opposite is true for C;) ((© 2022 Elsevier B.V. All rights reserved.).??
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Figure 5.25 C, in the simplified, high ionic strength circuit for 0.5 M LiCl, which
appears to decrease at high pH (and with increasing NaOH and larger Na® ions).
The C, specific adsorption capacitance magnitude for 0.5 M LiCl here appears larger
than for 0.5 M NaCl in Figure 5.24 (the opposite is true for Cy) ((©) 2022 Elsevier
B.V. All rights reserved.).??
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5.4.6 pH versus Interfering Ion Warburg Impedance
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Figure 5.26 W, in the simplified, high ionic strength circuit for 0.5 M NaCl, with
no clear pH dependence while considering error ((€) 2022 Elsevier B.V. All rights
reserved.). 220
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Figure 5.27 W, in the simplified, high ionic strength circuit for 0.5 M LiCl, which
may increase with pH but with significant error ((© 2022 Elsevier B.V. All rights

reserved. ). 2?0

205



5.5 Discussion

5.5.1 No Added Alkali Chloride Salt

The fitted and plotted values versus pH (Figure 5.16 for Ry and Figure 5.20 for C;) appear to
show that the device has a lossy capacitance in this solution, with no clear pH dependence.
However as discussed previously, a pH dependence is visible in the series capacitance from
roughly 10 kHz to 50 kHz in Figure E.9, where the double layer effects are diminished and the
insulator capacitance is visible. 26 This pH dependence could be caused by the “proton space
charge” which Vermilyea detected in anodic tantalum oxide; in a later publication however,
Vermilyea mentioned that this space charge may not be directly caused by protons.>®
Additionally, knowing from Table 4.15 that pH 3 Britton-Robinson buffer has the highest
solution resistance, and that Ry is highest between pH 4 and pH 5 here, the effects of the
tantalum oxide layer on R; are visible. A similar peak in the series resistance was also
observed by Vermilyea with anodic tantalum oxide, although in a 2 M KCI solution at pH
~3.5.5% His theoretical model did, however, predict a peak around pH 4 (in contrast to

Bousse and Bergveld,?*® Vermilyea® appears to have placed the capacitances in series).

5.5.2 0.5 M KClI

The fitted and plotted values versus pH (Figure 5.17 for Ry and Figure 5.21 for C;) appear to
show that the double layer capacitance is pH dependent, although the error is quite large with
the limited frequency range and the omission of C; and Wy from the circuit. Nonetheless,
C; is decreasing with an increase in pH over large increases in basicity. Furthermore, at
frequencies greater than 100 Hz a pH dependence is visible in the series capacitance in

Figure E.10.
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5.5.3 0.5 M NaCl

The fitted and plotted values versus pH (Figure 5.18 for Ry, Figure 5.22 for C;, Figure 5.24
for Cy, and Figure 5.26 for W1) show a clear pH dependence with C;, where a low pH yields
a higher capacitance. Furthermore, a pH dependence is visible over most frequencies in the
series capacitance in Figure E.11. For examples of real world applications, the 2.9 wt% / 0.5

"1 (@ Korean food

M NaCl solution measured here would be considered “high sodium kimchi
staple), and is also similar to ocean salinity.®!® The IDE sensors made with the EGFET
sensing layers in Experiment 2 of Chapter 4 were used to measure a 1.6 wt% / 0.28 M NaCl

"1 and the results are

solution, which is similar in concentration to “low sodium kimchi,
discussed at the end of this chapter with a plot of the series capacitance at 1 Hz in Figure
5.31. The series resistance and series capacitance spectra for the 0.28 M NaCl solutions are

in the Appendix (Figures F.1 - F.8), which similarly show a decrease in series capacitance

with in increase in pH at most frequencies.

5.5.4 0.5 M LiCl

The fitted and plotted values versus pH (Figure 5.19 for Ry, Figure 5.23 for C;, Figure 5.25
for Cy, and Figure 5.27 for W1) show a clear pH dependence with C;, where a low pH yields
a higher capacitance. Furthermore, a pH dependence is visible over most frequencies in
the series capacitance in Figure E.12, which could prove informative in battery applications
using aqueous electrolytes.?” In 2019, Pan et al.?” examined sol-gel derived, tantalum oxide
aerogels as anodes in both lithium and sodium ion battery applications, where the reaction

mechanism will be shortly described before comparing the effects ion size has on C; and C,.

5.5.5 Redox Effects

Before this discussion is continued, possible redox effects need to be considered. For example,

when placed in aqueous alkali, the electrochromic reaction for thin films of tantalum oxide
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is as follows: 2!

Tay "O5(s) + H,O + e — 2Ta*"O,(s) + 20H (aq) (5.39)

The reduction of Ta®" (colorless) to Ta*" (very pale blue) allows for electrochromic appli-
cations and requires an energy input. However, since the thin film only has a slight color
change, Ta,O5 is usually used as an ion-conductive electrolyte which is deposited in a stack,
generally with different oxide layers which emit more potent colors.?"2™ For sol-gel de-

rived electrolytes, Ozer®

studied both Ta,O5; and Nby,O5 as proton conductors stacked on
WO,;/ITO, where a minimum in transmittance at 550 nm was observed around —0.4 V.
Additionally, lithium tantalate has been investigated as an electrolyte for anodes in

273,274

lithium ion batteries, where insertion/extraction is as follows (where x = 8 is the

maximum value): 27027

TayO5 + x(Li" + e7) < Li, Ta,O; (5.40)

A similar reaction has been observed for sodium ion battery applications. However, the
potentials required for insertion /extraction in a sol-gel derived, TayOj5 aerogel are ~0.8/1 V
(cathodic/anodic) for lithium and 0.86/0.91 V (cathodic/anodic) for sodium. The disordered
aerogel is a network of Tay,Os nanoparticles, thereby increasing surface area and making
insertion easier. Vermilyea®® may have observed something similar when 1 V was applied
across a 10 nm thick anodic TayOj5 film, where potential hysteresis versus pH in NaCl and
LiCl solutions was found; Vermilyea then concluded that these smaller alkali cations can
adsorb on the surface.

Given that in this experiment, a thin (although possibly nanoporous) film was studied
in an aqueous solution at a low operating potential amplitude of 10 mV (rms), redox effects
for both protons and other alkali ions can be considered to be negligible, which is supported
by the XPS results for the EGFET sensor showing one oxidation state of +5. Thus, we can
attribute the observed phenomena in the immittance spectra to be largely a result of the

double layer and specific adsorption of interfering ions on the oxide surface.
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5.5.6 Effects of Ion Size on the Insulator-Electrolyte Impedance

In considering mobile ions on the insulator surface, fit deviations with the selected equivalent
circuit may be due to metal oxide insulators following the “Discrete Helmholtz” model in
solution, where the electric field is not uniform and diffusely distributed as is normally

modeled with conductive electrodes.?"

Namely, ions in the electrolyte are correlated to
“anchor points” on the insulator rather than being paired to specific counterions, and where
the cations move over the insulator surface among these “anchor points.” These points can
appear closer to each other than in a diffuse charge distribution model, and thereby create
their own parallel potential gradient. Parallel electric field vectors, present in IDE devices, 262
can also encourage the cations to move among these “anchor points” on insulators.

Formation of the double layer on IDEs is also time dependent and nonuniform over the
electrode surface, and the applied electric field leads to fluid flow where the frequency at peak
velocity is position and geometry dependent.?5277-280 In a two electrode system, similar to
the previously reported indium tin oxide impedimetric pH sensor (one working electrode
between two counter electrodes),?! the electrical double layer forms first on the electrode
edges at the gap, and with longer charging times forms further away from the edge.25%280
Measurement in aqueous KCl with two coplanar electrodes, covered with a thin TiO, layer,
indicated that the double layer is not a pure capacity at low frequencies. This could not be
ascribed to ion diffusion effects or Faradaic current, and remains a debated topic.2°

Fit deviations may also be due to influences from Cr,,0,, the insulator capacitance in
series to the insulator-electrolyte interface with an assumed leakage current.!® Cray0, Was
ignored in the simplified equivalent circuit and where anodic Ta,O5 has been observed to have

54,55

a pH dependent “proton space charge. In measuring with coplanar titanium electrodes

covered with a thin TiO, layer, the insulator was mentioned as reducing the potential drop

across the diffuse layer and thus ion velocity in solution. 2
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Prior Studies with Interfering Ions

In shortly returning to ion interference for pH sensing in the ISFET configuration, the
theoretical sensitivity of Ta,O5-ISFETs within the range of pH 2 to pH 12, based on the
improved model by van Hal, Eijkel, and Bergveld,***> do not have significant pH deviations in

282 Quch deviations grow

high ionic strength solutions (aside from an increased response time).
larger with an increasing ionic strength (Equations 5.17 and 5.20) and thereby an increasing
differential double layer capacitance per unit area, Cy;s from Chapter 2 of this thesis, which

theoretically reduces the response of the electrolyte potential drop at the insulator-electrolyte

interface, 1, to changes in the bulk solution pH, pHy:

5(;1/}}?3 _ _leenm <kT§jﬁf: 10 1>1 (5.41)
However, the relatively high intrinsic buffer capacity of TayOs, Bin, is able to mitigate the
effects of the double layer capacitance and interfering ions, as explained by van Kerkhof,
Eijkel, and Bergveld in detail.?2 The buffering response of Ta,QO; follows a decrease in ||
after addition of electrolyte to solution, as the diffuse layer capacitance, and thereby the

integral double layer capacitance per unit area, Cpy, increases quickly with a decrease in

the Debye length, Ap:
|oo|

T Cbr
This is gradually followed by a change in the surface charge, og, by Tay,O5 adjusting the

|| = (5.42)

surface pH, pHg from Equation 2.21 in Chapter 2, through adsorbing or desorbing H' and

“correcting” 1 to equilibrium with the value before electrolyte addition:

1 |ool

T bol = Coe

(5.43)

Nonetheless, Equation 5.41 indicates that the double layer capacitance will always have
some effect on the pH response. In the case of a capacitive pH sensor in high ionic strength
solutions, however, the shorter Debye length provides advantages for measuring a larger

double layer capacitance driven primarily by H" and OH ™ ions.?
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In other experimental observations with Ta,O5-ISFETSs, deviations above pH 12 were
observed by Bobrov et al.*” in 1991 for Na® and K solutions, while for Li* solutions these
began above pH 7 where a “pLi” response was observed. Above pH 12, the pLi response
becomes Nernstian, thus showing the effects ion size has on interfering with pH sensing
(Li* is the smallest and K is the largest, while the opposite is true when the cations are
hydrated). 223281 Qverall, Bobrov et al. found a decrease in pH sensitivity in the basic
region with interfering cations, with the decrease in pH sensitivity ranked from most to
least interference: Li" > Na® > K. Due to these ion sensitivities, Bobrov et al. proposed
that Ta,O5-ISFETs do not follow the site-binding model as proposed by Bousse, de Rooij,
and Bergveld?! but rather that of chemical glass electrodes, where due to the Nernstian
pH response and response to alkali ions, that the ion-exchange theory of glass electrodes
is more appropriate for Ta;O5. Unfortunately, when van Hal et al. derived and reported
the improved model from that of Bousse et al., four years after the report of Bobrov et al.,
the experimental observations of Bobrov et al. were not present in the discussion; however,
unlike the model presented by Bousse et al., van Hal et al. considered the influence of ionic
strength over the entire pH range in their derivation of the improved model. Thus, although
the exact pH sensing mechanism remains unclear, there appears to be consensus that pH
sensing with TayO5 can be affected by the ionic strength of the solution.

As this experiment is largely based on observations, with the theory only acting as an
aid in explaining these observations, the results reported by Bobrov et al. will be used as
the base for the discussion. Returning to ion size and its effects on the immittance spectra,
Bobrov et al. concluded that the smallest ion, lithium, is mobile only at the surface of
Tay0O5, which allows for the most likely assumption that lithium insertion is not happening,
as discussed previously for lithium tantalate. Therefore, a comparison for C; and C, among
different ion sizes, including their respective hydration shells, can be made for the double
layer capacitance and the specific adsorption capacitance from interfering ions, respectively.

In considering the double layer capacitance, Cpr, from Equation 5.30 for C;, the Stern
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distance, Ag, has a significant influence at high ionic strength as the Debye length, Ap,

1.28% have also

is reduced. X-ray photoelectron spectroscopy (XPS) methods by Brown et a
shown that higher concentrations of NaCl can reduce the Stern length on SiO, nanoparticles,
where the number of water molecules separating solvated ions from the surface is reduced,
indicating that both Ap and Ag decrease with an increase in ionic strength. Furthermore,
roughly 85% to 90% of the potential drop occurs over the Stern layer on SiO, nanoparti-
cles for NaCl solutions, ranging from 0.01 M NaCl to 0.1 M NaCl in concentration, thus
illustrating the importance of the Stern layer in affecting the double layer capacitance. As

282 gtarted with larger

explained above in Equations 5.42 and 5.43, when van Kerkhof et al.
concentrations of interfering ions for Ta,O5-ISFETs, and then increased the concentration
5%, the immediate 1, response decreased relative to starting at a lower interfering ion con-
centration; in order to explain these observations, only a change in Ap and the diffuse layer

285

capacitance was mentioned in influencing v, and the findings of Brown et al.**> should also

be considered whereby changes in A\g from interfering ions, each having their own effective

283,284 also influences the immediate 9y response to electrolyte addition.

hydration radius,

Furthermore, negatively charged glass surfaces, such as SiO, and Ta,O5,235286 have more
cations near the oxide surface than in the bulk, while anions such as Cl” are concentrated
further away from the surface.'>*? Additional XPS measurements with alkali chloride salts
at a concentration of 50 mM (0.05 M) were able to measure Ag for particular alkali cations,
and thereby Cgep, per unit area, on SiO, nanoparticles while assuming a constant dielectric
constant. \g was ranked among cations and calculated from the measured surface potential
and surface charge density, both measured at pH 10, as being roughly the hydration radius
plus one water molecule hydrating the SiO, surface: Li" > Na® > K' > Cs™; Cyern per
unit area was then computed and ranked inversely: Li* < Na® < K" < Cs*.'2 Thus, the
measurements and calculations revealed that no specific adsorption of alkali cations occurred

at 50 mM in the inner Helmholtz plane. The measured 1)y from the XPS method largely

followed the SiO5-ISFET results of Bousse and Bergveld?! and the SiOy-impedance results of
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Diot et al.,?%” thus illustrating the relevance of the XPS findings %% to the results reported
here for TayO:s.

Similarly, the observations of Bobrov et al.,*” with interference on TayO5-ISFETs being
ranked as Li" > Na®™ > K7, follow those of the XPS measurements'? where an increased
Stern length in the outer Helmholtz plane, and thereby a decreased Cp, with an increased

interfering ion hydration radius would increase the measured v response:

ool
1Chr

T ol = (5.44)

However, the opposite trend with specifically adsorbed cation radius in the inner Helmholtz
plane, with Li" < Na® < K™, should also be considered as more specifically adsorbed charges
(via partial charge transfer) may possibly increase with a smaller adsorption radius for a
cation without the hydration shell,?®® where specifically adsorbed alkali cations and chloride
anions act as dipoles in their own plane of charge separate from that of specifically adsorbed
H'.4850 Using immittance spectroscopy, as was performed in this work, the effects of inter-
fering ions on the surface of TayOs should become more apparent, and thus visible in the
double layer capacitance, Cpy or Cy, and the interfering ion specific adsorption capacitance,

Clua or Coy.

Comparison of Prior Studies to Results

Figure 5.28 displays the impedance magnitude around 100 Hz for the 0.5 M NaCl and 0.5 M
LiCl buffer solutions, with the magnitude shown to increase with an increase in pH (similar
to Sample 14 in Experiment 1 of Chapter 4, with pH 5, pH 7, and pH 9 at ~10 kHz in
Figure 4.5). 100 Hz was chosen since the greatest change in series capacitance (Figures E.11
and E.12 in the Appendix) versus pH occurs at that frequency for the 0.5 M NaCl solution,
along with the phase angle being a similar value over the entire pH range while approaching
a maximum of —70° to —80° in both solutions, where —90° is the value for an ideal capacitor

(Figures E.3 and E.4 in the Appendix). 100 Hz is also the approximate boundary between C;
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at high frequencies and C, at low frequencies, with the boundary being denoted by the local
minimum on the C”-axis in the complex capacitance plane. The series capacitance vs. pH in
Figure 5.29 shows an approximate slope of -110 nF/pH at 100 Hz in both 0.5 M LiCl and 0.5
M NaCl over the entire pH range, with the impedance magnitude having almost the same
inverse relative change vs pH. Thus, whether impedance magnitude or series capacitance is
used for pH sensing, the sensor fundamentally works in solutions of high ionic strength.

The double layer capacitance without specific adsorption, C;, appears to increase with a
decrease in hydrated ion size from Li* to K. However, the fit for the 0.5 M KCI solution
followed a different procedure, since a realistic fit could not be performed using the provided
software with the Co—W, specific adsorption branch for the 0.5 M KCI solution. Therefore,
only a proper comparison for the 0.5 M NaCl and 0.5 M LiCl solutions can be made here.
Nonetheless, this increase in C; with a decrease in Stern length in the outer Helmholtz
plane follows the XPS results on SiO, nanoparticles with 50 mM (0.05 M) solutions of LiCl,
NaCl, KCl, and CsCl. Thus, the results reported here, particularly for Li" and Na', are
largely in accordance with the Gouy-Chapman-Stern theory. However, the calculated Stern
capacitance per unit area increase from the XPS study, increasing from Li" to Na, is only
about 6% (from Li" to K the increase is about 31%). On the other hand, the fitted C; values
in Figure 5.29, when going from Li" to Na', show roughly a 34% capacitance increase at pH
2 and roughly a 30% capacitance increase at pH 8. Therefore, effects other than the Stern
length in the outer Helmholtz plane may also be influencing the double layer capacitance
represented by Ci, particularly as the fitted values are not per unit area.

In order to account for the area dependence, Brown et al.'? measured the charge per unit
area at pH 10 as the surface charge density, with the absolute magnitude ranked as LiCl <
NaCl < KCI < CsCl at 50 mM (0.05 M) on SiO,. These surface charge density variations were
attributed to hydrated ion interactions in the outer Helmholtz plane. Although Brown et al.
compared the measured surface potential to a theoretical model which included interactions

between hydrated ions, and thereby showed that the measurements approximately follow the
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theory, a varying dielectric constant was ignored in the Stern distance and Stern capacitance
calculation. In simplifying these calculations with a fixed dielectric constant, Brown et al.
took the relative permittivity value at the SiO, interface from a simplified model applied

by Sverjensky 2%

in a geology context. Namely, Sverjensky placed all capacitances in series
while keeping the permittivity constant throughout the insulator-electrolyte interface, in
order to account for different oxides, electrolyte ions, ion hydration states, and adsorption
behaviors as well as to make predictions for minerals which had no experimental data.23%2%
Sverjensky further notes that the model does not fit the data for all examined minerals and
electrolytes,?® and that there is debate within the geology community between a series and
a parallel model. 202! However in this work, the parallel model at the insulator-electrolyte
interface, proposed by Bousse and Bergveld?! for electrolyte-insulator-semiconductor devices,
appears to match the data obtained for sol-gel derived Ta,Os in aqueous solution. Bousse
et al.*® also stated that “due to the rapidly varying dielectric constant in this region of the
double layer these capacitances are not simply inversely proportional to distance.”

In further considering surface charge density differences between this work and those
of Brown et al.,!? the measurements with Ta,O5; here used a higher alkali chloride salt
concentration (0.5 M) than Brown et al. (0.05 M), while Ta,Oj5 also has a larger number of
charged binding sites than SiO, which could attract cations towards the surface."*> Thus,
both of these factors may possibly lead to more charges per unit area in the outer Helmholtz
plane of the Stern layer than was measured by Brown et al. for SiO,. Other factors can
affect the charge density and dielectric constant, and thereby the double layer capacitance,

3 considered sterics and dielectric decrement.

where for example Nakayama and Andelman'’

In the case of steric effects, at high surface charge density the ions approach a concen-
tration limit estimated to be proportional to (2r)~3, with 7 being the hydrated ion radius. '
Calculated effective hydrated radii are shown in Table 5.1, whose actual values are under

debate,? but nonetheless rank as Li" > Na® > K. Thus in the limit of close-packing, Li"

would have a lower charge density in the outer Helmholtz plane of the Stern layer than Na®
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and K, thereby decreasing the Stern capacitance. Brown et al.'? also showed with their
theoretical model that cation distance away from the surface ranks as Li* > Na® > K* >
Cs™, which incorporated hydrated ion interactions. Brown discusses hydration interactions

1.’292

in more detail with Caetano et a while stating that the effects of electrode polarization

293 and a changing dielectric constant from the ions themselves'3

on dielectric discontinuity
were ignored.

Hasted et al.?** in 1948 investigated ion specific effects in bulk aqueous electrolyte, and
were able to measure a dielectric decrement which is a linear function of ion concentration
from 0.5 M to 2 M. In the case of an electrode in solution, the local ion concentration, n(z),
as a function of distance from the electrode, z, with the subscript denoting the sign of the
ion charge, determines the dielectric decrement along with a coefficient for the respective
ion, ~:13

€ (ns) = ew = yma(2) = y-n_(2) (5.45)

Here, ¢, is the relative permittivity of water, where in the case of anion depletion in the Stern
layer, and where linear decrement is considered, the change in the relative Stern permittivity,
€g, is as follows:

Aes = €5 — yint = €, — 2740t (5.46)

Important to note is that the cation concentration in the Stern layer, ng, may be reduced
by steric effects or hydrated ion interactions in the outer Helmholtz plane. The ion specific
v values are shown in Table 5.1.

Dielectric decrement is caused by the creation of ion holes and polarity changes in the

13,294-297

electrolyte. Hydrated cation polarity ranks as Li" > Na™ > K, where a smaller

cation is able to polarize water molecules more through a reduced radius, and thereby reduce
the permittivity as water molecules are able to respond less to external electric fields.?

Additionally, as the number of water molecules hydrating the ion increases, the polarity

decreases as the influence of other water molecules increases. Although Li™ has been observed
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to decrease the permittivity more than Na® and K™, a lower ion concentration in the Stern
layer for Li" may reduce the effect of dielectric decrement in comparison to Na® and K*
according to Equation 5.46. This illustrates the complexity in attempting to estimate the
Stern capacitance. Nonetheless, a lower double layer capacitance measured in 0.5 M LiCl
with respect to 0.5 M NaCl is likely caused by a longer Stern distance, a lower charge density,
and a reduced permittivity in the outer Helmholtz plane at the insulator-electrolyte interface.

Furthermore, recent models and experimental data indicate that in supercapacitor ap-
plications in aqueous electrolyte, the dielectric permittivity at the Stern layer changes as
a function of distance, time, local ion concentration, and ion type, which complicates the
matter further.?*” In considering these effects in the outer Helmholtz plane, the measured
double layer capacitance (not per unit area) in this work, with a larger magnitude change
between cations, does not necessarily contradict the calculated Stern capacitance per unit
area by Brown et al.'2 with a smaller magnitude change between cations, particularly where
the latter used a fixed dielectric constant in the calculation.

Then in considering the specific adsorption capacitance in the inner Helmholtz plane, C,,
the larger magnitude observed with the LiCl solution is likely due to the smaller ion size of Li*
when adsorbed on the surface, which would give Li" a higher specific adsorption capacitance
with a smaller distance, d, than Na™; this may be supported by an observed decreasing Cs at
high pH in the LiCl solution, where there is increasing NaOH and larger Na® cations. Due
to this added NaOH, C, is compared in Table 5.2 between the 0.5 M LiCl and 0.5 M NaCl
solutions at pH 5.5, where above pH 4 the H" adsorption capacitance is negligible for anodic
Tay0s5,%% and where the two solutions had a similar pH value with the least amount of added

1.48

NaOH. In understanding specific adsorption, Bousse et al.*® noted that specific adsorption

of alkali cations (M") would have a high capacitance, namely behaving as dipoles with a

partial charge contribution to the insulator surface charge:*%%

Ta—OH + M™ = Ta-O M" + H" (5.47)
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Although the M—O adsorption distance at the insulator-electrolyte interface (M—O—Ta,
where M = Na™, Li*) is not known, an estimate is made here with hydrated Li" and Na™
cations in aqueous solution, with the respective M—O distances for dr;+ and dpy,+ with water
in Table 5.3. Using these values, the specific adsorption capacitance increase from Na™ to
Li" is estimated in Table 5.4, which is close to the observed 20% increase in this work.
The change could also be affected by steric and dielectric effects, as with the double layer
capacitance, although the fixed number of specific adsorption binding sites may mean these
effects are not as prominent. For possible permittivity effects, the adsorption of alkali on
gold has shown that polarity increases with an increase in cation radius, namely with the
polarity ranked as Li* < Na® < K, which is due to the increased partial charge transfer to
cations with a smaller radius.?®® However, this may not directly translate to adsorption on
TayO5. As the specific adsorption capacitance remains relatively constant over the measured
pH range, specific adsorption effects may need to be considered at high ionic strength along
with the double layer capacitance, which may require a modification of the theory proposed
by van Hal et al.**® Such a modification would support the observations of Bobrov et al.*”
with ISFETs and Bousse et al.*® with light-addressable potentiometric sensors (LAPS).
For the case where the frequency is fixed at 100 Hz (thus fixing a variable for a varying
dielectric constant), which is where the phase angle approaches a maximum of —70° to —80°
(with —90° being an ideal capacitor) and where the series capacitance responds the most
to a change in pH for the 0.5 M NaCl solution, the equivalent series resistance (ESR, not
to be confused with R;) and the series capacitance at 100 Hz are tabulated at similar pH
values in Table 5.5; a comparison at all pH values between C; and the series capacitance
at 100 Hz is plotted in Figure 5.29, and the ESR with the series capacitance at 100 Hz are
plotted in Figure 5.30 for 0.5 M KCI, 0.5 M NaCl, and 0.5 M LiCl. The ESR and series
capacitance values at 100 Hz indicate that the device can be used for capacitive pH sensing
when integrated into a simpler electronic circuit for read-out, particularly when the use of

an impedance analyzer is not possible.
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The higher ESR at 100 Hz for Li" may be related to the ion’s higher viscosity in solution
(i.e., kosmotropic effects with Li" > Na', while K™ and CI” are chaotropic and decrease

solution viscosity),2% 30t

or other unknown effects. In considering fluid velocity, v, as ions
move approximately parallel to the electrode surface after applying direct current (DC)
between coplanar electrodes, the zeta potential is proportional to the surface charge density
in the diffuse layer, o,, allowing for the linear approximation of v:%""
v = Boddn (5.48)
n

Here, F; is the electric field tangential to the electrode surface, n is the medium viscosity,
and Ap is the Debye length. However, when applying an AC electric field, the fluid velocity
also becomes frequency dependent. Since the measured 0.5 M LiCl solution likely has a lower
surface charge density in the diffuse layer and a higher viscosity than the measured 0.5 M
NaCl and 0.5 M KCI solutions, then the difference in ESR at 100 Hz may be influenced by
a lower fluid velocity for Li" with respect to Na" and K (thus following the electrophoretic

mobility). 260
Important to note is that as the pH increases, Na™ increases in concentration with each
NaOH addition for all solutions, where the NaOH molarity increase for each addition is
estimated in Table G.1 in the Appendix. Future experiments could be performed with
KOH, NaOH, and LiOH for KCI1, NaCl, and LiCl solutions, respectively, in order to make

the experiment more robust. Resources permitting, measurements in aqueous RbCl and

CsCl solutions would also be informative.
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Table 5.1 Dielectric decrement coefficients (1 M™!) from Hasted et al. (1948),
and effective hydration radii for the listed ions. Nakayama and Andelman'? refer
to radii from Nightingale (1959), while Brown et al.!? refer to radii from Kielland
(1937). Waegele et al.2® (2019) doubt the accuracy of the effective hydration radii
in the context of catalysis and electrode adsorption.

Hydrated Ton

v (M™!) Hasted et al.?%*

r (A) Nightingale?®*

r (A) Kielland %

H+
OH™
Li'
Na™
K+

Cr

17
13
11
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2.82
3.00
3.82
3.58
3.31
3.32




Table 5.2 Cyric1/Canact ratio at pH 5.5 with minimum, no error, and maximum
values while considering percent error, where the “no error” value is close to the
estimates in Table 5.4.

No Error | Max

CQJ\IaCl at pH 5.53 ‘ CQLiCl at pH 5.49 ‘ Min

3300 + 291 nF ‘ 3971 £ 343 nF ‘ 1.010 ‘ 1.203 ‘ 1.434

Table 5.3 M—O distance in A of hydrated Li" and Na™ as a function of hydration
number, or coordination number, N,, with Avg. being the average distance for the
respective ion. These values have been obtained from structure databases in 2012,
where N, — 4 for Li* and N, — 6 for Na® are suspected to be the most common
coordination numbers for these cations in aqueous solution.3°? The average distances
are close to the previously published values by Marcus in 1988.303

N, 4 5 6 Avg.
Lit | 1.942 2.132 2.037
Na™® 2.358 2.415 2.387

Table 5.4 Estimated specific adsorption capacitance (Cy) increase from Na' to Li"

using the literature values3°? for M—O distances in aqueous solution from Table 5.3,
calculated as dziﬂ/d]’vlﬁ. Each value is calculated from the intersection of the Li’
and Na™ ions of a given hydration number, and includes an average of the 4 values.
N, =4 for Li" and N, = 6 for Na* may yield the most appropriate estimation.

M* N, |Lit4 Li"'6 Li'" Avg

Na' 5 1.214 1.106
Na® 6 1.244 1.133
Na® Avg 1.174
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Table 5.5 Equivalent series resistance (ESR) and series capacitance values at 100 Hz for Li” and Na™ solutions at a
particular pH value, reported with the Ry+/Ry.+ and Cyg+/Cri+ ratios (note the flipped ion labels between R and
C).

pH Li* | pH Na* | RLi* () R Na* (Q) | RLi* /R Na® | C Li* (nF) C Nat (nF) | C Na* / C Li*
1.77 | 1.79 256 200 1.28 1919 2236 1.17
1.88 | 1.89 262 204 1.28 1874 2175 1.16
2.34 | 2.30 272 208 1.31 1792 2120 1.18
3.68 | 3.64 286 213 1.34 1680 2072 1.23
5.49 | 5.53 334 237 1.41 1457 1867 1.28
6.12 | 6.12 353 251 1.41 1393 1779 1.28
6.34 | 6.38 365 259 1.41 1353 1732 1.28
6.59 | 6.58 379 270 1.40 1313 1678 1.28
6.98 | 7.05 391 290 1.35 1276 1586 1.24
8.06 | 8.11 416 316 1.32 1213 1482 1.22
8.41 | 8.49 431 326 1.32 1182 1447 1.22
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Figure 5.28 Impedance magnitude increasing with pH around 100 Hz for both the
0.5 M NaCl and 0.5 M LiCl solutions. The impedance magnitude change versus pH
appears larger in the 0.5 M LiCl solution than in the 0.5 M NaCl solution ((©) 2022
Elsevier B.V. All rights reserved.).??
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Series Capacitance at 100 Hz
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Figure 5.29 Series capacitance at 100 Hz for Na™ and Li" solutions, compared with
C; values from Figure 5.22 for Na* and Figure 5.23 for Li", where similar behavior
occurs ((©) 2022 Elsevier B.V. All rights reserved.).??°
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Series Capacitance at 100 Hz
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Figure 5.30 Equivalent series resistance (ESR, not to be confused with R;) and
series capacitance plotted versus pH at 100 Hz for K (-40 nF/pH), Na™ (-110
nF/pH), and Li* (-110 nF/pH) cations. The Li" solution has a higher ESR and a
lower series capacitance than the Na™ solution over the entire pH range ((©) 2022
Elsevier B.V. All rights reserved.).??
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5.5.7 0.28 M NaCl with Sensors 1-8, 1-7, 1-6, and 1-5

Series Capacitance at 1 Hz in 0.28 M NaCl
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Figure 5.31 The series capacitance plotted at 1 Hz in 0.28 M NaCl.

As seen in the series capacitance spectra for Sensors 1-8 in Figure F.2, 1-7 in Figure F.4,
1-6 in Figure F.6, and 1-5 in Figure F.8, the largest change in the series capacitance in 0.28
M NaCl occurs at 1 Hz and is plotted in Figure 5.31, where Sensors 1-8, 1-6, and 1-5 were
measured from about pH 2 to pH 10.5, while Sensor 1-7 was measured from about pH 2 to
pH 12. In the pH range from pH 2 to pH 11, the slopes for Sensors 1-8, 1-7, 1-6, and 1-5
are about -336 nF/pH, -214 nF/pH, -219 nF/pH, and -196 nF /pH, respectively; from pH
11 to pH 12, the slope is about -635 nF/pH for Sensor 1-7. The larger slopes seen here,
with respect to Sensor 7-7 in 0.5 M NaCl at 100 Hz with -110 nF/pH, could be due to the
lower frequency, the larger geometry, or a possibly larger change in the Debye length as the

NaOH concentration is increased. Variations among sensors could be due to differences in

the deposited tantalum oxide layers. 0.28 M NaCl is similar to “low sodium kimchi.
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Chapter Six

Thermistor

Recall the standard definition of pH below, where the pH of the measurement standard S,

pH(S), can be used to determine the pH of a solution X, pH(X)::17

(Ex — Eq)F

pH(X) = pH(S) + =0

(6.1)

Here, the difference in e.m.f. between the standard potential, Fg, and the solution poten-
tial in question, Fx, needs to be known; additionally, F' is Faraday’s constant, R is the
molar gas constant, and 7T is the system temperature. In light of this pH dependence on
temperature, where temperature represents an average of the kinetic energy of particles in
matter, a temperature sensor which could be fabricated via roll-to-roll processing is vital for
an operational pH sensor fabricated in the same manner.
Thus, an observed layer resistivity dependence on temperature with synthesized ruthenium-

tantalum oxide films will be examined as a possible temperature sensor, which could be inte-
grated with fabricated tantalum oxide pH sensors. Parts of this chapter have been discussed

in German patent application DE 10 2019 006 976.5 filed on October 8, 2019.138

6.1 RuO, Thermistor

A negative temperature coefficient (NTC) effect is known to occur for disordered ruthenium

304

dioxide,””* and is caused by localization of the electron wave function and other quantum
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effects which are outside the scope of this thesis.?* However, a short discussion on past
experimental observations is warranted.

In 1967 Iles and Casale from British industry, 2°¢-37 in reporting screen printed ruthenium-
niobium resistors with an added insulating glass, justified mixing the two elements as a way
to control the resistivity and the temperature coefficient in manufacturing resistors. In
particular, niobium pentoxide was found to be able to be incorporated up to 50% molecular
into the ruthenium dioxide lattice. The desired effect in mixing the two oxides, as quoted

from the authors, is as follows:306:307

Since the temperature coefficient of resistance of ruthenium dioxide is metallic
in nature and strongly positive, introduction of a non-conducting oxide might
be expected to exert a negative influence on the temperature coefficient. Thus

control of temperature coefficient in addition to resistivity might be achieved.

A similar description for mixing group 5 elements with ruthenium dioxide, resulting in a
material with different conductive properties, was reported in Russian research in the 1980s.

Their findings are quoted below: 308

One of the methods of controlling the electrical properties of RuQs is its alloying
with d-elements of the fifth group, which is possible due to the presence of wide
ranges of solid solutions based on RuO, in the Ru-M-O (M = V, Nb) systems...
...Alloying of RuO, with vanadium or rubidiwm [translation error: niobium| is
related to inter-cation interactions leading to a change in the valence-electron
density in the Ru-O 7t*- and M-O 7t* bands [M = V, Nb], which directly influences

the electrical conductivity of the solid solutions.

Remember from the history of tantalum discussed earlier that the Soviet Union was not
able to acquire tantalum easily, which may be why the Russian group only investigated

mixing with vanadium and niobium. The same group later measured the NTC observed in
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such materials, although they noticed the NTC diminished after adding more of the dopant.

Their discussion is quoted below to retain accuracy:3°

In RuO; and Rug MO, the d band of the cation sublattice, which is formed
by the 2ty, orbitals, is located near the Fermi level, and the energy levels of the
metal-oxygen bonds are located in the lower part of the valence band. When
RuO, is doped to x = 0.05-0.1, the 2t5, band moves to a deeper position along
the energy scale as a consequence of the Ru-M cation-cation interaction, and the
density of the “metallic” ruthenium 4d states undergoes a decrease, which results

in a sharp increase in p [resistivity] (in this case, W > Nb > V).

As the content of M is increased (x > 0.1), the position of the 2ty, level is
stabilized, but the lowering of the oxygen 2p density in the Ru-O 7 bond in
response to the appearance of the M-O 7 bond results in delocalization of the

corresponding 4d electrons and a certain decrease in p.

As the Russian group was annealing at over 800°C in air, this allowed for lattice incorpo-
ration for both metals. Similarly, calcining of sol-gel prepared ruthenium-titanium oxide
(using ruthenium(III) acetylacetonate and titanium(IV) isopropoxide) at 1300°C resulted in
a positive temperature coefficient, possibly because both form an ordered rutile lattice.?'°
Thus, a low temperature sol-gel approach with ruthenium and tantalum may not result in
lattice incorporation, but rather a mixture of conducting RuO, with an insulating Ta,O5
glass, potentially leading to localization and a negative temperature coefficient, as is the
case for disordered Ru0,,3% RuO, and/or IrO, in a disordered Al,O3 matrix,3!® and amor-
phous lanthanum-ruthenium oxide.3!! Fabrication of the latter material via chemical solution
deposition (CSD) is discussed in a patent, where the lanthanum assures a disordered mate-
rial, even after annealing at high temperatures where crystalline ruthenium dioxide would
normally form. A similar experiment, where lanthanum is replaced with tantalum, will be

described and discussed below.
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6.2 Experiment 1 - NTC Effect Observed

312313 (where due to

In an attempt at creating a 30 Ru : 70 Ta material for pH sensing
instabilities as discussed in the background, investigations for pH measurements were aban-
doned), 1,3-propanediol (120 mmol, 9138 mg [Sigma-Aldrich, for synthesis]), ruthenium (I1I)
acetylacetonate (1.44 mmol, 575 mg [Merck, for synthesis]), and tantalum(V) ethoxide (2.62
mmol, 1066 mg [Alfa Aesar, 99+%)]) were added to a Schlenk flask in air, with the flask sub-
sequently connected to an argon line and a vertical condenser (cold finger). The flask was
then placed in a heating mantle at 190°C, where mixing via magnetic stirring was carried out
for about 13.5 hours. A greenish/black solution resulted, where filtering the entire solution
with 6 Minisart 1.20 pm cellulose acetate filters (Sartorius AG, Germany) resulted in a ho-
mogeneous, red-yellow solution. After examining the filtered solution material (2 hour oven
treatment at 250°C) via energy-dispersive X-ray spectroscopy (EDX) (Oxford Instruments
X-Max 80 mm?2, UK; Software - INCA 4.15, The Microanalysis Suite Issue 18d; average of 5
points) on a carbon stage, a 59 Ru : 41 Ta material resulted, thus missing the original mark
with an input of 35 Ru : 65 Ta.

In order to make an ink, 1 mL of filtered product was then diluted in 1.6 mL of 1-pentanol
(Sigma-Aldrich, ACS reagent, >99%), where the ink had a viscosity of 11.4 mPa s and a
surface tension of 27 mN m™! (see Chapter 4 for viscosity and surface tension measurement
procedure). The ink was then printed on interdigitated electrodes (IDEs) with 36 digits,
having a length of 3000 wm, a width of 40 pm, and a gap of 15 um. These IDEs were 200
nm thick gold on 20 nm thick titanium, with a 500 wm thick borofloat wafer as the substrate.
The plasma and printing parameters (see Chapter 4 for device descriptions) are shown in
Tables 6.1 and 6.2, respectively. After printing, the chip was then placed on a hot plate for

2 hours at 250°C.
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Table 6.1 Surface plasma treatment for gold IDEs on borofloat wafer.

Gas  Pressure (mbar) Power (W) Time (s)

Oxygen 0.6 150 18

Table 6.2 Printing parameters for laser ablated IDEs (head height at 1.1 mm).

Waveform (ps) Voltage (V) Frequency (Hz) Pitch (nm) Dimensions (Drops)

1-10-1 25 1000 100 40 x 40

Upon soldering the chip to the carrier, and checking the solder joints via a resistance
measurement on the hot plate, it was noticed that the resistance changed when the chip
was removed from the hot plate. In order to investigate this further, wires were soldered
to the gold contacts on the carriers for the 4 sensors. The wires were then connected to
the PalmSens 4 potentiostat via the MUXS8 multiplexer (PalmSens BV, The Netherlands),
and the impedance at 100 Hz and 100 mV amplitude (rms, phase angle of 0°) was taken
as the resistance. The chip was placed on a RCT Basic hot plate (IKA, Germany), where
the temperature was measured with a GMH 3300 meter (Greisinger, Germany), with the
thermocouple taped to the hot plate. Such a setup provides an inaccurate temperature
reading, as the hot plate likely does not have uniform heating. Nonetheless, the setup allows
for an initial determination of temperature sensitivity. The ink synthesis, dilution, cured
layer on IDEs (for the sensor connected to channel 3), and temperature setup are shown in
Figure 6.1.

The hot plate temperature was then cycled (heat-cool) twice with temperatures of ap-
proximately 20°C, 30°C, 40°C, 50°C, and 60°C. This was followed by 3 cycles (heat-cool) at
20°C, 30°C, 40°C, 50°C, 60°C, 70°C, 80°C, 90°C, and 100°C. The resistance was measured 3
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times at each temperature, and averaged with the standard deviation as the error bar shown
in Figure 6.2.

As a NTC was noted in the 20°C to 100°C range, the chip was then placed in a cryostat
to test at cooler temperatures. Measurements were performed in a standard He flow cryostat
(Oxford Cryosystems, United Kingdom). The sample was mounted on a “sample stick” with
a temperature sensor attached and cooled down in flowing gas of cold He (with a typical
gas pressure of a few mBar). At the bottom of the cryostat, the He is at 4.2 K in the heat
exchanger and can be heated in the exchanger to a given temperature. The sample holder
and sample were then cooled down to (approximately) that temperature. Upon cooling,
the resistance values for channels 2, 3, and 4 in Figure 6.3 change from those in Figure
6.2, possibly due to the solder joints changing under the temperature change. The samples
were further shown to have ohmic behavior at low voltages. Due to an observed NTC
over the entire temperature range, a reverse engineering attempt was performed in the next

experiment,.
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20:27 on 19.02.2018: 20:34 on 19.02.2018: 09:58 on 20.02.2018: End
Reagents mixed. Set to 190°C overnight. after more than 13 hours.

Solution in syringe, with 6 Minisart 1.20 um Filtered, precipitate-
a filter that’s too small.  Cellulose Acetate Filters free final product.

1.0 mL of product Layer cured on IDEs; Chip soldered onto
diluted in 1.6 mL of 1- scale bar = 500 pm. carrier, and placed on
pentanol. hot plate.

Figure 6.1 Synthesis and fabrication of temperature sensors for Experiment 1.
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Figure 6.2 Manual temperature measurements on a hot plate for RuTaOx material
from Experiment 1. Resistance taken as the impedance at 100 Hz (with a phase
angle of 0°), and amplitude of 100 mV (rms). The measurement number starts at
0, and was taken once the hot plate arrived at the desired temperature. Error bars
are the standard deviation of 3 impedance values.
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Figure 6.3 Resistance measurements at temperatures less than 300 K for RuTaOx
material from Experiment 1. Channel 2 is contacts B7-T6, channel 3 is contacts
B11-T10, and channel 4 is contacts B16-T15. All three channels showed an ohmic
response at low voltages, with those for channel 2 shown above.
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6.3 Experiment 2 - Recreation Attempt

1,3-Propanediol (37.06 mmol, 2820 mg [Sigma-Aldrich, for synthesis|), ruthenium(I1I) acety-
lacetonate (0.13 mmol, 53 mg [Merck, for synthesis|), and tantalum(V) ethoxide (0.11 mmol,
45 mg [Alfa Aesar, 99+%)]) were added to a Schlenk flask in air, with the flask subsequently
connected to an argon line and a vertical condenser (cold finger). The flask was then placed
in silicone oil, where mixing via magnetic stirring was carried out for about 49 hours. The
oil temperature was maintained at 100°C, and the flask was filled with argon attached to a
Schlenk line. After the two day reaction, either precipitate or bubbles were present (not clear
which to the naked eye), but these disappeared with time. The synthesis and a comparison
to the prior experiment are shown in Figure 6.4.

About 9 months layer, ~400 mg of product was vortexed with ~600 mg of diethylene
glycol monoethyl ether (DEGEE) (Sigma-Aldrich, ReagentPlus 99%). This was then spin
coated at 3000 RPM onto 15 interdigitated electrode structures on one chip (with the feed-
lines covered with tape) consisting of 18 digits which were 40 pm wide and having a 15 pm
gap between digits, where the digit length was 3000 pm long. The digits were made of 200
nm of gold, and adhered with a 20 nm titanium adhesion layer to a 500 pm thick borofloat
wafer. After deposition, the chip was heat treated at 250°C for 2 hours on a hot plate. The
chip was then mounted to a carrier, where wires were soldered to the carrier to perform
resistance measurements, with the construction shown in Figure 6.4.

For measurements, the automated temperature setup used a TEG 127-230-32 Peltier
element, (Thermalforce, Germany) which was glued on a liquid cooler to keep the bottom
of the element at a constant temperature of 8C. The top of the element was powered for
varying the potential to heat or cool the top side. The heating and cooling was programmed
so as to vary the temperature within the range of -20°C to 60°C. Each temperature point
was kept constant for 180 s before moving to the next point. These temperature points were

cycled in 10°C steps 11 times. In order to accurately measure the temperature, a reference
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thermocouple device was fixed on top of the element, where the thermocouple was connected
to a computer for recording. Additionally, the chip was placed on top of the element and
heated/cooled accordingly. All sensors were connected to a PalmSens 4 potentiostat via
the MUXS8 multiplexer (PalmSens BV, The Netherlands). The Peltier element and the chip
were located in a closed box that was flushed with nitrogen to prevent condensation in the
chamber at lower temperatures. For determining the resistance, the current was measured
for 2 s at 100 mV, which was then averaged and converted to resistance; resistance and
temperature data were then matched via time stamp and plotted. Current measurements

were performed every ~13.5 seconds, for a total of 2585 data points.

14:16 on 30.07.2018: Set  14:53 on 31.07.2018: 15:53 on 01.08.2018:
silicone oil to 100°C. Continues at 100°C. Reaction ended.

20:02 on 01.08.2018: Layer spin coated onto
Exp. 2 (left) with Exp.  chip, with chip on
1 (right). carrier.

Figure 6.4 Synthesis and fabrication of temperature sensors for Experiment 2.
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terial from Experiment 2.
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Experiment 2.
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Figure 6.7 Temperature and resistance over time for channel 6 and RuTaOx ma-

terial from Experiment 2.
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Experiment 2.
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Figure 6.9 Temperature and resistance over time for channel 7 and RuTaOx ma-
terial from Experiment 2.
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from Experiment 2.
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6.4 Discussion

The results of Experiments 1 and 2 generally show reproducible resistance measurements
over multiple cycles. The order of magnitude change among sensors could be due to inherent
differences between the layers, or a change in the quantity of material which bridges the
gap between digits. Either way, each sensor would need to be calibrated before use as a
temperature sensor.

Keeping the observed temperature effect in mind, along with the fact that RuO, crystal-
lizes at 200°C (resulting in “metallic” conductive effects with a positive temperature coeffi-
cient),30431 the added tantalum appears to keep RuO, disordered after thermal annealing
at 250°C (as with lanthanum at relatively high annealing temperatures).3!* However, this
would require additional experiments, such as obtaining XRD spectra, in order to know for
sure.

315 r

An additional possibility could be that Ru®" is reduced to Ru® via polyol reduction, e-

sulting in a disordered distribution of conductive metal nanoparticles. However, Murakami et
al.?1® pointed out that upon annealing the metal, oxide formation results unless annealing is
performed in a reducing atmosphere (e.g., hydrogen), thus indicating that the layers studied
here are likely a disordered metal oxide material. Thus, in explaining how the ruthenium (III)
acetylacetonate complex becomes more soluble after heating the solution for prolonged pe-
riods of time, a more soluble ruthenium(II) acetylacetonate complex could be created via

polyol reduction, 37318

whereupon in depositing and annealing the material a disordered,
conductive oxide results. Nonetheless, this is purely conjecture without experiments such as
XPS, which could confirm the oxidation state of the material.

Aside from thermistors, this material could have potential uses in supercapacitors,3!® pH

312313 and dimensionally stable anodes for oxygen evolution.32° Considering these

Sensors,
applications, the results reported here could inspire future experiments which examine the

solution synthesis and the resulting material further.
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Chapter Seven

Conclusion and Outlook

The results of this thesis leave many unanswered questions, with many possible research
directions for future projects. To that end, proposed studies for further examination will be

discussed below.

Solution Synthesis

Considering the similar alkoxide chemistry for niobium and tantalum, future experiments
should investigate whether niobium(V) ethoxide can be used in place of tantalum (V) ethox-
ide in order to make a niobium(V) 1,3-propanediolate (-diketonate/fB-ketoester solution.
Extending this procedure to create a sol-gel precursor to niobium oxide films could prove
valuable to the manufacturing of devices containing such films. Then for both the tantalum
and niobium solutions, further investigations with other 3-diketones and 3-ketoesters having
different functional groups would also help narrow down which chelating molecules could be
used with this procedure.

In the suboptimal synthesis procedures, the darker solution color which emerges during
prolonged exposure to heat needs to be investigated, possibly by using dynamic light scat-
tering to see if nanoparticles are forming. Additionally, the ambiguous nuclear magnetic
resonance (NMR) peaks in the optimized synthesis could also be investigated further, where

for the purposes of this work the NMR spectra served mainly as a comparison to the re-
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ported results of Calzada and Gonzélez for the tantalum(V) 1,3-propanediolate precursor
solution. %8200 The effect storage time and temperature has on the photosensitivity of the

solutions is also worthy of further investigation.

Thin Film Deposition

In listing only the print resolution for the deposited films, many other factors such as droplet
size upon ejection from the nozzle (which can vary depending on how much the printing
nozzles have been used), humidity, and the surface energy of the substrate are ignored,
which makes reproducibility of the printed layers more difficult. Therefore, in the fabrication
of these thin films, future studies must include reliable thickness and surface roughness
measurements. A stylus profilometer, or even an atomic force microscope, would likely be
the best options for measuring the thickness. However, a 2D profile would not be sufficient,
as the “coffee-ring effect” can cause nonuniform ink distributions on the substrate, pushing
more material to the edges.?!® Thus, a 3D profile should be obtained, which is then correlated
to all material characterization spectra.

Furthermore, the thickness and roughness of the material as a function of heat treatment
and photocuring would provide valuable data. Nonetheless, performing such measurements
on flexible substrates presents another challenge that would need to be addressed. Along
with proper thickness measurements, characteristic material properties should be determined
as a function of flash lamp exposure. Both the refractive index and the dielectric constant
would be important values in characterizing these films. 195-218,321,322

In attempting to scale up to roll-to-roll manufacturing, other flash lamp devices more
suitable to the job should be investigated. For example, in contrast to the PulseForge 1200
(Novacentrix, USA) which is primarily a research device, the PulseForge 3300 is designed for
roll-to-roll processing and can operate at higher voltages for increased UV emission.?2%:323
The synthesized solutions could also be optimized for highly scaled gravure printing, which

t 132

would allow for smaller feature sizes with a high throughpu However, care would need
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to be taken with the tantalum solutions filling in the grooves in the gravure plates with
tantalum oxide over time, as the dissolving of tantalum oxide often requires acidic or caustic

solutions, which may damage the plates.

pH Sensing

The optimized synthesis for the tantalum solutions, and possibly even for niobium solutions,
should have the films derived from these solutions be tested for pH sensing, which due to time
constraints was unfortunately not tested here. Furthermore, any difference in pH sensing
ability between the suboptimal and optimal solution synthesis procedures should be looked
into. Also, the effect any exposed gold has on pH sensing could be investigated further.

For the extended-gate field-effect transistor (EGFET) pH sensor, future experiments
should use a lower impedance reference electrode, as the higher impedance gel-filled electrode
used here may have contributed to the long response time for the pH sensor. Other factors,
such as the thickness of the tantalum oxide layer or the presence of exposed gold, should
also be examined for any potential effects on sensor drift.

In capacitive pH sensing, the effects of the sensor geometry and the fabrication procedure
should be correlated to the observed pH sensitivity in the immittance spectra. Furthermore,
the contrary results of Manjakkal et al.,??* showing a decrease in impedance and an increase
in capacitance with an increase in pH, needs to be resolved. Two main differences between
their procedure and the procedure presented here are apparent: first, Manjakkal et al. used
a silver/palladium paste for the conductive interdigitated electrode (IDE) structures, where
silver is known not to be chemically inert in solution, and in the experiments presented here
less reactive gold electrodes were used; second, Manjakkal et al. used crystalline Tay,O5 as a
pH sensing layer, in contrast to the amorphous layers examined here. Although crystalline
TayOj films have been shown to have a lower light induced drift in ion-sensitive field-effect

325

transistor (ISFET) and electrolyte-insulator-silicon structures,®*® grain boundaries in the

crystalline film lead to increased leakage currents and sensor hysteresis when compared to
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amorphous films (with a study including a sol-gel deposited, amorphous TayOj film). 118:325 327

Schéning et al. 8 further noted that grain boundaries present defects which can be exploited
by diffusing solutions, leading to eventual erosion and damage of the tantalum oxide layer.
However, measurement differences could simply be influenced by the ionic strength of the
solutions used for measurement, thus making it difficult to compare the results.

5355 reported similar results for amorphous, anodic tantalum oxide filins to

As Vermilyea
the results reported here, showing an increase in tantalum oxide “proton space charge” and an
increase in the double layer capacitance with a decrease in pH, the results of Vermilyea should
be considered as the best comparison to the phenomena observed in this work. Investigation

of this pH sensitive behavior could also be continued in real-world applications such as the

ocean?®'? and high salinity foodstuffs such as kimchi.!!

RuTaOx Thermistor

As characterizing the negative temperature coefficient (NTC) for the RuTaOx thermistors
was not the primary goal for this thesis, there remains much to be investigated and under-
stood in future studies. Whether the NTC is due to the localization of the electron wave
function, or other effects such as the possibility that the material is a semiconductor, could
be explored in more detail. Furthermore, the sheet resistance of the deposited material (with
a standardized deposition and fabrication procedure) versus temperature, over multiple sam-
ples, would provide a better measure of temperature sensitivity. Finally, a setup that would
be more robust at cryogenic temperatures would allow for more accurate characterization of

the NTC effect.

Concluding Remarks

In this work, photochemical solution deposition (PCSD) of tantalum oxide via a 1,3-propanediol
and f-diketonate route was investigated, where the new method can be adopted in industry

for use in mass manufacturing. Through photocuring on flexible gold/titanium/PET foils,
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deposition of the air-stable solution could be scaled up in future studies to mass manufac-
turing and roll-to-roll processing. Films deposited on these foils result in tantalum oxide
films after photocuring, which are able to be used in pH sensing. Deposition on other sub-
strates, such as a-SiO, and c-Si, was also successful and indicates that the procedure could
be extended to many applications.

The decrease in capacitance with an increase in pH for the tantalum oxide IDE sensors,
particularly in high ionic strength solutions, should be examined further and especially in
different electrolytes for different applications. Tantalum oxide should also be compared to
other oxides, for example niobium oxide where Vermilyea observed similar phenomena, 3>
in order to see how the immittance behavior for other oxides on gold IDEs compares to
the Bousse-Bergveld model derived for the electrolyte-insulator interface.?’ Additionally,
the thermistor effect in RuTaOx films deserves more scrutiny, and could prove valuable in
resistor and thermistor applications.

The main takeaway from this work is that contributions from diverse fields in chemistry
and physics led to the successful fabrication of a chemically stable, flexible pH sensor. The
combination of sol-gel chemistry, inkjet printing, photonic curing, immittance spectroscopy,
and pH buffer behavior (with a tangent to NTC thermistors) shows how narrow concepts
in science and engineering can be put together to create a device which can be used by
society at large. Hopefully, the results presented here do not represent a “capstone” in
depositing tantalum oxide films via additive manufacturing, particularly for pH sensing and
flexible electronics. Rather, these results should inspire further improvements in synthesis,
fabrication, and sensing through future research for applications in Industry 4.0 and the

Internet of Things.
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Appendix One

Proposed Synthesis (Acetylacetone) -
Replacing Ta(V) Ethoxide with Ti(IV)
Isopropoxide

As previously published,!*5137 anhydrous ethanol (42.00 mmol, 1935 mg |AcrosOrganics,
99.5%, ExtraDry, absolute]), acetylacetone (6.00 mmol, 601 mg, [Alfa-Aesar, 95%)]), and
titanium(IV) isopropoxide (6.01 mmol, 1708 mg [Sigma-Aldrich, 97%]) were mixed together
via magnetic stirring in a dry Schlenk flask in an argon filled glovebox, and were subsequently
removed from the glovebox and connected to a Schlenk line. The Schlenk flask containing
the reagents (reaction flask) was immersed in silicone oil, with the oil temperature being held
and maintained at 80°C to promote chelation of acetylacetone and match the preparation of
the tantalum(V) ethoxide acetylacetonate precursor. The reaction was carried out in argon,
and reflux was conducted for 8 hours with mixing to allow enough time for complexation of
acetylacetone to titanium; the reaction time was minimized as much as possible in order to
prevent decomposition of the complex. %

After 8 hours, the flask was cooled to 23°C over a 2 hour period. 1,3-Propanediol (36.38
mmol, 2768 mg [Sigma-Aldrich, for synthesis|) was then added via syringe through the

Schlenk flask valve and mixed, where bubbles appeared for a short time but eventually
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disappeared. After 12 hours of mixing at a reduced temperature, the Schlenk flask was
removed from the Schlenk line. The product was subsequently transferred from the Schlenk
flask to a round bottom flask, and the round bottom flask was then connected to a rotary
evaporator. The rotation speed was set to 95 rpm, the pressure was set to 30 mbar, and the
water bath temperature was set to 40°C. Vigorous bubbling was present at the beginning,
but the bubbling eventually dissipated. The flask remained attached for 8 hours, where
afterward it was found that the mass loss (3030 mg) was close to the calculated ethanol and
isopropanol loss (3380 mg).

After adding 1,3-propanediol at room temperature, the Ti(IV) acetylacetonate solution
turns turbid over time as shown in Figure A.1, in contrast to the Ta(V) solutions. This may
be due to the formation of a Ti(IV)(OC3HgO), precipitate, with both terminal oxygens on
the diol bound to the cation as reported by Kemmitt and Daglish.!% In contrast to the even
valency of +4 for Ti(IV), Ta(V) has an odd valency of +5 and suggests that the proposed
synthesis may only work for Ta(V),'™!% 200 and possibly Nb(V),'™ glycolate p-diketonate

solutions.

Figure A.1 After addition of 1,3-propanediol to the Ti(IV) acetylacetonate solution
(a), 12 hours after 1,3-propanediol addition (b), and after removal of isopropanol
and ethanol (¢). In contrast to the Ta(V) solutions, the Ti(IV) solution turns turbid
over time at room temperature (© The Royal Society of Chemistry 2020).
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Appendix Two

Parylene C Deposition

a) ©) Dish with Sensor ;-,

Before Dimer : Open Chamber ‘ After Deposition
3 (Silane brushed on walls

before deposition)

Sublimation 4
in “Vaporizer”

Parylene C

Sensors

taped to
Petri dishe
on rotating
table 3
Tape carefully
pulled off to
expose contact

pads and

sensing area

Figure B.1 Dimer in the boat before being placed in the “vaporizer” (as named
in industry?*! where “vaporization” occurs, but technically incorrect as the dimer
sublimates) (a), open chamber where sensors on Petri dishes are set on the rotating
table at the bottom of the chamber, with a few brush strokes of silane on the wall
before starting the deposition process (b), and careful peeling off of the clean room
dicing tape (1008R-11.5, Ultron Systems, Inc.) to expose the sensor and contact
pads while leaving the feed lines passivated (c).
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H,C CH, cl Cl
— ): c c
H,C CH, n
3) Polymerize Monomer
in Sample Chamber
c 2) Pyrolyze 25°C, 0.05 Torr
1) Sublimate Dimer Dimer to Monomer

150°C, 0.1 Torr

( (

“Vaporizer”

690°C, 0.5 Torr

For Cleaning:

Surfactant Vacuum Pump
Tweezers 0.001 Torr
Metal Brush for Bore

Vacuum Cleaner

Brush on Chamber Wall

0,06~ deif pjo)

l]‘"/

Figure B.2 Parylene deposition as described by the manufacturer??! for the SCS
Labcoter 2 - Parylene Deposition System 2010 (Specialty Coating Systems, Inc.
USA) for depositing a parylene C passivation layer with the dichloro-p-cyclophane
dimer (DPX-C, Specialty Coating Systems, Inc.), and y-methyacryloxypropyl-
trimethoxysilane as silane for adhesion (A-174 Silane, Specialty Coating Systems,
Inc.). As the pressure decreases upon pumping down, the silane evaporates off the
wall and deposits on the sample at ~40 Torr. A 2 v/v % Micro-90 surfactant so-
lution (International Products Corporation, USA) in deionized water was used for
cleaning the device.
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Appendix Three

Images for Flash Lamp Experiment
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10005

Figure C.1 (Same as Figure 4.2) Sample 1 Firing Parameters - 1x 770 mJ ¢cm™2,

350 V, 500 ps, 1 undivided pulse, no capacitance change (a - before flash lamp, b -
after flash lamp).

|
200.00pm

Figure C.2 Sample 2 Firing Parameters (increase voltage, decrease envelope,
divide pulse) - 1x 558 mJ em~2, 450 V, 400 ps, 5 ppulses with 50% duty cycle, no
capacitance change (a - before flash lamp, b - after flash lamp).
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Figure C.3 Sample 3 Firing Parameters (increase shot count) - 20x at 2 Hz, 558
mJ cm~2, 450 V, 400 ps, 5 ppulses with 50% duty cycle, no capacitance change (a
- before flash lamp, b - after flash lamp).

200.00pm

Figure C.4 Sample 4 Firing Parameters (increase shot envelope) - 20x at 2 Hz,
1130 mJ em~2, 450 V, 800 s, 5 ppulses with 50% duty cycle, no capacitance change
(a - before flash lamp, b - after flash lamp).
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Figure C.5 Sample 5 Firing Parameters (decrease shot envelope) - 20x at 2 Hz,
862 mJ cm—2, 450 V, 600 ps, 5 ppulses with 50% duty cycle, no capacitance change
(a - before flash lamp, b - after flash lamp).

72 200.00pm

Figure C.6 Sample 6 Firing Parameters (decrease shot envelope) - 20x at 2 Hz,
692 mJ cm—2, 450 V, 500 ps, 5 ppulses with 50% duty cycle, no capacitance change
(a - before flash lamp, b - after flash lamp).

296



- i 100037

B 200.00pm R T e e e

Figure C.7 Sample 7 Firing Parameters (reiteration) - 20x at 2 Hz, 692 mJ cm~2,
450 V, 500 ps, 5 ppulses with 50% duty cycle, no capacitance change (a - before
flash lamp, b - after flash lamp).

1000um|

Figure C.8 Sample 8 Firing Parameters (increase shot count) - 120x at 2 Hz, 692
mJ cm~2, 450 V, 500 ps, 5 ppulses with 50% duty cycle, no capacitance change (a
- before flash lamp, b - after flash lamp).
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Figure C.9 Sample 9 Firing Parameters (add ppulses) - 120x at 2 Hz, 739 mJ cm~2,
450 V, 500 ps, 7 ppulses with 50% duty cycle, no capacitance change (a - before
flash lamp, b - after flash lamp).

i

'

Figure C.10 Sample 10 Firing Parameters (increase shot count) - 1200x at 2 Hz,
739 mJ ecm~2, 450 V, 500 ps, 7 ppulses with 50% duty cycle, no capacitance change
(a - before flash lamp, b - after flash lamp).
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1000um

Figure C.11 Sample 11 Firing Parameters (increase shot count) - 2400x at 2 Hz,
739 mJ cm—2, 450 V, 500 ps, 7 ppulses with 50% duty cycle, [3.4 pF before, 4.2 pF
after, 1.2 pF parasitics] (a - before flash lamp, b - after flash lamp).

Figure C.12 Sample 12 Firing Parameters (reiteration) - 2400x at 2 Hz, 739 mJ
em™2, 450 V, 500 ps, 7 ppulses with 50% duty cycle, [3.5 pF before, 4.3 pF after,
1.2 pF parasitics] (a - before flash lamp, b - after flash lamp).
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Figure C.13 Sample 13 Firing Parameters (decrease duty cycle) - 2400x at 2 Hz,
663 mJ cm—2, 450 V, 500 ps, 7 ppulses with 40% duty cycle, [3.3 pF before, 5.0 pF
after, 1.2 pF parasitics] (a - before flash lamp, b - after flash lamp).

Figure C.14 (Same as Figure 4.3) Sample 14 Firing Parameters (reiteration) -
2400x at 2 Hz, 663 mJ cm~2, 450 V, 500 s, 7 ppulses with 40% duty cycle, [3.5 pF
before, 5.0 pF after, 1.2 pF parasitics| (a - before flash lamp, b - after flash lamp).
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Appendix Four

EGFET Drift and Sensitivity

A 4200A-SCS Parameter Analyzer (Keithley Instruments, USA) was used for measurements,
with the device connecting to the transistor via clamping to probe heads and a breadboard;
the probe heads were connected to the analyzer in a PM5 Probe Station (Cascade Microtech,
USA). The transistor used was a commercial nMos CD4007UBE (Texas Instruments, USA),
with pin 6 as the gate, pin 7 as the source, and pin 8 as the drain. Measurements were run

in the dark.

Intrinsic Transistor Drift in Saturation Mode

1.45025 A

1.45000 -

~ 1.44975 A

(=
»
H»
©o
(%]
o
L
]

1.44925 A

1.44900 -

Current (mA

1.44875
1.44850 1 ® GO OIS GENEEO® B @ ® @maniee ©

1.44825 - ° %

Time (Minutes)
Figure D.1 Ipg over time in saturation mode with the gate connected directly to

the analyzer, with biases of Vg = 3 V and Vpg = 5 V. The intrinsic drift is less
than 0.001 mA min~!, which is much lower than when measuring with Ta,Oj.
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BASi RE-6 Reference vs. BASi RE-6 Extended Gate

14607 —— pH 4.01 Up (Start)
1.458 \ —— pH7.02 Up
—— pH10.01
1.456 —— pH 7.02 Down
< . —— pH 4.01 Down (End)
£ 1.454 - g
- MAMM
£ 1.452 - N
£
5 1.450
U b
1.448 -
1.446 -
1444 , , ' '
0 5 10 15 20

Time (Minutes)

Figure D.2 Ipg over time in saturation mode with two BASi RE-6 reference elec-
trodes (one as the extended-gate, and one as the reference in Britton-Robinson buffer
solution), with biases of Vs = 3 V and Vps = 5 V. The measurement was started
in pH = 4, then pH = 7, then pH = 10, then pH 7 again, then finally pH 4 again.
The drift in all cases is less than 0.0004 mA min~!, which is much lower than when

measuring with TayOs.

Transistor Sensitivity

e <15V o*

0.035 - VA =0.0225V - 0.029 o°

R2 = 0.999 o

0.030 1 % 225x1075 /& o
< 0.025 -
€ g
< 0.020 .
= L]
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S 0.015 .
O K

0.010 -
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..
0ee®®
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0.0 0.5 1.0 1.5 2.0 2.5 3.0

Gate Voltage (V)

Figure D.3 Transistor Vs sweeped from 0 V to 3 V, with a Vpg bias of 5 V, and
plotted versus v/Ipg, in order to determine the correct conversion for saturation
mode where Ipg o< (Vgs — V)2, The linear portion from 1.5 V to 3.0 V is used for

the calculation.
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Appendix Five

Sensor 7-7 Supporting Immittance

Spectra
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2018-11-21 Sensor 7-7 - BR Buffer, No Chloride Salt
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10° 10t 10? 103 104 10° 108
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Figure E.1 Bode plot for the “no added chloride salt” buffer, with each pH point
color coded from red (acidic) to more basic (blue) ((©) 2022 Elsevier B.V. All rights
reserved. ). 220
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2018-11-23 Sensor 7-7 - BR Buffer, 0.5 M KCI
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Figure E.2 Bode plot for the 0.5 M KCI buffer, with each pH point color coded
from red (acidic) to more basic (blue) ((©) 2022 Elsevier B.V. All rights reserved.).?*
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2018-11-24 Sensor 7-7 - BR Buffer, 0.5 M NacCl
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Figure E.3 Bode plot for the 0.5 M NaCl buffer, with each pH point color coded
from red (acidic) to more basic (blue) ((C) 2022 Elsevier B.V. All rights reserved.).?*
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2018-11-25 Sensor 7-7 - BR Buffer, 0.5 M LiClI
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Figure E.4 Bode plot for the 0.5 M LiCl buffer, with each pH point color coded
from red (acidic) to more basic (blue) ((©) 2022 Elsevier B.V. All rights reserved.).?*
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2018-11-21 Sensor 7-7 - BR Buffer, No Chloride Salt

00 25 50 75 100 125 15.0 175
Z' (kQ)

Y' (mS)

Figure E.5 Nyquist and admittance plots for the “no added chloride salt” buffer,
with each pH point color coded from red (acidic) to more basic (blue) (© 2022
Elsevier B.V. All rights reserved.).?%
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2018-11-23 Sensor 7-7 - BR Buffer, 0.5 M KCI

Y' (mS)

Figure E.6 Nyquist and admittance plots for the 0.5 M KCI buffer, with each pH
point color coded from red (acidic) to more basic (blue) ((©) 2022 Elsevier B.V. All
rights reserved.).?2
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2018-11-24 Sensor 7-7 - BR Buffer, 0.5 M NaCl

_zZ" (m)

Y' (mS)

Figure E.7 Nyquist and admittance plots for the 0.5 M NaCl buffer, with each pH
point color coded from red (acidic) to more basic (blue) ((©) 2022 Elsevier B.V. All
rights reserved.).?2
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2018-11-25 Sensor 7-7 - BR Buffer, 0.5 M LiCl

Y' (mS)

Figure E.8 Nyquist and admittance plots for the 0.5 M LiCl buffer, with each pH
point color coded from red (acidic) to more basic (blue) ((©) 2022 Elsevier B.V. All
rights reserved.).?2
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2018-11-21 Sensor 7-7 - BR Buffer, No Chloride Salt
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Figure E.9 Series resistance and series capacitance plots for the “no added chloride
salt” buffer, with each pH point color coded from red (acidic) to more basic (blue)
(© 2022 Elsevier B.V. All rights reserved.).??
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2018-11-23 Sensor 7-7 - BR Buffer, 0.5 M KCI
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Figure E.10 Series resistance and series capacitance plots for the 0.5 M KCI buffer,
with each pH point color coded from red (acidic) to more basic (blue) (©) 2022
Elsevier B.V. All rights reserved.).??
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2018-11-24 Sensor 7-7 - BR Buffer, 0.5 M NaCl
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Figure E.11 Series resistance and series capacitance plots for the 0.5 M NaCl
buffer, with each pH point color coded from red (acidic) to more basic (blue) ((©)
2022 Elsevier B.V. All rights reserved.).?*
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2018-11-25 Sensor 7-7 - BR Buffer, 0.5 M LiCl
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Figure E.12 Series resistance and series capacitance plots for the 0.5 M LiCl buffer,
with each pH point color coded from red (acidic) to more basic (blue) (© 2022
Elsevier B.V. All rights reserved.).??
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Appendix Six

“Low Sodium Kimchi” pH and

Immittance Spectra
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Sensor 1-8 - BR Buffer, 0.28 M NaCl
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Figure F.1 pH and temperature for sensor 1-8 in 0.28 M NaCl buffer, with “spikes

and dips” between the 30 minute pH measurement intervals being when the pH
electrode was removed from the measurement solution.
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2019-02-21 Sensor 1-8 - BR Buffer, 0.28 M NaCl
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Figure F.2 Series resistance and series capacitance plots for sensor 1-8 in the 0.28
M NaCl buffer, with each pH point color coded from red (acidic) to more basic
(blue).
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Sensor 1-7 - BR Buffer, 0.28 M NacCl
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Figure F.3 pH and temperature for sensor 1-7 in 0.28 M NaCl buffer, with “spikes

and dips” between the 30 minute pH measurement intervals being when the pH
electrode was removed from the measurement solution.
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2019-02-22 Sensor 1-7 - BR Buffer, 0.28 M NacCl
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Figure F.4 Series resistance and series capacitance plots for sensor 1-7 in the 0.28
M NaCl buffer, with each pH point color coded from red (acidic) to more basic
(blue).
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Sensor 1-6 - BR Buffer, 0.28 M NacCl
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Figure F.5 pH and temperature for sensor 1-6 in 0.28 M NaCl buffer, with “spikes

and dips” between the 30 minute pH measurement intervals being when the pH
electrode was removed from the measurement solution.
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2019-02-23 Sensor 1-6 - BR Buffer, 0.28 M NacCl
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Figure F.6 Series resistance and series capacitance plots for sensor 1-6 in the 0.28
M NacCl buffer, with each pH point color coded from red (acidic) to more basic
(blue).
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Sensor 1-5 - BR Buffer, 0.28 M NacCl
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Figure F.7 pH and temperature for sensor 1-5 in 0.28 M NaCl buffer, with “spikes

and dips” between the 30 minute pH measurement intervals being when the pH
electrode was removed from the measurement solution.
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2019-02-24 Sensor 1-5 - BR Buffer, 0.28 M NacCl
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Figure F.8 Series resistance and series capacitance plots for sensor 1-5 in the 0.28
M NacCl buffer, with each pH point color coded from red (acidic) to more basic
(blue).
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Appendix Seven

Estimated NaOH Molarity Increase for

Automated Setup

From Figures 5.8 and 5.14 for the “no added chloride salt” solution, the amount of 30 second
additions to 200 mL of buffer for reaching pH 6.9 is 15 (the first pH point is without any
added 1 M NaOH). Additionally, from Figure G.1 the amount of 0.2 M NaOH required to
get to pH 7 in 100 mL of buffer was 52.5 mL in 1931.2%2 The moles of NaOH added in the

latter case is then:

0.2 mol NaOH 1L
1L 1000 mL

-52.5mL of 0.2 M NaOH = 0.0105 mol NaOH (G.1)

If instead a 1 M NaOH solution is used in 200 mL of buffer solution, as was performed for

the experiments discussed here, the volume required to get to pH 7 can be determined:

200 mL Buffer 1L 1000 mL
100 mL Buffer 00109 mol NaOH - 4o ol ™ 1L

=21 mLof 1 MNaOH (G.2)

Then if it takes 15 additions of 1 M NaOH to get to pH 6.9 in 200 mL of buffer solution,
and the pH value is rounded up to pH 7, then the volume of added 1 M NaOH per addition

can be estimated:
21 mL of 1 M NaOH _ 1.4 mL of 1 M NaOH

15 Additions Addition (G.3)
The moles per addition would then be:
1.4mLof 1 MNaOH 1mol NaOH 1L 0.0014 mol NaOH (G.4)

Addition 1L 1000 mL Addition
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Assuming linear behavior from Figure G.1,%2 the calculated values for up to 42 base additions

(the number of additions in Figures F.3 and F.4) are then tabulated below in Table G.1.

NaOH additions to 100 mL BR Buffer, 1931
0.04 M CH;COOH, 0.04 M H;PO,4, 0.04 M H5BO;

i pH = 0.1126mL + 1.2261
12 - R2 =0.9958 o 00
O Experimental
104 @ pH 7 with 52.5 mL Added
(O]
0 81
~
™
© 6 -
-
o3
4 .
2 .

0 20 40 60 80 160
mL of added 0.2 M NaOH

Figure G.1 Original data plotted for 0.2 M NaOH additions to 0.04 M phosphoric
acid, 0.04 M acetic acid, and 0.04 M boric acid. 232
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Table G.1 Estimated increase in NaOH molarity with each 30 second addition,
where from the “no added chloride salt” solution measurements some pH and addi-
tion pairs will be listed: 0 additions - pH 1.93; 5 additions - pH 2.58; 10 additions
- pH 4.99; 15 additions - pH 6.9; 20 additions - pH 9.03; 24 additions - pH 10.21.
This table is continued on the next page.

Additions Added Volume (mL) Total Volume (mL) Added Moles NaOH Molarity

0 0.0 200.0 0.0000 0.0000
1 1.4 201.4 0.0014 0.0070
2 2.8 202.8 0.0028 0.0138
3 4.2 204.2 0.0042 0.0206
4 5.6 205.6 0.0056 0.0272
5 7.0 207.0 0.0070 0.0338
6 8.4 208.4 0.0084 0.0403
7 9.8 209.8 0.0098 0.0467
8 11.2 211.2 0.0112 0.0530
9 12.6 212.6 0.0126 0.0593
10 14.0 214.0 0.0140 0.0654
11 15.4 2154 0.0154 0.0715
12 16.8 216.8 0.0168 0.0775
13 18.2 218.2 0.0182 0.0834
14 19.6 219.6 0.0196 0.0893
15 21.0 221.0 0.0210 0.0950
16 22.4 222.4 0.0224 0.1007
17 23.8 223.8 0.0238 0.1063
18 25.2 225.2 0.0252 0.1119
19 26.6 226.6 0.0266 0.1174
20 28.0 228.0 0.0280 0.1228
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Additions Added Volume (mL) Total Volume (mL) Added Moles NaOH Molarity

21 29.4 229.4 0.0294 0.1282
22 30.8 230.8 0.0308 0.1334
23 32.2 232.2 0.0322 0.1387
24 33.6 233.6 0.0336 0.1438
25 35.0 235.0 0.0350 0.1489
26 36.4 236.4 0.0364 0.1540
27 37.8 237.8 0.0378 0.1590
28 39.2 239.2 0.0392 0.1639
29 40.6 240.6 0.0406 0.1687
30 42.0 242.0 0.0420 0.1736
31 43.4 243.4 0.0434 0.1783
32 44.8 244.8 0.0448 0.1830
33 46.2 246.2 0.0462 0.1877
34 47.6 247.6 0.0476 0.1922
35 49.0 249.0 0.0490 0.1968
36 50.4 250.4 0.0504 0.2013
37 51.8 251.8 0.0518 0.2057
38 53.2 253.2 0.0532 0.2101
39 54.6 254.6 0.0546 0.2145
40 56.0 256.0 0.0560 0.2188
41 57.4 257.4 0.0574 0.2230
42 58.8 258.8 0.0588 0.2272
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Appendix Eight

Computer Code for Automated Setup

H.1 Control and Measurement Code (Python 3)

# -*x- coding: utf-8 -*-

Created on Fri Aug 4 10:24:43 2017

Automized measurement for printed pH- sensors v1.0
TURN COMPUTER SLEEP OFF!!!

Q@author: c.beale

ALA_VM8 Maniforld Valve Serial Ports:
4 = valve
5 = valve
6 = valve
7 = valve
8 = valve
9 = valve
10 = valve 7
11 = valve 8

O W N~

from pyfirmata import Arduino, util
from time import sleep

import serial

import subprocess

import datetime

import numpy as np
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#record_pH = Popen-serial-vl.py (pH meter)

#Live_Plot = Popen-LivePlot_pH.py

#pH_meter = os.system("python D:\Chris\test\serial-v1.py")
#pH_meter = subprocess.Popen(["python",
>C:\\Data\\Chris\\Dispenser\\pH_Text_serial-v2.py’])
#live_plot = subprocess.Popen(["python",
"D:\\Chris\\test\\LivePlot_pH.py"])

#Define Global Parameters, which vary for each measurement, time in seconds

MixTime = 1800 #30 minute mix time after base addition

NumIni = 1 #Number of measurements before adding solution
NumAcidMeas = 0 #Number of acid additions/measurements
NumBaseMeas = 30 #Number of base additions/measurements
NumCycle = 1 #Number of acid/base cycles

DropTimeBase = 30 #Base valve open time (seconds)

DropTimeAcid = 10 #Acid valve open time (seconds)

EqTimeAcid = 60 #Acid equilibration time (seconds)

EqTimeBase = 60 #Base equilibration time (seconds)

NumMUXChannel = 5  #Number of MUX Channel used in this measurement
TimeEISMeasure = 240 #time needed per EIS Measurement

TimeEIS = 1*TimeEISMeasure + 60
#NumMUXChannel*TimeEISMeasure #Time (seconds) to measure Z spectrum

commandl = "C:\\Program"
command2 = "Files\\PalmSens"
command3 = "BV\\PSTrace"
command4 = "5.5\\PSTrace"

command5 = "5.5.exe"
command6 = "D:\\Chris\\Dispenser\\Impedance.psscript"
command?7 = "-d1"

board = Arduino(’COM6°’) #ALA_VM8 Maniforld Valve
valve_7 10 #Base valve
valve_8 = 11 #Acid valve (never used in a measurement)

port_arm = ’COM7’ #Braccio Robot Arm
ser_arm = serial.Serial()
ser_arm.baudrate = 9600

ser_arm.port = port_arm
ser_arm.open()
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print (’Executing...’)

#Measure impedance before adding base to the Britton-Robinson buffer
read_Z = subprocess.Popen([commandl, command2, command3,

command4, command5, command6, command7]) #Open/run PalmSens PSTrace
sleep(TimeEIS) #Wait while it’s measuringing impedance

read_Z.kill() #Close/kill PalmSens PSTrace

sleep(60)#Wait 60 seconds
#Cycle Loop
time = [] #Initialize time stamp list
for i in range (NumCycle): #I only ever used 1 cycle
#Add Base
for j in range(NumBaseMeas): #For each time I increased the pH
Step = str(j + 1)
print ("pH Increase Step: " + Step)

board.digitall[valve_7] .write(1) #Open NaOH valve
sleep(DropTimeBase) #Wait while the NaOH drops into solution
board.digital[valve_7] .write(0) #Close NaOH valve

sleep(1) #Wait 1 second

chrono = str(datetime.datetime.now()) #Timestamp for after adding NaOH
time += [chrono,] #Add timestamp to the list

ser_arm.write(bytes([1])) #Move the pH electrode from KCl to BR-soln
sleep(MixTime) #Leave the pH electrode in the BR-soln for this long

chrono = str(datetime.datetime.now()) #Timestamp for mix end

time += [chrono,] #Add timestamp to the list

time += [’ ’,] #Add a new line

ar_time = np.array([time]) #Convert the list to a numpy array

ar = np.transpose(np.vstack((ar_time))) #Transpose the time array
np.savetxt (’pH_Measure_Log.txt’, ar,fmt=’%s’,

delimiter = ’,’, newline = ’\r\n’) #Save the timestamps to txt

ser_arm.write(bytes([0])) #Move the pH electrode from BR-Soln to KCl
sleep(30) #Wait 30 seconds
read_Z = subprocess.Popen([commandl, command2, command3,

command4, command5, command6, command7]) #Open/run PSTrace
sleep(TimeEIS) #Wait while it’s measuringing impedance
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read_Z.kill() #Close/kill PalmSens PSTrace
for k in range(NumAcidMeas): #Never used, but could be built upon

Step = str(k + 1)
print ("pH Decrease Step: " + Step)
board.digitallvalve_8] .write(1)
sleep(DropTimeAcid)
board.digital[valve_8] .write(0)
sleep(1)
ser_arm.write(bytes([1]))
sleep(EqTimeAcid)
ser_arm.write(bytes([0]))
sleep(EqTimeAcid)
read_Z = subprocess.Popen([commandl, command2, command3,
command4, command5, command6, command7])
sleep(TimeEIS)
read_Z.kill()

sleep(10) #Wait 10 seconds

board.exit ()

ser_arm.close()

print(’...process executed.’)

#pH_meter.kill ()
#live_plot.kill()

H.2 Arduino Braccio Arm (C+-+)

/%
pH-Electrode_v4

First version allowing for serial commands from python. Servos have been

realigned manually in order for the pH electrode to start as close as
possible to the safety position.
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Created on 03 Sep 2018
by Christopher Beale

Forschungszentrum Juelich

*/

#include <Braccio.h>
#include <Servo.h>
#include <SoftwareSerial.h>

Servo base;
Servo shoulder;
Servo elbow;
Servo wrist_rot;
Servo wrist_ver;
Servo gripper;

void setup() {
//Initialization functions and set up the initial position for Braccio
//A11 the servo motors will be positioned in the "safety" position
//(manually realligned):
Serial.begin(9600) ;
Braccio.begin();
pinMode (13, DUTPUT);

//Command Variables

int Position_ = 0;

int Request_ = 0;

bool Initializing_ = true;

//Electrode Positions

int Remove = 0; //Removed postion

int Clean = 45;

int Measure = 90; //Measurement position

//Servo Variables

int fixed_M2 = 45; //Elbow fixed

int initial_M3 = 180;

int initial_M4 = O;

int flat_M56 = 156; //Hand stays parallel to Earth
int no_M6 = 60; //Gripper motor has been removed
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//Degree Counters

int degree = 0; //Slow movement counter in degrees
int upM3 = 0; //M3 up-counter

int upM4 = 0; //M4 up-counter

int downM3 = 0; //M3 down-counter

int downM4 = 0; //M4 down-counter

int msDelay = 100; //Time at each degree in ms

// LED blinker (Debugging Purposes)
unsigned long timer=0;
bool ledState=false;

void loop() {

// LED blinker
if(millis() - timer > 500)

{

ledState=!1ledState;

digitalWrite (13, ledState);

timer=millis();

3
/*
Step Delay: a milliseconds delay between the movement of each servo.
Allowed values from 10 to 30 msec.
Mil=base degrees. Allowed values from O to 180 degrees
M2=shoulder degrees. Allowed values from 15 to 165 degrees
M3=elbow degrees. Allowed values from 0 to 180 degrees
M4=wrist vertical degrees. Allowed values from 0 to 180 degrees
Mb=wrist rotation degrees. Allowed values from O to 180 degrees
M6=gripper degrees. Allowed values from 10 to 73 degrees.

10: the toungue is open, 73: the gripper is closed.
*/

//Start at Position_ = 0
if (Initializing ){
Braccio.ServoMovement (30, Remove, fixed_M2, initial_M3,
initial_M4, flat_M5, no_M6);
Initializing_ = false;
Yelseq{
//Take Request
if (Serial.available()>0){
Request_ = Serial.read();
}

//Move to position
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if (Request_ !'= 1 && Position_ == 0){
Braccio.ServoMovement (30, Remove, fixed_M2, initial_M3,
initial_M4, flat_M5, no_M6);
}else if (Request_ != 0 &% Position_ == 1){
Braccio.ServoMovement (30, Measure, fixed_M2, initial_M3,
initial_M4, flat_M5, no_M6);
}else if (Request_ == 1 && Position_ == 0){
//Remove Position Up
for(degree = 1; degree <= 20; degree++){
upM3 = 180 - degree;
upM4 = 0 + degree;
Braccio.ServoMovement (10, Remove, fixed_M2, upM3,
upM4, flat_M5, no_M6) ;
delay(msDelay); //(1 degree ms step time)
}
//Move to Clean Position
Braccio.ServoMovement (30, Clean, fixed_M2, upM3,
upM4, flat_M5, no_M6);
//Clean position down
for(degree = 1; degree <= 20; degree++){
downM3 = 160 + degree;
downM4 = 20 - degree;
Braccio.ServoMovement (10, Clean, fixed_M2, downM3,
downM4, flat_M5, no_M6) ;
delay(msDelay); //(1 degree ms step time)
¥
delay(5000) ;
//Clean Position up
for(degree = 1; degree <= 20; degree++){
upM3 = 180 - degree;
upM4 = 0 + degree;
Braccio.ServoMovement (10, Clean, fixed_M2, upM3,
upM4, flat_M5, no_M6);
delay(msDelay); //(1 degree ms step time)
¥
//Move to Measure Position
Braccio.ServoMovement (30, Measure, fixed_M2, upM3,
upM4, flat_M5, no_M6);
//Measure Position Down
for(degree = 1; degree <= 20; degree++){
downM3 = 160 + degree;
downM4 = 20 - degree;
Braccio.ServoMovement (10, Measure, fixed_M2, downM3,
downM4, flat_M5, no_M6) ;
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delay(msDelay); //(1 degree ms step time)
}
Position_ = 1;
}else if (Request_ == 0 &% Position_ == 1){
//Measurement position up
for(degree = 1; degree <= 20; degree++){
upM3 = 180 - degree;
upM4 = 0 + degree;
Braccio.ServoMovement (10, Measure, fixed_M2, upM3,
upM4, flat_M5, no_M6) ;
delay(msDelay); //(1 degree ms step time)
}
//Move to Clean Position
Braccio.ServoMovement (30, Clean, fixed_M2, upM3,
upM4, flat_M5, no_M6);
//Clean position down
for(degree = 1; degree <= 20; degree++){
downM3 = 160 + degree;
downM4 = 20 - degree;
Braccio.ServoMovement (10, Clean, fixed_M2, downM3,
downM4, flat_M5, no_M6) ;
delay(msDelay); //(1 degree ms step time)
}
delay(5000) ;
//Clean Position up
for(degree = 1; degree <= 20; degree++){
upM3 = 180 - degree;
upM4 = 0 + degree;
Braccio.ServoMovement (10, Clean, fixed_M2, upM3,
upM4, flat_M5, no_M6);
delay(msDelay); //(1 degree ms step time)
}
//Move electrode to removed position
Braccio.ServoMovement (30, Remove, fixed_M2, upM3,
upM4, flat_M5, no_M6);
//pH Down
for(degree = 1; degree <= 20; degree++){
downM3 = 160 + degree;
downM4 = 20 - degree;
Braccio.ServoMovement (10, Remove, fixed_M2, downM3,
downM4, flat_M5, no_M6) ;
delay(msDelay); //(1 degree ms step time)
}

Position_ = O0;
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