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Since the start of the industrial revolution, atmospheric carbon dioxide levels have been on the
rise. CO> detection has been made possible through a number of different techniques though they
all suffer one way or the other from cross-sensitivity, narrow temperature operation range, high
temperature or power operation, or limited lifetimes due to exposure to CO2. Room temperature
ionic liquids are a purely ionic solution consisting of tunable inorganic anions and organic cations.
Salt like in nature with below room temperature melting points, these novel materials express
tunable physical and chemical properties that can be selected to make them highly sensitive to
CO.. Through the selection of different fluorinated anions, this work shows the empirical
development of a CO2 gas sensor as part of a SRC sponsored research project from initial
evaluation of some of the RTILs physical properties, electrode design evaluation, through to the
examination of down selected RTILs on gold interdigitated electrodes at different humidity and
temperature conditions. EMIM[TF2N] is shown as the front runner as the future RTIL for

integration into an Arduino based prototype CO2 gas sensing system.
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CHAPTER 1

INTRODUCTION

Carbon dioxide levels have been rising year after year well past the start of the industrial
revolution. [1,2] As science and technology have advanced, we have been able to better study and
understand the effects different gases may have on our environment and, in turn, our own
individual health. [2,3] Scientists have identified several different gases that contribute to the
effects of global warming and, specifically, their greenhouse effects. The most common of the
greenhouse gases (GHG) is carbon dioxide (CO.). It is also the most common gas created
anthropogenically as it comes from natural respiration as well as through industrial and energy
generation processes. [4,5,6] For the first time in recorded history, the average CO. levels
monitored at the Mauna Loa Observatory in Hawaii have not dropped below 400ppm for an entire
year. [3,4,7] This has been a call for countries and scientists to develop better methods of detecting

and monitoring CO; sources the world over. [6,7,8]

1.1 Health Effects

Through normal respiration, all living mammals emit CO.. This emission normally is
above 1000ppm and with low concentrations of atmospheric CO2, humans are able to reliably
exchange for a higher concentration of O>. [9, 10] However, when in a high CO, environment, this
exchange isn’t enough. The human body begins to go through different phases as the O> becomes
scarce. [10] Table 1 shows the overall exposure limits for people who work in potentially high

CO2 environments. [11]
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Figure 1: Carbon dioxide main toxicity symptoms across different CO> ranges. [11]

Table 1: NIOSH exposure parameters with corresponding CO2 concentrations. [11]

NIOSH Exposure CO2 Concentration Exposure Level
Parameters
Recommended Exposure 5,000 ppm 8hr-Total working average
Limit (REL) (TWA)
TWA REL 10,000 ppm 10 minute average
exposure
Short Term Exposure 30,000 ppm 15 minute average
Limit (STEL) exposure
Immediately Dangerous 40,000 ppm Health in immediate
to Life or Health (IDLH) danger

Exposure to elevated levels of CO> also produce a myriad of different effects, Figure 1,
than just headache, dizziness, unconsciousness, and death. Susan A. Rice and Associates released

a paper detailing the effects of different concentrations of CO, on the human body. [12] Table 2



summarizes the regions of CO> and their corresponding health effects. It is important to note that
increased breathing is always a leading symptom of low oxygen levels whether it be via exercise
or high CO- concentration in the local environment. This shows that as CO- levels increase, we
may not always notice once a dangerous environment is forming. [10]

Table 2: List of Symptoms from elevated levels of CO2 exposure. [12]

CO2 Concentration Effects
<3 % Elevated respiration
3t05% Elevated respiration, heart rate, headaches,
dizziness, and confusion
5t08 % Respiration increase, dizziness, confusion,
difficulty breathing
8 to 10+ % Unbearable breathing issues, vomiting,

disorientation, Increased blood pressure, and
unconsciousness, death.

1.2 Current Sensing Methods

Carbon dioxide can be measured via several different methods. All have drawbacks with none
really showing a clear wide application ability. The most common, non-dispersive infrared
(NDIR) sensing, on the market are focused toward industrial or HVAC applications. [13] Other

methods of sensing include electrolytic based and metal oxide based sensors.
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Figure 2: Summary detailing the different CO2 sensing systems available on the market and some

of their major drawbacks for use across a wide range of industries.

NDIR sensing has been available for several years. It consists of 3 different components; an
IR emitter, a gas tube for alignment and air flow, and an IR detector, Figure 2. [13] Through tuning
of the tuning of the blackbody, it is possible to select the necessary wavelengths for the detection
of different absorbing gas species. One of the drawbacks of this type of sensor is the cross
sensitivity with respect to other gases such as CO. [14] Other concerns are the necessary high
temperature operation of the IR emitter as well as the high power (>12V) requirements of the total
system. Even the geometry of some of the latest on-board NDIR sensors exceed easy integration
into a wearable sensing system. [14,15]

Metal Oxide based sensors for different gases have been explored for their applications for
detecting volatile organic compounds (VOCSs) as well as for their ability to detect CO> and other

gases. [16] These metal oxide sensors come in many different forms, but most rely on the



deposition and construction of surface based nanostructures and texturing in order to sense their
specific molecule. [17] Some of the drawbacks for these sensors are that they can suffer greatly
from cross sensitivity issues, operate at high temperatures due to the need to create reactive species
of the gases to be sensed, as well as manufacturing issues to create consistent sensing materials.
[16,17,18]

The last form of sensor that has been reviewed are those that are electrochemically sensitive to
the different gases. These consist of a 2 or 3 electrode based system that are either submerged
within a liquid electrolyte or have a solid electrolyte deposited on top of them, Figure 2. [19] The
electrolyte covers the electrode system. While some offer low power and small geometry
solutions, they still have drawbacks. Most low temp sensors of this type suffer from sever cross
sensitivity issues and a very narrow temperature range of operation. Some electrolytes used also
suffer from nonreversible reactions, so if placed in large concentrations of the analyate, the
eventually become saturated and unable to detect changes. [20]

As summarized in Figure 2, all of these sensors are capable of monitoring CO> but suffer from
one issue or another. Only through the development and application of new materials and
technologies will it be possible to create new and novel sensors. [20] They must have sensitivity
to CO2, large impedance response, easy to deposit, and have high temperature tolerance. One

such class of materials that fit these requirements are called room temperature ionic liquids. [21]
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Figure 3: Graphic depicting just some of the many different applications that RTILs have been

explored for or are being used in. [21,22]

Room temperature ionic liquids (RTILS) are a unique class of materials that have been utilized
for a lot of different applications, Figure 3. [21,22,23] lonic liquids & molten salts were first
discovered in the middle of the 19" century. A so called “red oil” was observed during specific
organic reactions. [24] The generation process for these liquids was patented, but was never widely
used in any industry. It wasn’t until the middle of the early to middle 20" century that the more
widely used alkylammonium nitrate based ionic liquids were discovered during thermal battery
improvement research funded by the U.S. Air Force Research Laboratory. From this research, N-
pyridinium and N-limidazolim based ionic liquids were discovered and investigated. [25] These

cation/anion pairs were aimed at reducing the melting point of the electrolytes for better thermal



performance. [24, 25] From these initial investigations, it was also discovered that both of the
cations reacted easily with water. To help combat this reactivity, inorganic hydrophobic anions
such as tetrafluoroborate (BF4), bis(trifuoromethane)sulfonimide (TF2N or TFSI), as well as other
sulfates and fluorine based anions were utilized. [25,26,27,28,29]

Table 3: Shows the selected RTILs for this work along with some of their key electrochemical and

physical properties used in initial evaluation towards the development of a CO2 sensor.

RTIL Decomposition temp | Electrochemical Density
Window
1 | EMIM [TF,N] 455 °C 49V 0.139 g/mL
2 EMIM[BF,] 350 °C 4.7V 1.294 g/mL
4 | EMIM [FAP] 300 °C 44V 1.732 g/mL

The specific fluorine based anions shown in Table 1 combined with the 1-ethyr-3-
methylimidazolium (EMIM) have been shown in previous research and applications as having a
sensitivity towards CO2 physi-sorption. [28,30] This interaction has also been shown to be
reversible with the application of thermal energy, i.e. heating. [26] Just recently it was shown that
if one were to wait a sufficiently long enough amount of time (hours) different ionic liquids will
equilibrate with the CO2 concentration in the atmosphere as well. [32] Both observations suggest
that through the further interface investigations, an electrochemical based sensor could be

developed for CO; sensing.
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Figure 4: Schematic showing the alignment that can occur at the surface of an electrode coated in
RTIL.



When one deposits this material onto some form of conductive or charged surface, an
interesting thin film forms. [35,36] When the RTIL is first is applied to a conductive surface, the
closest layer of liquid, aligns itself with the potential at the surface, Figure 4. [36] This layer, called
an electrochemical double layer (EDL), an important and vital behavior that scientists can exploit
in efforts of developing electrochemical based sensing techniques.

Theoretically, for an electrolyte to form an EDL, one must recall a comparison to a basic
dielectric based capacitor. When a potential is present of any kind, the dielectric will polarize such
that a counter charge of ions forms on either of the plates of the capacitor. [39] This layer of ions,
termed the Helmholtz layer, leads to behavior similar to the standard capacitance behavior of an
ideal capacitor, Equation 1.

*

c :
B 4nd

Equation 1

From previous literature, it was discovered that for EDL bases systems, it is not only a single
layer of ions that are attracted to the given electrode. [39,40] What is unique to RTILs and most
electrolytes is that their EDL do not follow this behavior. Gouy and Chapman, at the turn of the
twentieth century, independently developed a new theory taking into account that EDLs are not
only one layer deep. [39,41] They in fact have multiple layers of anions and cations that oscillate
back in forth until thermal forces dominate. The thickness of this layer is dependent on both the

temperature and potential the material experiences and can be quantified in the following section.



1.3.1 Gouy-Chapman-Stern Theory

As discussed above, when a voltage is applied to a metallic electrode in, an electrolyte will
orient in efforts to cancel out the potential it sees. From the first principle of the Gauss Law, a
metallic conductor contains all of it’s charge on the surface. Considering a Gaussian surface

enclosing
q= & jg E-dS
Equation 2

For Equation 2, E is the applied electric field, &o IS the permittivity of free space, and dS is the
vector normal from the surface pointed outward. If there is no current flowing, i.e. 1 =0, then E =
0 at the surface of the Gaussian body. This allows for the conclusion that there is no net charge
within the boundary of the surface. Therefore any excess charge will reside on the surface of these
conductive electrodes.

Given a good conductor as the electrode, what happens when we deposit a dielectric on top of
this electrode? If a potential is applied to the electrode, a charge g will reside on its surface. This
charge will cause an excess of ions to concentrate near the electrode surface. Again, applying the
Gauss Law, it can be shown that in a static state with no current flowing, E = 0 at all points.
Therefor total charge g = 0 and implies that the Qgietectric (0d) = -Qmetal(Qm).

Helmholtz postulated that due to the charge residing at the surface of a polarized perfect
conductor. [31, 37, 38, 41, 42] A counter charge surrounds and encapsulates this conductor near
the surface when in an ionic electrolyte solution. Due to these ions not being point charges, there

would be some separation distance between the ion cloud and conductor surface approximately
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the size of the molecular separation for the given solution. This behavior can be compared to that

of a parallel plate capacitor shown in Equation 3. [34]

g,
=0y
=74

Equation 3

Where o is the charge density, € is the dielectric constant of the medium, d is the plate spacing,

and V is the applied potential. The capacitance is calculated by differentiating with respect to the

voltage.
C = do _ eg,
179y d
Equation 4

It is important to note that the capacitance of this layer is a constant dependent upon the on the
behavior of the medium. However, it has been empirically observed that as one varies the ionic
concentration of the solute and the applied potentials, Cq4 continues to vary. Therefore, the

Helmholtz behavior is insufficient for describing the overall interface behavior of this system.
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Figure 5: Schematic showing basic model of the Gouy-Chapman-Stern theory.

Both Louis Gouy and David Chapman proposed a form of diffuse layer that occurs at electrode
surface that relied on the electrodynamic and thermodynamic behavior of the system. [37, 38, 40,
41] Consider that this diffuse layer will consist of oscillating layers that will form due to the
application of a potential to a good conductor immersed in an electrolytic solution. A bunch of
small layers the size of dx should form. In these different layers, due to the small changes in
potential, the individual ions will exist at different energy levels. This behavior can be described

utilizing a standard Boltzmann distribution.

. (—zieV)
n; = nge- kT

Equation 5

The charge density per unit volume can be defined as

—ezj
p(X) = Z ezin; = QZ nfzie(Wv)

i i

Equation 6
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Through this substitution, Poisson-Boltzmann statistics can be developed such that:

d? —ze
Y e N oY)
dx? gg, L
l
Equation 7
i d’y _ 1.d (dy\? o . .
Recalling that w2 (dx) and substituting accordingly for Equation 7 allows for

simplification.

() 205 |

Equation 8

Now given the fact that VV = 0 far from the electrode, dV/dx = 0, and the electrolyte components

are symmetrical yields:

av 2 2kT ( Zi eV) z eV
(—) = n? [e -1+ e - 1]
dx g,

Equation 9

Through simplification and a Pythagorean like identity, it is found that

av <8an°) ) h(zeV)
dx e, ) 2kT

Equation 10
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To calculate the differential capacitance, it requires the application of the Gauss law and

understand that the electric field is zero at all points of the Gaussian surface. Therefor q/A =

o5 =g, (V) ) evaluated at the surface such that x = 0. This can be equated to ™.

Zel/;,>

oM = —¢% = (8kTee,n)/? sinh(ZkT

Equation 11

Now that the surface charge density has been calculated, the differential capacitance can finally

be calculated.

c _do"™  (27%e’eg,n® 12 h(zeVo>
«=qy, " KT OS2kt

Equation 12

Equation 12 was first used to describe the solution capacitance of these electrolyte systems, but
theory diverged from empirical evidence. As the potential and/or electrolyte concentration was
increased, the differential capacitance was observed to flatten out. [41, 42] Whereas for the
theoretical predictions, the Cq4 would continue to increase indefinitely. A modification to the
theory was needed to understand what was occurring to cause the flattening effect.

Stern suggested the use of an interfacial model that utilizes the Poisson-Boltzmann equations
and solutions discussed previously, but suggested an additional set of layers shown in Figure X
from x to x2. His proposal suggested that at high potentials and/or ion concentrations that an outer
Helmholtz like plane would form due to a compression effect outside the inner Helmholtz layer.

Following a similar process as laid out above, the GC theory yields
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dv zeV.
oM = —¢5 = gg, <E>x=x2 = (8kTee,n°)/? sinh (Zk';)
Equation 13
The total potential drop across this new layer is given by V, =V, — (Z—Z) * x,. Substituting
X=Xy

this into Equation 13 allows for the final calculation of differential capacitance which is shown

below.
c doM (Zseo (ze)zn">1/2 / cosh(zeV, /2kT) \|
d = =
dV, kT 2p0\1/2
? kl + (ExTZ) (2&?0%%) cosh(zeVz/ZkT)/
o
Equation 14

From this, Cq can be simplified such that two independent terms are observed.

Cyq - £&,y kT

1 x 2¢5,(ze)?n°\ "
e —2+<<0(—)> cosheV,/2kT

Equation 15

These two components are proportional to two different capacitors in series with each other.
These components represent the outer Helmholtz plane and diffuse charge region respectively.
This Gouy-Chapman-Stern model has been shown to adequately represent ionic solutions of
different concentrations across different applied potentials. [39, 40, 41] However, undiluted RTILs
being of a pure liquid electrolyte causes this model to not adequately describe the behavior of the
system.

There are currently several competing theories on how the EDL is formed for RTILs. [39, 41,

42] From a multilayer model suggested by A. Koryshev et. al. to the regular solution theory
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proposed by S. Moganty and R. Baltus. The interface behavior of RTILs as they are perturbed is
still being actively researched. [39, 40, 41, 42]

What is known though is that as the potential of the system is increased an “over-crowding”
effect can occur, Figure 6. [42] This effect creates, in theory, a very dense EDL region that will
respond significantly when perturbed via changes in its environment. This layer has been
confirmed via atomic force microscopy by Atkins and Warr. [43] It is this effect that is hoped to
be exploited for CO2 sensor development and evaluation.

The work of this dissertation is to address the requirements set forth by the SRC documents,
including industrial liaison guidance, to investigate and develop a CO2 gas sensor utilizing room
temperature ionic liquids. The requirements for the system include determining some of the initial
physical parameters towards process development on gold such as contact angle and surface
tension. Construction of an environmental chamber was paramount in being able to evaluate the
CO2 sensitivity of these fluorinated RTILs for 400, 750, and 1000ppm. Another requirement of
these RTILs was that they be able to show a trend in sensitivity across a selection of different
humidity (25%, 45%, and 65% relative humidity) and temperature (25°C, 45°C, and 65 °C) values.
From these results down selection was to occur till the best choice of RTIL was proposed for the
final project, developing a working prototype that can differentiate between ambient and elevated

COz levels.
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Figure 6: Schematic showing that as the potential at the electrode surface is increased the density
of the anion or cations increases with respect to the potential applied creating a so-called over-

screening effect.
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CHAPTER 2

PHYSICAL EVALUATION

2.1 Initial physical properties of RTILs on different substrates

In efforts towards developing a CO2 sensor utilizing RTILs, understanding how the material
will interact with different sets of electrodes and some of their physical properties is needed.
Measurement of both their surface tension and contact angle lend insight into how RTILs will
work in terms of EDL interface formation as well as some manufacturability behavior. [42] Part
of this work was completed and accepted for publication in IEEE Nanotechonlogy Transactions.

It was titled “A Robust Electrochemical CO> Sensor Utilizing Room Temperature lonic Liquids.”

[54]

2.1.1 Surface tension (y) calculations

There are multiple ways in which to measure surface tension. The most common of methods

utilizes the Young-Laplace Equation, Equation 16. [43,44]

=y (o +7)

Equation 16
Here in Equation 16, Ap is the pressure differential of two liquids at the interface, y is the surface

tension (dynes/cm), and R1and Rz are the principle radii of curvature. From Equation 16, we can

determine the interfacial tension y if we know the drop phase density. [43]

-1

1 1
= <— — —) (AP, — Apgz)
Equation 17
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In Equation 17 we see that if we know the density of both the air and liquid. Utilizing symmetry
as well as changing into a spherical coordinate system, it is possible to develop a set of

dimensionless differential equations, Equation 18,

do sing
Fr 2—Byz———
ar
75— Cos®
dz
& =S
Equation 18

From these differential equations, it is possible to extract a solution to be solved with respect to
the Bond number, Equation 19. The Bond number is a dimensionless number commonly used in

fluid dynamics. [44]

_ ApgR§
Ty
Equation 19
From these set of equations, it is now possible to start to calculate the surface tension of the

given liquid. What comes next is taking an image of a droplet and, using a form of linear least

squares fit, defining the radii (ideally R1=R>=Ro) of the droplet that is being analyzed, Figure 7.
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S

Figure 7: Sample droplet with a simulated least square fit.
Once this least squares fit is found, utilizing z = r = ¢ = 0 as an initial condition, the actual
surface tension y can be calculated. This is all performed systematically and automatically

utilizing the Ramé-Hart goniometer. [45,46]

2.1.2 Contact angle y measurements

Contact angle is also another parameter that gives insight into the physical characteristics of a
material on a solid surface in a gaseous environment. At equilibrium, Figure 8, the tension being
exerted on and exerted by the liquid, surface, and environment allows for the following Young
relation to hold true. [47,48]

Tys = Tis + 7 COS Y

Equation 20

From Equation 20, the contact angle can be solved such that
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Tys — Tis

cosy = "
Equation 21
r

Gas Liquid

£S5

F 3
A 4

Figure 8: Schematic showing how the contact angle can be calculated from the interface between

the solid, liquid, and gas regimes.
In practice however, a goniometer and its imaging software take a set of images and fits a set

of lines using edge detection and linear least squares fitting to calculate the contact angle y. [48]

2.2 Materials and Methods

2.2.1 Goniometer

All measurements were taken utilizing a Ramé-Hart 100-25-A goniometer, Figure 9. These
goniometers operate via proprietary software that allows for the calculation of surface energy,
surface tension, contact angle, etc. These systems can be used to observe changes of liquids when

exposed to temperature, environment, as well as surface changes. The 100-25-A automatic tilt
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goniometer for these studies allowed for automated tilt control, but required manual leveling and

height adjustment. In order for the droplets or surfaces to be brought into view of the imaging

camera, additions to the leveling base sometimes had to be added and releveled accordingly.

Figure 9: Goniometer from Ramé-Hart for use in the measurement of RTILs contact angle and

surface tension.
2.2.2 Fluorinated RTILs

Fluorinated anions have been shown to be able to interact selectively with CO,. To this end, it
was determined that 3 different types of fluorinated anions may be viable as CO2 sensing material.
RTILS come in a large selection of different anion and cation combinations that have been

discussed previously in 1.3. Due to this ease of modification, three specific RTILs were selected
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due to their ideal chemical and physical characteristics, in addition to their off the shelf purchase,

for use in COz sensor based research and development.

Cation Anion

Figure 10: Schematics of the different components that make up the different RTILS investigated.
a) EMIM cation, b) BF4 anion, ¢) FAP anion, and d) TF2N anion.

The cation 1-ethyl-3-methulimidazolium (EMIM) was chosen due to its unique viscosity and
its  minimal  hydrophobicity  properties. The anions terafluroborate  (BFa),
tris(perfluoroethytrifluorophosphate (FAP or FEP), and bis(trifluoromethylsulfonyl)-imide
(TF2N) were chosen due to their fluorination being a known interaction mechanism with CO: in
addition to their known stabilizing properties with EMIM. This specificity of these RTILs is
dictated by the ability of CO> to diffuse faster than other gases that may react with the RTIL under

evaluation.
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Table 4: Henry's constant for the selected RTILs for select gases.

RTIL/Gas EMIM[BF4] EMIM[TF2N] EMIM[FAP]

CO2 7.7 3.96 2.95

This is shown in Table 4 where the Henry’s constant for CO2 are shown at room temperature.

The lower the Henry’s constant via Henry’s gas law means the higher the partial pressure or gas

uptake is allowed by the liquid, Equation 22. [40,44,45]

yev = Ca
P
Equation 22

2.2.3 Electrode Design and Materials

Two forms of electrodes were explored. Both were of an interdigitated design, once consisted
of a comb like interdigitated electrode, Figure 11. This design was chosen due to the ease of mask
modification for larger or smaller electrode geometry. It was also suggested that a comb like

geometry be utilized due to commonality with different sensing systems on the market that utilize

IDE based designs.

Figure 11: Schematic detailing layout of designed interdigitated electrodes.
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These electrodes were initially deposited with gold on silicon and gold on glass, Figure 12 using
standard metal/mask sputter deposition techniques. The main concern for this initial investigation
was wettability of the surface with respect to the RTIL in addition to investigating some of the
other physical parameters of these RTILs. Establishment of these parameters allows for develop

for the next generation electrode designs.

Silicon Wafer S10,

Figure 12: Microscope image of a) IDEs on standard 4 in. silicon wafer. b) IDEs on standard glass

microscope slide.

The fabrication process for the silicon wafer deposited electrodes is outlined in Figure 13. The
wafers were first cleaned to remove the outer most oxide layer on the backside of the silicon wafer,
the wafer was then sputtered with chrome on the backside to a thickness of 300nm to provide a
uniform surface for handling. The topside oxide was left to minimize response from the bulk

silicon. A 2.5um thick layer of S1813 was spin coated onto the wafer. A chrome mask was aligned
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using a Karl Suss MA6 mask aligner and the photoresist exposed. The resist was developed and
the patterned exposed, the wafer then had 200nm of chrome and 700 nm of gold deposited via
Cryo e-beam evaporation. After deposition, the wafer was sent through a lift cycle to remove the
developed resist. They were then cleaned with acetone, isopropyl alcohol, and N2 dried.

The glass electrode system utilized microscope slides, and they followed a different process.
They were first cleaned with acetone and attached to the wafer plate of the Cryo e-beam
evaporator. A set of laser cut acetate films with the same pattern as the chrome mask were aligned
on top of the class slides and attached with Kapton tape. The slides then had 200nm of chrome
and 700nm of gold deposited. A diamond scribe was used to separate the individual sensors on

both the silicon and glass substrates.

L Develop
I Fabrication process v Vil ‘l'
Photoresist S1813
_ Cr | Cr
,L RIE etch with CHF;: Exposure 50 s ¢ Mask alignment After Cr-Au
I VI deposition (~
position (~200nm &
s s Cr- —

l' Chrome deposition on back . o
m side (~300 nm)
Exposed to UV light Cr
: Dose 150

y
R g

Photoresist 81813

S1813 positive photoresist
v spin coating : ~1600 nm
Photoresist S1813 Cr | Cr

Figure 13: Fabrication process for 4-inch silicon wafers for the construction of gold IDE

electrodes. The finished electrodes consisted of 200nm of Cr with 700nm of Au.
After the resist or masks have been removed, selected detectors are examined across the wafer

to confirm that they electrodes have been deposited properly, Figure 14.
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Figure 14: Microscopic image of gold electrodes to confirm lack of yield issues.
2.2.4 Experimental Procedure

A Rameé-Hart goniometer was used for all investigations of RTILs with respect to contact angle
on both the carbon or gold IDEs. 5, 3, and 1 pLs of each of the RTILs were applied to the different
electrode designs. Each volume measurement was taken in triplicate on Si-gold and glass-gold
substrates. The substrate was first brought into view on the camera screen and leveled. A single
droplet was deposited onto a clean are of the substrate. The alignment lines were arranged such
that they horizontal line was at the interface between the RTIL and substrate and the vertical line
was located at the midpoint of the droplet. Their contact angle for each of these volumes were
measured 32 times on both the right and left angles at the electrode interface and then averaged
together.

Surface tension was also measured utilizing the Ramé-Hart goniometer system as well. This
was performed utilizing a 28-gauge flat end needle with a small volume of liquid. The RTIL was
allowed to slowly form a drop such take maximum volume was reached before the weight of the

droplet overcame the surface tension of the RTIL. A horizontal line was moved via the control
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software such that it defined the edge of the needle. An image of the stable droplet was captured
and the software calculated the experimental surface tension. This method was performed 32 times

with each RTIL.

2.2.5 Results
EMIM [BF4] on Si-SiO2 with gold EMIM [BF4] on glass with gold
electrode electrode
Contact angle: 26.54° Contact angle: 30.87°

Figure 15: Contact angle calculation for EMIM[BF4] on gold electrodes deposited on both silicon

wafe@rs (left) and glass microscope plates (right).

All three RTILs were tested for contact angle issues on both the Si-SiO2 & SiO> substrates to
determine if any major gold contact issues would be observed. For EMIM[BF4], it is shown that
on gold based electrodes on silicon, it has a contact angle of 26.54 +/- 0.05 ° and for glass, a contact
angle of 30.87 +/- 0.077 ° as shown in Figure 15. The surface tension for EMIM[BF4] was
measured from the droplet in Figure 16 and found to be 39.51 +/- 1.93 dynes/cm shown in Table
5. The contact angles and surface tensions for EMIM[FAP] and EMIM[TF2N] are also

summarized in Table 5.
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Figure 16: EMIM[BF4] Pendant drop that was allowed to form on a 28 gauge flat nose needle for

surface tension calculation.

Table 5: Summary table for contact angles of different RTILs on Si-SiO2 gold and SiO2 gold

electrode surfaces made through standard metal deposition fabrication techniques.

RTIL Contact angle Standard deviation Surface | Standard
OnSi- | OnGold |OnSi-SiO, |OnGold | Temsion | deviation
Si0, clectrodes | wafer clectrodes | (dynes/c | (dynes/cm)
wafer m)
EMIM[BF4]  |30.8°  |26.5° 0.077° 0.05° 3951 | 1.93
EMIM|[TFSI] 32.4° 31.9¢ 2.8° 1.76° 22.91 0.22
EMIM[FAP] 33.2° 36.1° 0.68° 2.8° 24.34 0.91

2.3 Discussion

The main concerns with this research was to confirm the wettability of gold with respect to
RTILs and if the surface tension would be to high for use in different additive manufacturing
techniques. As shown in Table 5, all three of the RTILs have been reported to have contact angles
that are comparable to each other independent of the main substrate used.  With respect to the
gold, all the RTILs studied reported show excellent contact with the surface. As reported in

literature, water normally has a contact angle of < 10 ° on clean gold surfaces, but on ordinary gold
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surfaces have shown contact angles as high as 60 °. [46,47,48] These RTILs show acceptable
contact angles less than 40 °, so they cover normal gold surfaces better than water in that regards.
This points toward gold being an ideal substrate for testing these different RTILs when exposed to

CO..
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CHAPTER 3

ELECTROCHEMICAL BASIS AT ROOM TEMPERATURE

3.1  Aim: Exploring a new RTIL with respect to cycling for efforts towards CO2 sensing
in ideal conditions

Rising CO> gas levels have been shown to have adverse effects on both the environment and
our own wellbeing in sufficiently high concentrations. Current monitoring devices utilize high
temperature high power devices that do not allow for the further miniaturization for IOT based
applications. Other solutions suffer from temperature restrictions or cross sensitivity issues. Room
temperature ionic liquids (RTILs) are a form of liquid salt that can be tuned for optimal physical
and chemical properties for gas sensing applications. In this work, two different electrode designs
are explored and three fluorinated RTILs are subjected to different CO2 exposures for
understanding their electrochemical response vie impedance spectroscopy. This effort is towards
a large work that will deliver a low power 10T based CO> sensing mechanism. [49,50]

The main evaluation for this research is to better understand the electrochemical reactions that
occur with these RTILs on carbon and gold electrodes, to determine if they provide the necessary
leverage towards next generation low power CO> sensing, and the determination of next steps
towards RTIL analysis and evaluation. To this end we present published results investigating the
effects of electrode design and fluorinated RTILs in determining CO2 concentration utilizing
electrochemical impedance spectroscopy. Part of this work was completed and accepted for
publication in IEEE Nanotechonlogy Transactions. It was titled “A Robust Electrochemical CO>

Sensor Utilizing Room Temperature lonic Liquids.” [54]
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3.2  Cyclic Voltammetry

Cyclic Voltammetry is a form of potentiodynamic electrochemical study that utilizes a linear
potential that ramps up and down with respect to time. The current for the system is recorded and
is used to see how the behavior of the analyte varies over time and potential. This technique works
best when working with a system that undergoes a redox reaction that results in some form of

charge transfer. [51,52]

Current Response (A)

A

E

pa

Potential Applied (V)

Figure 17: Generic cyclic voltammogram showing the oxidation and reoxidation behavior for an

arbitrary system. lpa and ipc stand for the peak anionic and peak cathodic current respectively.
This technique also requires an understanding of material type selected as the working electrode
due to it having an effect on the speed of electron transfer. When a sample is running, in the ideal

case (i.e. reversible), the anodic and cathodic peak currents should be equivalent in magnitude. If,
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however, the reactions taking place in the analyte are not completely reversible, the different
amplitudes of peak current will be observed along with different current response curves. Through
the cyclical nature of this voltage technique, exploring the diffusion limited reactions from the
bulk to the EDL are possible. [26,30,44]

If we assume an ideal case for the redox reaction, we can utilize the Randles-Sevcik equation

to derive interactions between a given RTIL and COa.

) nFvD\%>
i, = 0.4463nFAC <7>

Equation 23

From the Randles-Sevik: ip is the max current, n is the number of electrons transferred, F is
Farday’s constant, A is the area of the electrode, C is the concentration of the material, v is the scan
rate of the voltage, D is the diffusion constant of the analyte, R is the Gas constant, and T is the

temperature. [41]

3.3  Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is an electrical technique that is heavily used
in the study of bimolecular systems. [41,51,52] This technique, also called dielectric spectroscopy,
works by applying a sinusoidal voltage and monitoring the current response of the system. The
excitations of these frequency based voltages are set to small amplitudes such that we can assume
the response of the system behaves in a pseudo-linear way. [51,52] Starting with Ohm’s Law.

R_V
T

Equation 24
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From Equation 24 we note that with the application of an AC signal, phase effects may appear

depending on the circuit that is being investigated, Equation 25.

A

V(@) _V, sin(@rft)
T I(t) I sin(2nft + ¢)

Equation 25

The response of the system being investigated will show no frequency dependence if it is
resistive in nature. However, if there are capacitive or inductive behavior present in the system,
any application of a sinusoidal voltage will result in a phase shift occurring in the current response.
The ratio between of the applied voltage and the system current gives the user insight into the
impedance of the system. By utilizing Nyquist and Bode plots, Figure 18, one can determine the

capacitive and resistive behavior of the sensor surface. [41,51]
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Figure 18: Bode Nyquist results of a detector coated in EMIM[BF4] in and N2 environment
scanned at 3.5 V with a perturbation voltage of 0.1 V at 0.1 Hz to 200 kHz.

In the case of electrochemical systems, there is a standard equivalent circuit that can be used to

fit data from the system. Called a Randles Circuit, Figure 19, this equivalent circuit allows for
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bulk behavior, diffusion effects, and EDL effects to be extracted out utilizing 3™ party fitting
software (ZView, Scribner Associates, Inc.).

R1 R2 Wo1

\wlo
CPE1
>

Figure 19: Equivalent Randles Circuit that allows for the investigation of different components of

an electrochemical based system.

34 Methods & Materials

3.4.1 Capacitance of the electrochemical double layer

EDL capacitance changes can be measured by utilizing an equivalent circuit extraction process
through the use of the ZView software from Scribner Associates, Inc. The process is not
completely automatic and requires some initial conditions to be provided before an automated
routine can be ran. From the raw data and literature studies, we determine what a close equivalent

circuit is for our given system, Figure 19, and begin apply some of our initial conditions.

Element ] Freedom I Value | Error l Error%

R1 ] Free(x) |231.3 2.2514 0.97337
R2 #| Free(x) |3.6977E6 5.5579E05 15.031
WolR #]| Free(x) |2.0563E7 3.0253E06 14.712
Wol-T %] Free(z) [0.10701 0.043395 40.552
Wol-P & Free(x) |0.21161 0.0052639 2.9875
CPE1-T *| Free(x) |2.8646E-8 7.2069E-11 0.2431
CPE1-P %] Free(x) [0.97447 0.00024424 0.025064

Figure 20: Fitting parameters utilized to extract and differentiate between bulk and EDL effects.
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For fitting to begin, empirically speaking, we set the bulk resistance, R1 (Rs), of the system to
200Q. From the raw data, Figure 21, we initially input the raw Mod(Z) value as the R2 (Rc).
CPE-T is set to initially to the maximum Zimg raw value. From observation, the Waburg value
Wo01-R is usually set an order of magnitude higher than R and allowed to be adjusted by the
software. From these initial conditions, subtle tweaking of Wol-P, Wol-T, and CPE1-P are used

for each iteration to minimize the overall error for each of the fitting parameters.
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Figure 21: Fitted Nyquist and Body plots with fitting lines created from the equivalent circuit and

empirical data.
3.4.2 Experimental Apparatus and Environmental System

To properly control the levels of CO> that the different RTILs can be exposed to, some gas
delivery system is necessary to allow for proper control of what the RTILs are exposed to for
proper experimental analysis, Figure 22. The system used for these experiments utilized a dual
chamber system. The primary chamber was an 850-LCM/SP from Pas-Labs, Inc nitrogen dry box
used to isolate the secondary testing chamber from outside humidity and secondary gas sources.
A Gamry Instruments, Inc. experiment box or a galvanized electrical box from Home Depot.

These were used in conjunction with a Torrey Pines Scientific, Inc. HS60 digital hotplate for temp
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control. The smaller boxes have had additional gas and electrical connections to provide the

primary environment for us to test our RTIL response to CO2 concentrations.

= ' Envir | testing
VoG i chamber
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] control
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for electrical || and pressure
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Gas Gas Mixer Inlet |
Modification Existing capabilities Port _' 3

Figure 22: a) Initial layout and design schematic of environmental testing system. b) Final layout
of testing system utilizing a dry box, potentiostat, gas mixer, hot plate, Vaisala sensor, and
secondary testing box. The inset shows the secondary test box with input from the gas mixer and

Vaisala for measurement of actual mixing output for offset adjustments.

Either premixed cylinders of 400ppm, 750ppm, or 1000ppm CO: concentrations or an
Environics, Inc. 4000 series gas mixing system were utilized in order to deliver the different levels
of CO; concentrations need for testing. The gas mixing system utilized a 5% CO, UPC grade
cylinder combined with house N2 at greater than 95% purity. Utilizing a Vaisala GMW95RD CO>
monitor, the settings for the Environics are confirmed via the Vaisala which we use as our true

measurement device.

3.4.3 Electrode designs

As shown in Figure 23, two different styles of electrode designs were used for this research.
For consistency and high-quality control, an order for carbon based circular IDE and gold based

linear IDE sensors were both purchased from PCB Universe, Inc. These consisted of insulated
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copper lines with carbon-plated and or gold-plated electrodes on one end and through hole gold
coated solder pads at the other end of the lines. These were all supported and insulated with FR-
5 glass epoxy. These two materials were chosen due to literature review showing that RTILs can
be enhanced by the presence of carbon as an electrode surface. [32,48] It has been shown by Yu
et. al. that when BMIM[PFs], a larger analog to EMIM[BF.], is deposited with pasted carbon
electrodes that the overall charge transfer rate of the system increases significantly than with just
the carbon electrodes themselves. This is thought to be due to the RTIL depositing itself inside
the interstitial layers of the carbon electrodes. [48] To this end, it was hypothesized that the carbon
electrodes may increase the sensitivity of the RTIL to CO2 via an enhanced charge transfer

mechanism.

9O mm

Figure 23: Carbon pasted IDE from PCBUniverse, Inc. (left). Gold IDE with RTIL deposited from
PCBUniverse (right).

3.5  Experimental Procedure

The process for these experiments utilize a similar process for each of the RTILs tested as well
as for each of the electrode investigated. The electrodes were first soldered to two 24 gauge wires

for easier interfacing with the Gamry connection wires. They were then cleaned using a Chem-
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wipe Kimwipe soaked with acetone, followed by a Kimwipe soaked in isopropyl alcohol, and then
dried using house dry N.. The electrodes were coated with 5 pL of either EMIM[BF4],
EMIM[TF2N], or EMIM[FAP]. These devices were then placed inside the secondary environment
chamber and backed for 90 minutes at 155 °C in a pure dry N2 environment. They were then
allowed to cool to room temperature in this environment. For baseline measurements, the Gamry
Reference 600 Potentiostat was allowed to stabilize for 15mins with the detector attached in a
powered-on state. EIS was performed in triplicate in an N2 environment before dosing the detector
with CO.. The house N2 flow was shut off and the CO> concentration being tested was allowed to
flow into the smaller test chamber for 10 minutes to ensure a uniform environment for testing.
EIS was then performed in triplicate to investigate the changes in charging dynamics of the EDL.
The EIS settings consisted of a 3.5 V DC bias with a 100 mV AC voltage. This AC voltage was
swept from 1 Hz up to 10k Hz for all of the RTILs under investigation. For the
chronoamperometry experiments, only EMIM[BF4] and EMIM[FAP] were explored and the

voltage settings for these experiments were swept from -2.5 V to 3.5 V at a rate of 500 mV/sec.

3.6 Results & Discussion

3.6.1 Cyclic Voltammetry Analysis

Cyclic voltammetry was used initially to investigate the possible differentiation and
electrochemical response to EMIM[BF4] and EMIM[FAP] with respect to different concentrations
of CO2. Understanding the charge transfer mechanism was of these RTILs was important in
attempting to determine the rate of diffusion of these materials. Figure 24 shows 4 voltammograms

of EMIM[BF4] detectors that are scanned at a rate of 500 mV/s at N2 baseline, 400ppm, 750ppm,
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and 1000ppm respectively.  Figure 25 is a set of voltammograms showing the CO> response of
EMIM[FAP] at different CO2 concentrations as well. From both of these figures, we can now
investigate what type of charge characteristics each of these RTILs offer. These initial efforts were
to determine how reversible the reactions with CO. were in efforts to determine next steps for

sensor development testing.
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Figure 24: Cyclic Voltammogram (CV) for EMIM[BF4]. The applied voltage was swept at a rate
of 500 mV/s from -2.,5 V to 3.5 V. For each concentration of CO,, 400, 750, and 100ppm

respectively, were compared.
As can be shown from Figure 24 and Figure 25, the anodic side of the CVs with increased
concentration of the CO> that both EMIM[BF4] and EMIM[FAP] are exposed to, shows a slight

reduction in the electrochemical window of the RTIL under test. What is of interest is that for
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EMIMI[BF4], the change from N2 to 1000ppm is 30mV to the right with no clear anodic peak (ipa).
An increase in the tail is observed of the CV such that it shows a 30 mV shift to the right and the
peak current goes from 4 pA in N2 to 6.8 pA. The cathodic peak current (ipc) is observed for

EMIM[BF4] and goes from 20 pA in N2 and 400ppm to 10 pA at 750ppm then up to 16 pA at

1000ppm.
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Figure 25: Cyclic voltammogram for EMIM[FAP] with a voltage sweep at 500 mV/s from -2.5V
to 3.5V. Each CV is the average of 3 cycles at the different CO. concentrations of 400, 750, and
1000 ppm.

The cathodic side of the voltagramms show a slight redox peak at ~3V for EMIM[BF4] and
2.8V for EMIM[FAP]. There is anodic peak for EMIM[FAP] as well, but it shifts strongly to the
right with the introduction of CO». Originally centered at 0.72V at a ipa 0f -0.13 pA in N2, we see

a shift to the right of 0.26V with a peak anodic current of -0.16 pA. For iy in Figure 25 we also
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see an oscillating behavior for the cathodic current similar to that with EMIM[BF4] though we see
0.34 pA at N2, 0.33 pA at 400ppm, 0.41 pA at 750ppm, and 0.37 pA at 1000ppm CO; respectively.

From these CVs, it is shown that when CO: is added to the system a reduction of the overall
electrochemical window of the material is observed due to the redox (iac) current shifting left of
right with respect to the concentration of CO». It has been observed in the literature that the
electrochemical window of different RTILs can be reduced due to the introduction of different
materials to the system that they are sensitive. The specific responses that we have observed show
that redox behavior is dependent on the concentration of CO. present at minimal loss in reduction
of the overall electrochemical behavior of the RTIL and it is differentiable we respect to the CO>
concentration. In the case of EMIM[FAP] there is also a minor oxidation peak that is also
responsive to CO> concentration. These results show that fluorinated RTILs are suitable in terms

of stability and sensitivity for further CO. detection analysis.

3.6.2 EIS Evaluation of Carbon and Gold based electrodes with RTILs

For Figure 26, we see the EIS results for 5uL of EMIM[BF.], EMIM[TF2N] and EMIM[FAP]
across three carbon paste electrode based detectors in an N2 environment. With a constant DC
bias of 3.5V with an AC voltage of 100mV, they were scanned across a range of frequencies from
1 Hz to 10kHz. This work was in efforts to determine at what set of frequencies would maximum
EDL capacitance (ideally -90°) of the system would occur. For EMIM[BF4] we show a maximum
capacitance response at <100 Hz across 3 different devices. EMIM[TF2N] and EMIM[FAP] both
also show max capacitance at <100 Hz. Overall, the CPE based electrode results show that
regardless of RTIL used, they still show remarkable similarity to each other in an nonreactive

environment and show a similar logarithmic response in their impedance across frequencies.
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Figure 26: Impedance and phase dependence on frequency with a) EMIM[BF4], b) EMIM[TF2N],
and c) EMIM[FAP] on IDE carbon Paste electrodes.
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Figure 27: Extracted capacitance response with a) EMIM[BF4], b) EMIM[TF2N], and c)
EMIM[FAP] on IDE carbon Paste electrodes with and without the RTILs present on the electrodes.
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Understanding how the CPE based systems work when compared to their open circuit potential
(i.e. baseline) behavior is useful in determining what, if any interactions are occurring with only
the RTIL and electrode interface, Figure 27. What we see is that open circuit wise, the detectors
behave similarly which is to be expected from a 3™ party supplier. On average, the baseline
capacitance is 2.34 pF as summarized in Table 6. Where we do see the change is with the addition
of any of the RTILs. From just the addition of the different RTILS, we see an increase in extracted
capacitance of 1000 pF. In the case of EMIM[TF2N] and EMIM[FAP] a factor of over 2000 pF.
This change in response is solely due to the presence of the RTIL and the strong EDL that is
forming at the detector interface. A drawback of note is that on these CPE detectors, we see a
significant increase in the run to run variance of these detectors. In the case of EMIM[BF4] as
much as 16%.

Table 6: Extracted capacitance values comparing open circuit capacitance without RTILs to the

capacitance in N2 with the RTIL present.

RTIL on CPEs Average | St. Dev. | % St. Dev
Open Circuit ( pF) 2.47 0.11 43
EMIM[BF4] (nF) 117.1 18.9 16.1
Open Circuit (pF) 23 0.1 4.6
EMIM[TF2N] (nF) 264.1 21.1 79
Open Circuit (pF) 2.26 0.08 3.77
EMIM[FAP] (nF) 2447 19.1 7.8
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Figure 28: Impedance and phase dependence on frequency with a) EMIM[BF4], b) EMIM[TF2N],
and ¢) EMIM[FAP] on gold IDEs.
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Gold based IDE sensors were also explored as a possible sensing platform due to golds intrinsic
characteristic to be nonreactive with most chemicals excluding Aqua Regia. From the initial EIS
results, all RTILs show variance on where their frequency of maximum capacitance is located.

For EMIM, Figure 28 a), we see a maximum capacitance around 100 Hz. The behavior of chip
1 in Figure 28 a) is thought to be caused from a bad solder joint which would result in higher
frequency noise. EMIM[TF2N] in Figure 28 b) shows a capacitance maximum around 520 Hz.
EMIM[FAP], Figure 28 c) shows a capacitance maximum at approximately 84 Hz.

The extracted capacitances with respect to baseline are shown in Figure 29. The baseline
capacitance of the gold IDEs are, on average, 1 pF. This shows that there is great consistency
between the individual detectors with the baseline behavior mostly effected due to the wire
soldering process done within the lab. With the addition of the RTIL, we see a large shift in the
capacitance that is only due to the formation of the EDL on the electrode surface. For EMIM[BF4]
in Figure 29 a), the average capacitance in N2 is 30.8 nF with a % std error of 5.5%. EMIM[TF2N]
also shows a large increase in capacitance as well, Figure 29 b), with a 56.8 nF response in N2 with
an % std error of 5.4%. Figure 29 c) shows the shift from baseline capacitance with the addition
of EMIM[FAP]. The extracted capacitance for EMIM[FAP] comes to an average of 24.5 nF with
a % std error of 7.7%. A summary of these RTILs on gold electrodes can be found in Table 7.

The two electrode designs were compared by evaluation the Cp. response of the RTILs
EMIM[BF4] and EMIM[TF2N]. The devices measurements were carried out inside a nitrogen
environment to eliminate the exposure to CO». The interface stability between the RTIL and

electrode directly effects to formation and capacitance response of the electrical double layer.

47



From these initial results, the CPE based electrodes offer at significantly higher capacitive
baseline when the RTILs are added, ~200 nF. The down side to the RTIL/electrode interaction is
significant higher standard deviation, in the case of EMIM[BF4] the deviation is 16.1% over 3
cycles and 3 different chips. EMIM[TF2N] and EMIM[FAP] also have large standard deviations
on the order of 7%. When we compare the behavior of these CPE based sensors to the RTILs on
gold, we see that the overall initial capacitance is an order of magnitude lower, but the standard
deviation of the sensors is also smaller in general, though EMIM[FAP] still shows a % standard
deviation around 7%. Overall to move forward on the development of a new CO2 sensor, gold
electrodes show the most promise in terms of consistency and, from literature review, low to
nonexistent reaction with the RTILs. Due to the elevated variance on the carbon electrodes, the
gold electrodes were chosen for further experimental analysis with COz in efforts to reduce base
line variance in the Cp. values for the RTILs under investigation.

Table 7: Extracted capacitance values comparing RTIL in N2 vs open circuit capacitance of the

gold electrode without RTIL present.

RTIL on Au IDEs | Average | St. Dev. | % St. Dev
Open Circuit ( pF) 1.07 0.11 10.2
EMIM[BF4] (nF) 30.8 1.7 55
Open Circuit (pF) 1.04 0.14 13.3
EMIM[TF2N] (nF) 56.8 3.1 54
Open Circuit (pF) 0.87 0.10 10.7
EMIM[FAP] (nF) 245 19 7.7
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Figure 29: Extracted capacitance response with a) EMIM[BF4], b) EMIM[TF2N], and c)
EMIM[FAP] on gold IDEs with (left axis) and without (right axis) RTILs present.
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3.6.3 CO2 Response on linear Au-1DEs

Now that the behavior of the different electrodes has been characterized, it was determined that
the gold linear IDE electrodes would provide the best opportunity towards continued development
of a low power CO. sensor. This section will highlight the response of EMIM[BF4],
EMIM[TF2N], and EMIM[FAP] to concentrations of CO, at 400ppm, 750ppm, and 1000ppm
using EIS using a process explained previously in the Experimental Procedure located on page 38.
Through the investigation of their initial exposure behavior, it is possible to determine effectivity

of different RTILs in measuring CO2 changes in an environment.
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Figure 30: a) Nyquist plot showing the behavior of EMIM[BF4] when exposed to N, baseline to
1000ppm CO:s. b) Bode plots for N2 up to 1000ppm CO; exposure. ¢) Extracted resistance change
from the detectors tested with EMIM[BF4]. Adapted from “A Robust Electrochemical CO2 Sensor
Utilizing Room Temperature Ionic Liquids,” by E. Graef, R. Munje, and S. Prasad, 2017, IEEE
Nanotechnology Transactions, Vol. 16, No. 5, pg. 828-829.

From the initial work in the electrode analysis, it was shown that with the addition of

EMIM[BF4] it was shown that a significant capacitance behavior with gold electrodes in N2. With
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the addition of CO» to the environment, we see significant changes to the impedance response.
Figure 30 a) shows that the charge transfer resistance decreases as the CO2 concentration is
increased from O ppm up 1000 ppm. This implies that as the CO2 concentration is increased, the
interaction mechanism of EMIM[BF4] causes a reduction in the bulk (Rct) response. From the
Bode magnitude plots shown in Figure 30 b) the total impedance response (Zmop) decreases as
there is an increase in CO concentration. The ratio of capacitance change (Cco2/Cnz) is shown in

Table 8 and changes by over 2x of the baseline N, capacitance.
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Figure 31: a) Nyquist plot showing the behavior of EMIM[TF2N] when exposed to N2 baseline to
1000ppm CO:s. b) Bode plots for N2 up to 1000ppm CO; exposure. ¢) Extracted resistance change
from the detectors tested with EMIM[TF2N]. d) Extracted capacitance change of EMIM[TF2N]
after exposure to different concentrations of CO». Adapted from “A Robust Electrochemical CO-
Sensor Utilizing Room Temperature Ionic Liquids,” by E. Graef, R. Munje, and S. Prasad, 2017,
IEEE Nanotechnology Transactions, Vol. 16, No. 5, pg. 829-830.

EMIM[TF2N] was investigated for CO responses as well, Figure 31. The real and imaginary
components of the impedance response were recorded as the CO, concentration changes. From
Figure 31 a), the capacitive behavior dominates the system. This is shown as the reduction of the

semicircular region of Figure 31 a), the charge transfer resistance decreases inversely with the
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concentration of CO. Figure 31 b) shows the Bode plot and how there is a highly capacitive
response due to the phase angle increasing from 50° to 80°s across the frequency sweep. The

summary of the average extracted is showed in Table 8 and it shows a significant capacitance

change at over 2.5x of the N2 signal.

Table 8: Extracted capacitance ratio response of the 3 RTILs being investigated investigated.

RTIL/Ratio CO2/N2) | EMIM|BF,] | EMIM|TF,N| | EMIM|FAP]
400 ppm 1.00 1.10 1.00
750 ppm 1.47 1.63 1.01
1000 ppm 2.12 2.52 1.04

EMIM[FAP] Nyquist responses are shown in Figure 32. The real and imaginary components
show, again, that the capacitive response of the system dominates. There is a variation between
the detectors ran in terms of over Zmog, but as shown in Figure 33, the phase change does not shift
significantly. This also confirmed by the extracted capacitance ratios shown in Table 8.

From these results, we can begin comparing the behavior of these different RTIL based systems.
EMIM[TF2N] appears to be best when we compare the extracted CO- ratios to that of the other
two RTILs. Though EMIM[BF;] also shows potential as a highly capacitive system as well.
EMIM[FAP] shows the lowest capacitive ratios. This caused a reanalysis of the data in terms of

charge per unit area shown in Table 8.
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Figure 32: Nyquist plot of EMIM[FAP] when exposed to different levels of CO2 concentration. a)
400ppm, b) 750ppm, and c¢) 1000ppm.
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Figure 33: Phase response of EMIM[FAP] over different CO2 concentrations from 400ppm to
1000ppm compared to their N2 baseline phase response.

3.7 Conclusion

From these initial studies, we evaluated the effectivity of different electrode designs on a subset
of RTILs towards future efforts of CO2 sensing. The behavior of the CPE based circular electrodes
showed larger baseline open circuit capacitance as well as significantly larger N2 capacitance
response with RTILs present than found on the linear golde IDEs. However, the noise behavior
was more favorable using the gold IDEs. It was also shown in later literature reviews that the
carbon-based electrodes may cause chemical interactions with different RTILs that could not be
easily controlled. [53,54] Moving forward to the actual CO> testing on gold IDEs, it was shown
that all showed a reduction in the overall semicircular behavior of the Nyquist impedance plots.
This tracks with a decrease in the charge transfer resistance in the materials. EMIM[FT2N] showed
the best capacitive response to the CO2 changes followed by EMIM[BF4] then EMIM[FAP].
Through this analysis it was determined that temperature and humidity responses would now need
to be explored for these materials in the next steps towards the development of a low power CO:

sensor. [54]
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CHAPTER 4

RTILS AT ELEVATED TEMPERATURE AND HUMIDITY

4.1  Aim: Temperature and Humidity studies towards development of a portable low
powered sensor.

It has been shown previously that select RTILs have a sensitivity to detecting different
concentrations of CO2. In efforts towards that, understanding the effects of temperature and
humidity on different RTILs is necessary for continued work toward a low power CO2 gas sensor.
Towards that effort, initial results are presented in this chapter showing how different RTILS react
to temperature and humidity effects as well as preliminary results of a portable sensing system
detecting changes in CO- in controlled conditions. [40,44,50,55]

EMIM[FAP] & EMIM[TF2N] have been selected for this work due to a literature review
showing that EMIM[BF] is soluble in high humidity (water) environments. [26,50,55] It has been
shown in Holbrey & Seddon (1999) that EMIM[BF] is capable of adsorbing significant quantities
of water. [26] This strongly effects both its chemical and physical properties, so in terms of actual
real-world sensor development, it was determined that EMIM[FAP] and EMIM[TF2N] have the

better chance as actual sensor systems due to their hydrophobic properties.

4.2  Experimental Procedure and Setup

Using the same gas system and electronics previously detailed in Chapter 3, it was determined
that the DC bias of 3.5 V used for the initial evaluations exceeded the electrochemical windows
except for EMIM[BF4]. There were also concerns about the large capacitance changes we

observed and interest in moving towards a lower voltage based on electronic standards. To that
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end, 1.7 V was chosen as the new DC offset while maintaining a 100mV oscillatory current from
1 Hz to 10 kHz.

Two sets of experiments were performed for this study. The first dealt only with the increase
of temperature to determine if these materials were capable of sensing CO2 at room temperature
(25°C) as well as the elevated temperatures of 45°C, or 65°C. The second set of experiments
involved controlling the humidity provided. These humidity values were set at 25%, 45%, and
65% respectively while the temperature ranges consisted of 25°C, 45°C, or 65°C.

For the temperature experiments, 1 uL of a given RTIL was deposited onto a soldered gold IDE
that had been cleaned using an acetone, isopropyl alcohol, N2 dry process. The sensors were then
baked out in a 0% relative humidity (%RH) N2 environment at 155°C for 90 minutes before being
allowed to stabilize at the appropriate testing temperature (25°C, 45°C, or 65°C). This
environment setting was allowed to stabilize for 10 minutes before baseline impedance
measurements were taken in triplicate for 3 different detectors. The CO2 concentration for the
given test was then turned on. This environment setting was allowed to stabilize for 10 minutes
before the dosed impedance measurements were taken in triplicate for 3 different detectors.

For the humidity based measurements, the 1uL RTIL detectors were again baked out at 155°C
in a dry (0%RH) environment for 90min. The temperature was then allowed to equilibrate to the
necessary test temperature. At this point, the dry N2 was then turned off while allowing humidified
N2 gas from the Environics gas mixing system to enter the secondary test chamber. This
environment setting was also allowed to stabilize for 10 minutes before baseline impedance

measurements were taken in triplicate for 3 different detectors. After this, the CO2 concentration
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was changed to one of the 3 being monitored and allowed to equilibrate with for 10 minutes. At

this point, the dosed impedance measurements were taken in triplicate for the 3 different detectors.

4.3  Temperature Results

Literature has supported that RTILs lose their capture ability as their overall temperature
increases. This is one of the reasons why we use 155 °C as our bake out temperature. Providing
a temperature above 100 °C guarantees that any initial contaminants, CO2, H.O, etc., have been
removed. What was of initial concern was whether detection of CO2 concentration was possible
at an elevated temperature in efforts toward industrial or automotive applications. To that end, the
extracted results of these tests are presented in Table 9 and Table 10.

Table 9: Extracted resistance and capacitance values of EMIM[TF2N] across 25, 45, and 65°C.

RTIL Under Test EMIM[TF,N]  1uL Samples

Test Temperature 25°C Test Temperature 45°C Test Temperature 65°C
GasType R, (Q) Cy(nF)| AC (nF) |Gas Type R, (Q) C, (nF)|AC (nF)|Gas Type R, (Q) C, (nF)|AC (nF)
N2 3.00E+06  35.40 N2  7.00E+06 24.2 N2  6.00E+06 32.8
400ppm 3.00E+06  28.30 7 400ppm 7.00E+06 19.8 4 400ppm 6.00E+06 28.8 !
N2 2.80E+06 54.9 N2 8.00E+06 16 N2 8.20E+06 17.1
750ppm  2.80E+06  44.00 109 750ppm 8.00E+06 13.4 20 750ppm 8.20E+06 13.7 4
N2 2.20E+06  60.50 N2  8.00E+06 17 N2  7.80E+06 17.4
1000ppm 2.20E+06  42.20 183 1000ppm 8.00E+06  16.9 o 1000ppm 7.60E+06  16.5 0

From Table 9, we see that EMIM[TF2N], overall, is still able to differentiate between different
concentrations of CO2 not only at room temperature, but also up to 65 °C. What is seen for all
three of the different experiments is that as the temperature increases, the overall capacitive

response changes. At room temperature we see similar behavior shown in the previous chapter
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such that the capacitance change follows with CO2 concentration while the overall charge transfer
resistance decreases, though at 400ppm, there is no real observable change, so 400ppm may be
considered a threshold value in this case. At the actual elevated temperatures EMIM[TF2N]
showed a downward trend in capacitance change as the CO> concentration is increased while the
Rct remained mostly unchanged.  While not conclusive, what this is showing is that at elevated
temperatures there is a significantly weaker physisorption interaction coming into play than at
lower temperatures. This implies that as the temperature of operation is increased in a dry
environment, a decrease in the upper detection threshold may occur.

Table 10: Extracted capacitance and resistance values of EMIM[FAP] at 25, 45, and 65°C.

RTIL Under Test EMIM[FAP]  1pL Samples

Test Temperature 25°C Test Temperature 45°C Test Temperature 65°C
GasType R, () C, (nF)|AC (nF)|Gas Type R, (2) C4 (nF)|AC (nF)|Gas Type R, () C, (nF)|AC (nF)
N2 4.00E+06 7.2 N2 1.80E+07 12.2 N2 8.20E+06 17.5
0.12 0.6 6.2
400ppm  4.00E+06  7.32 400ppm 2.30E+07 116 400ppm 8.00E+06 11.3
N2 316480 10.2 N2 2.11E+06 22.7 N2 7.80E+06 19.6
0.4 0.2 29
750ppm 314050 9.8 750ppm 2.11E+06 22.9 750ppm 8.20E+06 16.7
N2 305710 12.7 N2 8.00E+06 8.3 N2 8.80E+06 15.1
1.6 0.3 0.5
1000ppm 272710 11.1 1000ppm 8.00E+06 8 1000ppm 8.80E+06 14.6

Table 10 shows the results of EMIM[FAP] for all the explored temperature ranges in a dry
environment. Room temperature behavior, again, follows what was shown previously with an
inverse relationship describing the charge transfer resistance changes with respect to CO2
concentration and a proportional trend describing the change in the double layer capacitance.
Again, we see an inversely proportional change in the double layer capacitance change with respect

to CO2 concentration as the temperature is increased. This implies that as the temperature of the
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environment is increased for EMIM[FAP] the physisorption interaction is weakened, but not
enough to where the EDL is insensitive to CO2 concentration changes.

While understanding that the temperature of the RTIL does affect their ability to physisosorb
CO», from an electrochemical perspective these materials are still able to differentiate capacitive
changes in the EDL with respect to CO> concentration. While the method of interaction may have
changed, this does not reduce the capabilities to be utilized in the development of a CO2 sensor.
However, temperature is just one of many concerns for these materials in being able to detect CO>
and can be taken into account through the utilization of an integrated temperature sensor to

determine what calibration constants or look up tables to use at the different temperature ranges.

4.4  Temperature and Humidity Results of RTILs

While the RTILs under review have still been able to be successfully shown to operate at
elevated temperatures, a concern is their ability to detect CO2 while also being exposed to H20.
While the anions the anions initially selected were shown to have the strongest hydrophobicity
response with respect to water, the cation EMIM has been known to be sensitive to water. While
showing sensitivity to water is a hurdle that can be overcome by the integration of an additional
humidity sensor, understanding how large of an effect it may have is of larger importance. While
this is only a summary and overview of the work, a larger DOE was conducted with respect to the
9 different combinations of temperature (25, 45, and 65 °C) and humidity (25, 45, and 65 %RH).
The summary will narrow it’s reporting to only deal with 25/25, 45/45, 65/65 °C/%RH
respectively. This will allow for the detailed analysis for a later publication detailing their overall

behavior in a multi-gas/temperature environment.
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4.4.1 RTIL capacitive response at 65 %0RH and 65 °C
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Figure 34: Nyquist plot of EMIM[TF2N] at 65 %RH and 65°C. This shows the change from N>
baseline to N2 with humidity to 400ppm CO: with humidity.

The maximum & most extreme condition was explored first. This consisted of 1000ppm CO2
at 65 % RH and 65 °C. From Figure 34 we see that with just the addition of 65% RH into a N2
environment, a significant reduction of the charge transfer resistance is observed with respect to
the humidity. This shows that the presence of water does affect the charge transfer and double
layer response of the system. However, we also note that while a large response is shown with the
addition of H20, we still see a response to the addition of CO,, The extracted capacitance change

at the EDL is observed to be 0.9 nF.
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Figure 35: Nyquist plot of EMIM[TF2N] at 65 %RH, 65 °C, and 750ppm.

The behavior of EMIM[TF2N] in 750ppm CO2 at 65 %RH and 65 °C , Figure 35, shows a
similar trend as at 1000ppm. The RTIL shows a significant reduction in the charge transfer
behavior from the addition of humidity, but is still able to interact with CO; as it preferentially
interacts with CO2. To that end, the change we observe from N2 with humidity to CO, with
humidity is found to be 1.20 nF.  Following a similar vein to the previous two conditions, we
explore the application of 400ppm of CO., Figure 36. We see again see the reduction of the
capacitance with H2O, but see an even greater change in capacitance with the extracted

capacitance change of 22.0 nF.
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Figure 36: Nyquist plot for EMIM[TF2N] at 65 %RH and 65 °C with 400ppm CO2.

Behavior like that shown in the previous temperature only modulation is shown across these
different CO2 concentrations when humidity is held constant. However, a stronger capacitive
response is shown with the addition of H2O to the system. This is leading towards an additive or
enhancement effect occurring with the combination of CO, and H.O such that at lower
concentrations allows for a higher opportunity of interaction which would explain the increased
capacitive response.

Summarized in Table 11, it is shown that for both EMIM[TF2N] as well as EMIM[FAP],
Appendix A, we see an inverse relationship of capacitance change with respect to CO:
concentration. This is thought to occur due to a competing interaction between the CO, and H.O

as well as the H,O and EDL.
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Table 11: Summary table showing the extracted capacitance change for EMIM[FAP] ad
EMIM[TF2N] at 65 %RH and 65 °C between N2 and COs.

RTIL 400ppm | 750ppm | 1000ppm
EMIM[FAP] 3.9nF 3.0nF 1.4nF
EMIM[TF,;N] | 22.0nF | 1.20nF 0.9nF

4.4.2 RTIL capacitive response at 45 %RH and 45 °C
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Figure 37: Nyquist plot of EMIM[FAP] at 45 %RH and 45 °C in 1000ppm CO..
EMIM[FAP] was also tested using the same process as EMIM[TF2N]. Testing at the extremes

first allowed us to determine if further investigation was needed. Because both showed similar
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response to CO; at 65 %RH and 65 °C, it was decided to begin investigating the results at 45 %RH
and 45 °C for both of these RTILs.

Looking at Figure 37, it is shown that when EMIM[FAP] is exposed to an initial response to
the addition of humidity is observed. Forgoing the initial dry N2 runs, it is shown that when the
system is doped with 1000ppm COz, there is an increase in the charge transfer resistance shown
by the increase of the semicircular radius. However, it still shows an absolute change of 8.1 nF at
the given humidity conditions. This behavior was unexpected, but showed consistent between

detectors at this concentration of CO,.
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Figure 38: Nyquist plot of EMIM[FAP] at 45 %RH and 45 °C with 750ppm CO-.
When the detectors were ran for 750ppm, Figure 38, it is shown that an absolute EDL

capacitance change of 4.3 nF change occurs between the humidified N2> and CO, runs. The
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decrease of the charge transfer resistance and an increase in the EDL capacitive response is shown
by the reduction in radius of the semicircular EIS response shown in Figure 38: Nyquist plot of
EMIM[FAP] at 45 %RH and 45 °C with 750ppm CO,.. This shows that there may be an inflection

point between 750ppm and 1000ppm due to an interaction between the RTIL, H20, and CO..
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Figure 39: Nyquist plot of EMIM[FAP] at 45 %RH and 45 °C in 400ppm CO..

The final set of data shown is that of the lowest concentration; that of 400ppm in Figure 39.
The reduction in charge transfer resistance and increase in capacitive response is still shown
between the N2 and CO2 runs, but it the overall capacitive change is less. Summarized in Table

12, the capacitive change is 1.8 nF for 400ppm.
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Table 12: Summary table showing the extracted capacitance change for EMIM[FAP] ad
EMIM[TF2N] at 45 %RH and 45 °C between N2 and COs.

RTIL 400ppm | 750ppm | 1000ppm
EMIM[FAP] 1.8nF 4.3nF 8.1nF
EMIM[TF,N] | 4.3nF 16.5nF 34nF

The capacitive changes for the different CO2 concentrations for the RTILs is summarized in
Table 12. For the 45%/RH and 45 °C conditions, the overall absolute capacitance change does
track proportionally with the CO2 concentration. EMIM[TF2N] shows a significant increase in
EDL capacitance change at 1000ppm. On the order of 34 nF. Understanding the behavior of these
RTILs close to what is considered ambient conditions is also important to cover the gambit of

possible applications. The data for the EIS COz runs of EMIM[TF2N] is provided in Appendix A.

4.4.3 RTIL capacitance response at 25 %0RH and 25 °C
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Figure 40: Nyquist plot of EMIM[TF2N] at 25 %RH and 25 °C at 1000ppm CO:..
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Room temperature and 25 %RH was also chosen as part of an overall larger DOE, Appendix
A, in efforts to explore and understand the behavior of these RTILs at the lower edge of our
suggested operation space. For the dosing of EMIM[TF2N] at 2000ppm, it is shown in Figure 40
that after the dosing of N2 with humidity, we see a very little change in terms of the charge transfer

resistance, but the overall capacitance change is quite large, Table 13, at 19.6 nF.
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Figure 41: Nyquist plot of EMIM[TF2N] at 25 %RH and 25 °C at 750ppm COa.

TFSI_DUT3_M2_25%RH20_EIS

The data shown in Figure 49, shows that there is an increase in the overall charge transfer
resistance, but the capacitive response of the system does increase. Through fitting of the data, it
is found that an overall change of 4.8 nF is found when it comes to the EDL capacitance change
between the N2 and CO> runs. Room temperature behavior is starting to show a downward trend

when it comes to proportional response to CO, concentration.
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Figure 42: Nyquist plot of EMIM[TF2N] at 25 %RH and 25 °C at 400ppm COa.

The 400ppm run continues to show the trend of an increase in charge transfer resistance, Figure
42. The absolute value of the capacitive change for these runs is 5.9 nF. The overall trend for
EMIM[TF2N] at 25 %RH and 25 °C is that of a proportional capacitive response with respect to
CO.. While the Nyquist plots for EMIM[FAP] are included in Appendix A, it also shows a
continuing proportional trend with respect to the CO2 concentration applied at 25 %RH and 25 °C.

Table 13: Summary table showing the extracted capacitance change for EMIM[FAP] ad
EMIM[TF2N] at 25 %RH and 25 °C between N2 and COa.

RTIL 400ppm | 750ppm | 1000ppm
EMIM[FAP] 5.9nF 8.8nF 11.5nF
EMIM|TF,N] | 2.3nF 4.8nF 19.6nF
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4.4.4 Discussion of humidity effects

From the previous results, an interesting and complex set of responses have been shown for
EMIM[TF2N] and EMIM[FAP]. The addition of temperature and humidity cause significant
changes from the initial dry environment results. Through the changes in the charge transfer
resistance (Rct) as well as the EDL capacitance (CpL) we begin to start developing a possible

hypothesis for what is occurring.
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Figure 43: Proposed interaction mechanism for EMIM[TF2N] with the addition of heat, humidity,

and CO- concentrations.

Figure 43 and Figure 44 show such hypotheses of interaction for each of the RTILs. When
either has a potential or temperature applied to it, the interaction between the anion and cation
begins to weaken, or stretch. The different components of the individual RTIL molecules may
show a weaker interaction, so there may be more interstitial space between the anions and cations
in both the bulk and EDL regions of the system or there may even be secondary processes that are

occurring that have yet to be reported on. With the introduction of just CO», at low temperatures,
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the high solubility (low Henry’s constant) allows for the preferential diffusion of CO, to occur
with the different RTILs regardless of H>O presence. As the CO» quickly reaches the EDL layer,
the applied potential across the electrodes allows for CO2/anion to interact. As discussed in the
introduction; fluorinated anions are known to be able to interact with CO. preferentially over other

gases.
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Figure 44: Proposed interaction mechanism for EMIM[FAP] with the addition of heat, humidity,
and CO2 concentrations.

For the results reported for EMIM[TF2N] there is an overall downward trend in CpL as one
increases the temperature of the RTIL. These upward and downward trends are ideal for the SRC
project because this allows for the future development of calibration curves that would be used to
extract the actual ppm concentration given the impedance change from baseline in combination
with knowing the local temperature and humidity values.  This is hypothesized to be caused by

the increasing Henry’s constant that is shown for most RTILs in the literature as temperature
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increases. [27,31,56] The physisorption provides the CO> the ability to interact, but the interaction
mechanism may have weakened such that there is no real capacitive interaction. This idea is also
bolstered by the fact that, overall from Table 9, the Rt of the system remains invariant once the
temperature is raised from 25 °C. Overall, EMIM[TF2N] has shown the largest capacitive response
across the selected temperature and humidity concentrations. [57] It’s ability to show non-
oscillatory behavior at the different conditions is ideal when attempts to develop calibration tables
occurs.

For EMIM[FAP] the opposite relationship occurs. As one begins to increase the temperature
and humidity of the system, the capacitive response not only decreases, but the trend also changes
direction in the case of the 65/65 testing simlary to EMIM[TF2N]. It is important to note that one
of the major differences between the two different RTILs is the quantity of fluorine available for
interaction. It is possible to conclude from Table 10 that with the slight changes of Rct and large
changes in the CpL that there is more potential for CO interacting at the lower
temperature/humidity thresholds than at the 65/65 regime. While still sensitive to COg,
EMIM[FAP] has shown to respond with a lower overall impedance change than that of
EMIM[TF2N] though it still shows potential to be utilized in continued sensor development.

In summary, utilizing Table 14, the combination of both temperature and humidity has a
profound effect of the response of the two different RTILs. For EMIM[FAP] at low concentrations
of CO2, we see a larger overall capacitive behavior across than that of EMIM[TF2N]. This may

be due to a changing of the interaction mechanism or interstitial diffusion ability of the CO2 within
the RTIL. It has been mentioned in the literature for BMIM[BF4] that as one increases the amount

of humidity an RTIL is exposed to, the electrochemical window of the system shrinks, this may
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be a cause in the higher capacitive response to CO2 at 65/65. [56] At 65/65 we see a high Cp, but
an even higher one is observed at 45/45 for EMIM[TF2N] and at 25/25 for EMIM[FAP]. The
anionic moiety appears to be the main driver of the overall environment interaction that EMIM.
There may also be water molecules interacting with the CO2 as well as interact with the RTIL
anions in a competitive process. Further development is warranted for these materials as actual
CO2 sensing devices due to their initial ability to responds to CO2 across a large range of
temperature and humidity values.

Table 14: Summary of capacitance change to CO2 concentration as the temperature and humidity
are varied for EMIM[FAP] and EMIM[TF2N].

65C at 65% RH

RTIL 400ppm | 750ppm | 1000ppm
EMIM[FAP] 3.9nF 3.0nF 1.4nF
EMIM|TFE,N] | 22.0nF | 1.20nF 0.9nF
45C at 45% RH
EMIM[FAP] 1.8nF 4.3nF 8.1nF
EMIM[TE,N] | 4.3nF | 16.5nF | 34nF
25C at 25% RH
EMIM[FAP] 5.9nF 8.8nF 11.5nF
EMIMI|TF,N] | 2.3nF 4.8nF 19.6nF

Overall both EMIM[TF2N] and EMIM[FAP] showed that these materials predictable responses
with respect to CO2 concentration across the different environmental conditions explored. While
the mechanism is still being investigated, the empirical results show that their behavior is
dominated by the CO: interaction over that of H.O. With respect to the SRC sponsored projects
requirements, EMIM[TF2N] was evaluated as the better of these two RTILs investigated for further

studies towards a new low power CO> sensor.
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CHAPTER 5

CONCLUSIONS AND FUTURE EFFORTS

5.1  Conclusions on the Use of RTILs in residual CO2 gas sensing

These previous chapters have shown the empirical approach of how three fluorinated RTILs
were evaluated for SRC sponsored efforts towards the development of a new form of CO, gas
sensor. The physical properties of these RTILs lean them towards applications utilizing gold
electrodes over carbon electrodes due to their lower standard deviation across the different RTILS
explored. When the RTILs were exposed to CO, without humidity, all three showed empirically
to be sensitive to the three different CO. concentrations. EMIM[BF4] was excluded from the
further temperature and humidity studies due to its solubility in water.

From the initial temperature investigation, both EMIM[FAP] and EMIM[TF2N] continued to
show sensitivity to CO, from 25°C to 65°C. Specifically, EMIM[FAP] showed a proportional
trend to CO; in its CpL with respect to temperature while EMIM[TF2N] showed an inverse
proportionality with respect to temperature. With the addition of humidity to the equation, it was
shown that both materials behave proportionally with respect to CO> concentration to each other
at 25°C and 25 %RH as well as at 45°C and 45 %RH. At the extreme end of the operational range
65°C and 65 %RH however, their behaviors diverge with an inverse response to CO> at these
conditions. When comparing the behavior of these RTILs, the evaluation was toward ease of
signal sensitivity and establishment of CO> response trends. While EMIM[FAP] still shows
sensitivity, EMIM[TF2N] has the higher overall capacitive response to CO> across the different
temperature and humidity ranges. The mechanism for the interaction of CO2, H>O, and a given

fluoride based anion has not clearly addressed in the literature, but further work will be performed
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to better understand the actual effects occurring within the RTIL in efforts toward building a CO2

gas sensing system.
5.2  Future work utilizing RTILs in gas sensing

5.2.1 Chronoamperometry

Chronoamperometry is another potentiostatic electrochemical technique that is used in
investigating the diffusion behavior of different chemicals by observing the response and decay
behavior of the system, Figure 45. [60] The method applies a known potential step to the system.
The system equalizes with respect to this applied potential. The applied potential is either stepped
up or down the current response of the system is measured. [61] The charging or discharging of
the system and how it varies gives us insight into how the EDL of the system is reacting with

respect to the presence of CO,. [61]
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Figure 45: Schematic of the potential applied and possible current response from and

electrochemical system when performing Chronoamperometry.
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Figure 46: Mockup of EMIM[TF2N] sensing system operating in ambient environment.

The proposed sensing system will periodically monitor the CO. conditions and compare a
measured current to a look up table utilizing local temperature and humidity values. Figure 46
shows a mockup of such a detector communicating with a cell phone. It reports a local CO- value
as a form of personal sensing equipment. Figure 47 shows the mockup response in a high CO:
environment. Trigger levels could be defined such that the monitoring device alerted the user to a
danger. Next year’s SRC deliverables are towards the final development of a working prototype
CO:- sensing system using RITLs. Additional work involves using other analytical techniques to
explore the interaction mechanisms that a combination of gases would have on these fluorinated

RTILs. From this, novel empirical models can be developed to describe these interactions.
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Figure 47: Mockup of EMIM[TF2N] sensing system in an elevated CO> environment.

In conclusion, the need for low powered sensors that can work in different humidity and
temperature environments is needed. Current detectors on the market all suffer from one issue or
another; whether it be cross sensitivity, drift, lifetime, or temperature restrictions. Fluorinated
room temperature ionic liquids offer a novel solution to these challenges due to their high
temperature capabilities, selectivity towards CO., and stable electrochemical properties. It has
been shown that of the RTILs studied that EMIM[TF2N] show the most promise for the

development of the next generation CO> sensor.
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APPENDIX

EMIM[TF2N] plots at 45 %RH and 45 °C

EMIMI[TFSI] 1000ppm ZImag vs. ZReal
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Figure 48: Nyquist of EMIM[TF2N] at 45 %RH and 45 °C at 1000ppm CO..
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EMIM[TFSI] 750ppm ZImag vs. ZReal
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Figure 49: Nyquist of EMIM[TF2N] at 45 %RH and 45 °C at 750ppm COx.
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EMIM[FAP] plots at 25 %RH and 25 °C
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Figure 50: Nyquist plot of EMIM[FAP] at 25 %RH and 25 °C at 1000ppm CO..
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Table 1: Summary tables detailing all possible combinations of temperature and humidity for EMIM[TF2N] and EMIM|[FAP]
with 400, 750, and 1000ppm CO> concentrations.

Capaciive Change ar 65C ar 65% RH Capacitive Change at 43C ar 65% RH Capacitive Change at 25C at 65% RH
EMIM[EAP] 3.90F 1.4nF EMIM[FAF] 17nF 29nF EMIM[FAP] 179aF  23.7oF 93.1nF
EMIM[TF,N] 220nF 120nF 0.90F EMIM[TF:N] 67nF 40.1nF 29nF EMIM[TF;N] 297nF 222nF 18TnF
Capacitive Change at 65C at 45% RH Capacitive Change at 43C at 45% RH Capacitive Change at 25C ar 45% RH
EMIM[FAP] 0.2nF 3.1nF EMIM[FAF] 1.8nF 4.3nF 8.1nF EMIM[FAP] 64.InF
EMIM[TF;N] 0.6nF 1.30F 1.8nF EMIM[TF,N] 4.3nF 16.50F 34nF EMIM[TF,N] 40nF 8&nF 137nF
Capacitive Change at 65C ar 25% RH Capacitive Change at 43C ar 25% RH Capacitive Change at 23C at 25% RH
EMIM[EAP] 0.26aF 0.4nF 0.5nF EMIM[EAP] 0.1nF 0.7nF EMIM[EAP] 5.9aF 11.50F
EMIM[TF,N] 1.5nF 1.8nF 3nF EMIM[TF;N] 0.2nF 0.39nF 1.3nF EMIM[TF;N] 2.50F 4.8aF 19.0nF

Overall DOE results for all combinations of COz, humidity, and temperature
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