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ABSTRACT

In recent years metal organic frameworks (MOFs), have drawn a lot of attention for their vast
and tunable properties. This work is an approach to solve device application issues at the
interface of the crystals by introducing a thin-film approach to the self-assembly of the metal
organic. The growth using Pulsed Laser Deposition to solve this issue is a novel approach to
device and film development. Films have been characterized using Raman spectroscopy,
Fourier-Transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), X-
ray Diffraction, Ellipsometry, laser scanning confocal microscope (LSCM), electrical
measurement. Studying the properties of the grown film to compare and extrapolate the
differences between it and its bulk counterpart. In large the XPS data details the chemical state of
the film and its correlation to the bulk counterpart. This work entails the process engineering and
developments made to overcome a seemingly impossible task. Electrochemical devices were
made on Ti/Au working electrodes and tested with cyclic voltammetry as well as square wave
stripping voltammetry.

KEYWORDS: metal-organic framework, thin film, pulsed laser deposition, zirconium amino
benzene-dicarboxylate, self-assembly
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Chapter 1: Overview

Commonly metal organic frameworks (MOFs) have been used as bulk powder for a
variety of applications such as gas storage, gas or vapor separation, luminescence, catalytic
activity, luminescence, and drug delivery. The goal of this work is to develop an improved
method to take advantage of the catalytic properties of Zirconium amino benzene-dicarboxylate
(Ui0O-66-NHz). MOFs are tunable porous structures exhibiting a wide range of properties.

In this work the development is such that producing a thin film therefore the scaffolding
of the framework might have been lost. MOFs have tunable porosity which allows for variability
in properties by structural changes, this has been widely studied. The tuning of the structural
properties facilitates the charge dependent uptake of ions in the solution, this tuning is generally
in addition to the mixture with an additional component for the use as a sensor, thus forming a
composite. This, with the water and thermal stability were major considerations as to why UiO-
66-NH> was chosen.

Physical vapor deposition is not a common approach to the development of an organic
thinfilm, this could allow for high quality films to be developed. There are many obsticles that
must be overcome with such an approach such as target heating, substrate heating,
decomposition of the organic on either surface. Confirmation of the grown film and its phase
then becomes extremely difficult with films being analyzed with X-ray photoelectron
spectroscopy, fourier transform infared spectroscopy, Raman spectroscopy, X-ray diffraction,
laser scanning confocal microscopy, and electrical measurements. With metal organics having a
high band gap and low decomposition temperature these characterizations are extremely

important in determining the quality of the film.



Films were grown on a variety of substrates; gold, silicone, silicone dioxide, and alumina.
Oxide substrates are known to be the site of nucleation for metal organic growth, therefore it is
interesting to prove the growth on more difficult surfaces. These surfaces are the ones that have
the most potential applcations as there are very minimal applications that involve a junction of
two insulators.

Figure 1.1 shows the overall workflow chart for both efforts. There is a large crossover
from chapter 2 to chapter 3, due to 2 being a process development with materials growth
characterization and 3 being a more in-depth application. Beginning with the synthesis of the
pristine material and approach to the PLD grown MOF. Then characterization of grown films
using a variety of different highly advanced techniques, including X-ray photoelectron
spectroscopy, X-ray diffraction, Raman spectroscopy, Fourier transform infrared spectroscopy,
electrical measurements, and dielectric constant. Into the latter part of the application in an
electrochemical device. Working electrodes were manufactured via titanium and gold sputtering
with the PLD grown MOF on the target of the electrode. The MOF grown for the with the
modified method which proved to be a more likely method for the growth of the correct structure
and chemical composition, both of which are novel approaches for the growth of a thin film
MOF. Cyclic voltammetry and square wave stripping voltammetry were done on electrodes,
although they show some errors with the fabrication method of the electrochemical electrodes.
Fourier transform infrared spectroscopy was measured on the deposited electrode to confirm the

growth of the MOF when compared to the other non-electrode samples.



¢ Hydrothermal Synthesis of MOF
1= ils:0si ® Create target using hydraulic press and sintering dye
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Figure 1.1: Workflow chart containing an overview of both chapter 2 and 3.



Chapter 2: Pulsed Laser Deposition of UiO-66-NH2

Abstract

This study is an important step toward developing novel thin film metal-organic frameworks
(MOFs). UiO-66-NH> was chosen due to its thermal, mechanical, and chemical properties, likely
giving the greatest probability of success. Using pulsed laser deposition at 100°C in an inert
environment at a lower energy density was used. This work contains two different approaches to
growing the film, the latter of which X-ray photoelectron spectroscopy (XPS) shows is more like
the composition of the pristine film. Multiple substrates were used successfully, although, ones
with the most applications were chosen. X-ray diffraction (XRD), film thickness via laser
scanning microscopy, Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, and

electrical measurements were used to characterize both grown films and throughout the process.

Introduction

Metal-organic Frameworks (MOFs) are an emerging group of materials with promising
applications in chemical sensing [1,2], energy storage [3], electrodes [4], separators [5],
electrolytes [6], drug delivery [7] and potentially more. Having a material with a high surface
area [8] that is tunable with pores that are equally tunable by the pour environment. Zirconium-
based MOFs show promise for applications due to their inherent chemical and thermal stability
[9,10]. With such a variety of applications and high potential it is easy to understand why MOFs
are being heavily studied currently and in recent years.

UiO-66-NH2 is a well-studied metal organic framework with a large variety of

application possibilities. Many attempts have been made to make uniform high-quality metal



organic thin film for those applications. A MOF can be defined as hybrid organic-inorganic solid
having porosity [11]. Many approaches have been tried to make this such as liquid-phase epitaxy
[12], Langmuir-Blodgett layer by layer deposition [13], in-situ crystallization [14], growth at
room temperature [15], dip coating in mother solution [16], slow diffusion of reactants [17],
Electrochemical [18]. Some of the methods were to develop single crystal, polycrystalline, or 2-
dimensional MOFs as thin film. It is also important to note that different growth methods can
form different phases.

The properties of the material for this novel development were chosen to give the highest
probability of success. Key considerations were the thermal and chemical stability of the MOF,
Ui0O-66-NH> having both of those characteristics [10]. Next is the mechanical rigidity of the
MOF in question in which UiO-66-NH: possesses these properties as well [19]. These being the
main keys for a material to make it through the entirety of the process.

To current knowledge pulsed laser deposition has not been used to develop any metal
organic framework films. It has been used to develop polymer [20], metal, and metal-oxide,
nitrides, carbides films [21]. Some of the differences being in the energy density of the applied
laser, as well as the wavelength of that laser. The deposition environment and temperature of the

substrate can also be varied for the desired application.

Experimental Method

Pristine UiO-66-NH> Powder used was prepared from a hydrothermal procedure with
minor modification [1]. ZrCL4 0.3498g, 2-NH»>-Benzenedicarbolate 0.2718g, 75mL N,N-
Dimethylmethanamide (DMF), mixed in a 100mL Teflon lined autoclave. All purchased from

Sigma Aldrich. The autoclave was heated in an oven for 48 hours at 120°C, then set to cool to



room temperature before opening. The solution was centrifuged at 10,000rpm for 10min with the
supernatant removed between washes of ethanol to remove residual precursors. The precipitate
was then vacuum dried for 12 hours at 100C.

One inch diameter Pulsed Laser Deposition targets were produced by sintering them in a
hydraulic press. 20,000 psi in a hydraulic press the sintering die was coated with Chemlease R+B
EZ Release Agent to create a nonstick surface. The goal thickness was 2-3 mm with as high
density as achievable. The diameter of the target was one inch. This sintered target was mounted
to a target holder.

Pulsed laser deposition, for growth of the MOF used the manufactured target on the
selected substrates. Samples sizes were approximately Smmx5mm with thickness being substrate
dependent. Deposition was done with a substrate temperature of 100°C, in an inert environment
of Argon at a pressure of 0.001 mbar, followed a base vacuum of approximately 1x10°° mbar.
These parameters were used for all substrates, as well as both the pristine and modified targets.
The films were deposited using a solid state Quantel ND: YAG laser with a 266nm wavelength,
thus emitting photons in the fourth harmonic. A repetition rate of 10Hz with a pulse width of
150us and a FL-Q switch Delay of 140us, thus giving a 1.2mW pulse with a spot size of 0.2236
cm?. The substrate was placed on the substrate holder 30mm from the surface of the target. For
this set up the incident beam is focused on the target with an angle of 60° normal to the surface.
10,000 shots were used to grow the film with an additional 500 shots to remove any
contamination from the surface of the target. Prior to deposition all substrates were thoroughly
cleaned with methanol and deionized water, with sonication in methanol and rinsing with

deionized water.



UiO66-NH> metal organic thin film grown on multiple substrates were tested: alumina,
silicon, silicon dioxide, and gold. Silicon and Gold [15] are to be used for device applications. In
coordination with literature Al,Os [3], the nucleation sites for UIO66-NH> are on metal oxides.

For resistance measurements a 4-point probe method was used to acquire the sheet
resistance of the film, this was performed on insulating substrates to avoid shorting the film. A
parallel plate capacitor method was used measuring capacitance of the grown films. The bottom
electrode being either gold or conductive silicon, sample dependent. The top electrode was gold
sputtered gold, using a mask for deposition, this allowed for uniformity across all samples. Onto

of the gold electrode silver paste was dried so as not to puncture the 100nm gold film.

Results and Discussion

Formation of the target is somewhat of a difficult process, due to sticking to the sintering
dye causing the target to break. The carbonization of the surface and potentially into the target,
this structural change would make the formation of the same material onto the substrate thereby
changing the Material form the MOF to a carbon rich metal oxide structure.

The targets coming from the press were measured to confirm their thickness, volume, and
density. There was some loss from the initial mass to their mass post sintering, this correlation
could not be made due to some loss of powder being lost in the process. Table 1 shows data for
the creation of targets with mass, thickness, volume, and density calculated or measured. Volume
and thickness were measured with a Keyence VR series One-shot 3D. Using an optical 3d
macroscope to map the target was determined to have less error than a caliper measurement due
to the roughness and edges of the target. Mass was measured on a microbalance. Density

calculations are simply a function of mass per unit volume. The density for the UiO-66-NH>



target can be compared to the theoretical density for the MOF to have an idea of the packing
density of the target. With a theoretical density of 1.237 g/cm3 [22] the density of the target is
exceptionally close, a percentage difference of 0.3234%. The modified target has a percent
difference of 0.8407%, with that said it cannot be used for comparison due to the high percentage
of 2-Aminoterephthalic acid. There is the possibility that some of the perceived gain in density
for the target is in fact due to the carbonization of the organic portion of the MOF in the sintering

Process.

Table 1: Target creation for PLD

Target Mass  Thickness(mm) Measured Vol(cm3) Density
UIO66-NH2 0.8057 1.327 0.65355 1.232805
ModifiedUIO66- 0.8335 1.056 0.6795 1.226637
NH2

X-ray powder diffraction was performed with a Bruker D2 Phaser instrument with CuKoa,
radiation (A = 1.5406 A), powder samples were run on zero background silicon substrates.
Powder being dispersed in doubly deionized water then drop cast onto the substrate. The water
was removed by drying on a hotplate at 100°C for 30 minutes. The UiO-66-NH; mixture from
the target was checked such that the stability of the structure was preserved after the sintering
process was completed Figure 2.1 (a). The mixture UIO-66-NH> is a 50% MOF and 50% 2-
Aminoterephthalic acid shown in Figure 2.1 (b). Pristine UIO-66-NH> was grown and matched
very well with literature shown in figure 2.1 (c). This is talked about later in the XPS data as to

why this decision was made. This confirmation held true for all the sintered targets.
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Figure 2.1: Powder X-ray diffraction. (a) UiO-66-NH; scraped from the mixed target, (b) UiO-
66-NH> mixture sintering, (c) pristine UiO-66-NH; as synthesized.

XRD of the thin films proved to be difficult and nearly inconclusive for the grown films
with only the substrate peaks showing through. The amorphous region from about 5-15 deg 2-
Theta shown below in figure 2.2. This shows that this method produces potentially amorphous
film even when grown at the best parameters yet known. Which correlates with other film
growths at lower temperatures generally being amorphous. This is the case for both UiO-66-NH2
films as well as films grown from the mixed target. This proved to be the case for all

temperatures tried for the growth.
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Figure 2.2: Powder X-ray diffraction of an overlayed plot of the MOFs grown with PLD on 3
different substrates.

X-ray Photoelectron Spectroscopy (XPS) was performed with a Thermo Scientific™
Nexsa G2 X-ray photoelectron spectroscopy, to get an understanding of both the composition
and the chemical bonds of the films. Peak shifting compensation was accounted for with the use
of a flood gun, note that the argon bombardment of the film can cause a reduction in the
zirconium oxide, to overcome that the minimum potential was used. Accounting for that a survey
was run followed by subsequent surveys minimizing the shifting as a function of the energys, it
turned out that only 0.1V potential was required for the flood gun to compensate the surface

charge for these films. Powder films were analyzed by drop casting the powder in post sonication
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in water drying it to a silicon wafer to be inserted to the instrument. Figure 2.3 (a) below shows
the XPS survey scan containing the entirety of the range of 1350 to -10 eV for the five scans that
were taken in a 400-micron area with an increment of 200 eV and a resolution of 0.1 eV, these
parameters were used for all survey scans. This scan shows the chemical constituents of the
starting material. It is important to note that the surface of the deposited film was etched away to
remove surface contaminants allowing for a more accurate examination of the material in
question. The pristine scan contains some chlorine and fluorine that was likely a contamination
of the deionized water used to wash and suspend the samples. The information in figure 2.3 (b),
the atomic percentage comes into play greatly as it is the chemical composition of the material

trying to be recreated.
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(b) Name Peak FWHM Area (P) Atomic

BE eV CPS.eV %
Ols 532.17 3.5 1562298.55 32
Zr3d 183.41 4.39 1415950.84 7.29
Cls 285.35 3.05 1036477.64 51.32
Nls 400.09 3.11 164650.17 5.25
CI2p 197.54 7.3 178543.39 3.05
Fls 685.51 3.27 66684.46 1.09

Figure 2.3: XPS of Pristine UiO-66-NH; (a) XPS Survey Scan for Pristine powder grown
hydrothermally, (b) Table containing the atomic composition of the Pristine powder.

Continuing to the high-resolution scans for the XPS spectra of the powder in figure 2.4.
The difference between the high-resolution scan and the survey scan is the spacing change to
0.01eV for the region of interest. The high-resolution scans binding energy directly correlates to
the valence electrons and their occupied state. Figure 2.4 (a) is the Zr 3d scan that contains both
the 3d 5/2 and 3/2 both of which the binding energy match for that of the ZrO> which correlates
to XRD spectra matching for the structure. The Ols scan in figure 2.4 (b) has binding energies
Z1O2, C-0, and C=0 with C-O being the linker between the ZrO; and the carbon structure.
Interestingly the Cls scan in figure 2.4 (c) predominantly C-C or C-H bonds which correspond to
the structure of the organic portion of the MOF. In figure 2.4 (d) the N1s scan shows the amine
functional group that coordinates to the NH> in the MOF, this specific functionalization is for
electronegativity giving advanced properties. Figure 2.4 (e,f) are contaminants shown that are
from the water in the solution and from the salt used in the production of the MOF. In Table 2,

all the high-resolution scans are compiled into a more digestible format. This compilation of the

12



high-resolution data gives an insight to the chemical makeup of the MOF. Deconvolution was
done on all high-resolution scans using the Avantage software provided by Thermo Scientific.

Peak positions for chemical state analysis were done using the NIST database for reference

information.
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Figure 2.4: High-resolution XPS Scans of UiO-66-NH; Pristine powder (a) Zirconium 3d, (b)
Oxygen 1s, (c) Carbon 1s, (d) Nitrogen 1s (e) Fluorine 1s, (f) Chlorine 1s.
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Table 2: High-resolution XPS scans for Pristine UiO-66-NH> tabulated for Figure 2.4 (all)

Name Peak FWHM  Area (P) Atomic
BE eV CPS.eV %

Zr3d (5/2 ZrO2) 182.67 1.77 65369.54 2.72
Zr3d (3/2 ZrO2) 184.91 2.47 94215.27 3.92
CI2p(3/2 Chloride) 196.2 3.36 9218.04 1.27
C12p(1/2 Chloride) 198.36 1.61 3311.94 0.46
CI2p(3/2 Organic 199.9 1.7 3029.46 0.42
Chloride)

CI2p(1/2 Organic 201.35 2.2 2274.04 0.32
Chloride)

Cls (C-C, C-H) 284.93 1.99 82138.94 32.86
Cls (C-OH, C-O0-C) 286.53 1.56 17174.08 6.88
Cls (C=0) 288.74 2.25 27578.16 11.06
Cls (Pi -Pi*) 290.77 1.04 1579.83 0.63
Nl1s (C-NH2) 399.76 2.33 16982.8 4.38
N1s (NH4CI) 401.51 1.73 1883.43 0.49
Ols (ZrO2) 530.32 1.73 47259.44 7.81
Ols (C-0O) 532.04 2.18 131152 21.71
Ols (C=0) 533.75 2.66 25363.13 4.2
F1s (Inorganic Fluorine) 684.9 2.4 4575.5 0.6
F1s (Organic Fluorine) 688.49 3.18 2038.25 0.27

The PLD growth of the MOF was done on the AL>O3, Si, Si0», and gold. The gold was
sputtered onto Al,O3 and SiO> with a thickness of 100nm.Figure 2.5 (a) showing a successful
survey scan of UiO-66-NH2 grown onto Silicon. Referring to the in the carbon percentage is
34% that in comparison to the 51% in Figure 2.3 (b). This differential in the pristine versus the
grown UIO-66-NH2 was the reasoning for the additive to the target. The ratio that the change
would need to be to theoretically accomplish this task is 1.5 times more carbon form the PLD
grown to the pristine. Thus 1.5 times the mass of UiO-66-NH; was used for the mass fraction of
2-Aminoterephthalic Acid, which is the precursor for the pristine MOF. Notice that there is an
equal ratio of nitrogen missing from the structure as well, thus why that chemical structure was

chosen as the additive rather than a simpler carbon structure.
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Figure 2.5: (a)Survey Scan of UiO-66-NH> PLD on silicon substrate, (b) data table for the survey
scan

Figure 2.6 (a-d) shows the high-resolution scans for the PLD grown UiO-66-NH; from
the non-modified target. There is a presence of suboxide in figure 2.6 (a) which shows the Zr3d
scan, this reduction is from the plasma etch that removes surface contamination. The C1s scan in
figure 2.6 (b) proves to be comparable to that of the pristine material. The N1s scan in figure 2.6

(c) shows the presence of the amine group as well as the derivative of it due to the loss in the
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plasma. In figure 2.6 (d) the Ols scan proves to be marginally different from the pristine high-
resolution scan where the ZrO; peak in relation to the C-O is flipped. This is likely due to the

loss of CO and CO; in the PLD plasma as gas pulled out by the turbo molecular pump.
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Figure 2.6: XPS high-resolution scan of UiO-66-NH> PLD film (a)Zr3d scan with deconvolution,
(b) Cls scan with Deconvolution, (¢) N1s scan with deconvolution, (d) Ols scan with
deconvolution.

Table 3 below contains the deconvolution data from figure 2.6 (a-d). These values are
comparable to that of the pristine MOF although there are some inherent differences. The

Oxygen peak has a different ratio, The carbon content of the film is different. Both of those
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differences contribute to the changing atomic percentage of the Zirconium present in the film.

Although this film could have many applications it is not the goal of this work.

Table 3: High-resolution scan UiO-66-NH> deconvolution tabulated.

Name Peak FWHM  Area (P) Atomic
BE eV CPS.eV %
Zr3d (5/2 sub-oxide 179.52 1.11 4077.14 0.11
A)
Zr3d (3/2 sub-oxide  181.07 241 28916.29 0.77
A)
Zr3d (5/2 ZrO2) 182.95 1.57 338078.24 9.02
Zr3d (3/2 ZrO2) 185.33 1.46 211348.67 5.65
Cls (C-C, C-H) 284.87 1.68 99700.13 25.59
Cls (C-OH, C-O-C)  286.57 2.17 28449.24 7.31
Cls (C=0) 288.97 1.74 8439.96 2.17
Cls (Pi -Pi*) 290.44 1.83 3866.1 1
N1s (aniline 396.38 1.95 2675.85 0.44
C6HS5NH2)
N1s (C-NH2) 399.45 2.93 10851.53 1.79
Ols (ZrO2) 530.92 1.55 301416.79 31.98
Ols (C-O) 532.43 1.6 99309.5 10.55
Ols (C=0) 533.36 1.85 34121.21 3.63

Figure 2.7 (a) shows the survey scan of the modified target PLD and tabulated into Figure
2.7 (b). Comparison of this data with the pristine MOF shows that it is more similar compared to
the nonmodified PLD. Having a carbon content of 52% and a Nitrogen content of 3.66%,
compared to the 51% carbon and the 5% nitrogen for the pristine shown in Figure 2.3 (b). The
ratio of the 1.5 times additive to MOF proves to produce a film more closely in composition to

the pristine than that of the PLD from the MOF only.
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Figure 2.7: XPS Survey scan of Modified UiO-66-NHz, Modified with UiO-66-NH; 1.5 times by
mass additive of 2- Aminoterephthalic Acid (a) Survey Scan on Si/SiO> sputter coated with Au,
(b) data table for the survey scan in figure part a

The high-resolution scans of the modified film prove to be exceptional as well. Figure 2.8
(a-d) shows the high-resolution for the film. The Zr3d scan shows predominantly ZrO, which
directly correlates with the pristine structure. There is a suboxide binding energy in the scan as
well, this is due to the argon etch of the film causing a reduction in the oxide creating what is

seen as a suboxide in the spectra. Figure 2.8 (c¢) shows a high concentration of C-NH> bonds
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within the film being much closer to that of the pristine MOF than the nonmodified PLD films.

Figure 2.8 (d) the Ols peaks are precisely what would be expected for the film.
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Figure 2.8: XPS high resolution Scan of modified UiO-66-NH> PLD film (a)Zr3d scan with
deconvolution, (b) Cls scan with Deconvolution, (¢) N1s scan with deconvolution, (d) Ols scan

with deconvolution.

Table 4 contains the deconvoluted data from Figure 2.8. This table shows the

deconvoluted peaks from the modified UIO-66-NH; film. This tabulated data shows the

improvement made when compared to the unmodified data in table 3 showing that it is more like
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that in the pristine MOF represented in table 2. This is a better representation of the suboxide to

oxide ratio as well as the atomic compositions of each bond.

Table 4: XPS high resolution Scan of modified UiO-66-NH; PLD film deconvolution peaks
tabulated.

Name Peak FWHM  Area (P) Atomic
BE eV CPS.eV %
Zr3d5/2 (Sub-oxide 179.38 1.74 9458 0.4
A)
Zr3d3/2 (Sub-oxide 180.64 2.04 26174.45 1.6
A)
Zr3d5/2 (ZrO2) 182.99 2.49 271847.03 11.48
Zr3d3/2 (ZrO2) 185.43 1.98 133783.11 8.21
Cls Scan C 282.55 2.48 13502.95 3.24
Cls (C-C,C-H)) 284.87 2.39 129509.72 31.15
Cls (C-OH, C-0-C)  286.95 2.13 21200.63 5.11
Cls (C=0) 288.78 2.27 9325.76 2.25
Cls Pi-Pi* 290.81 3 3372.37 0.81
N1s (aniline 396.93 3.25 5885.87 0.91
C6HS5NH2)
N1s (C-NH2) 399.33 2.73 10198.71 1.58
N1s (-NH3) 400.85 3.36 3703.92 0.57
Ols (ZrO2) 531.08 2.15 248391.76 24.7
O1s (C-O) 532.29 0.77 2526.26 0.25
Ols (C=0) 532.98 2 77648.69 7.73

Figure 2.9 contains Raman spectroscopy for the PLD grown MOFs, with measurements
performed on the Nexas G2 Surface analysis system. This is an ultra-high vacuum using a
532nm excitation laser. 0.ImW of power was supplied to the laser to not burn the sample. The
collection exposure time was 20 seconds, with a pre-exposure time of 3 seconds. There were 50
sample exposures with no shift and a medium cosmic ray threshold to eliminate anomalies. The

powder film under these conditions fluoresces to a point where the signal is only saturation, even
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with attempts using fluorescence subtraction, baseline subtraction, etc. That same feature can be
seen in the PLD films such that there is a saturation in the signal due to the fluorescence. In
accordance with literature [23] the Raman signals at about 1600 and 1450 are from UIO-66-
NH2. The same literature shows that the signal from the amine group changes the response in a

way that makes the signal difficult to interpret. The COO peaks the two that appear in the spectra

corelates with literature.
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Figure 2.9: Raman spectroscopy for PLD Grown films, (a) UiO-66-NH2 modified film Raman
signal, (b) UiO-66-NH> PLD film Raman.
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Figure 2.10 (a-d) contains Fourier Transform Infrared Spectroscopy performed with a
Thermo Scientific Nicolet iS50 FT-IR; all samples were run using the iS50 ATR. This ATR is
fitted with a diamond crystal on a dual source system, containing the Polaris™ long-life IR
source and a Tungsten-Halogen white light source. 32 scans were taken with a resolution of 4 at
a data spacing of 0.482cm!. Backgrounds scans were taken prior to every sample with the
diamond surface thoroughly cleaned, that background scan was subtracted from the measured
spectrum automatically. PLD samples were grown onto gold as the absorption when grown on
other substrates proved to be an issue, the high reflectance of the gold greatly improved the
signal. Figure 2.10 (a), UiO-66-NH; pristine, matches closely with literature [24,25]. The starting
material structure is critical for the self-assembly of the nucleation and growth process for the
PLD of the MOF. Figure 2.10 (b) contains the spectra for 2-aminoterephthalic acid as to have a
comparison for the additive in the modified PLD target. The UiO-66-NH2 PLD grown shown in
Figure 2.10 (c) to be highly promising that the MOF can survive and nucleate onto a gold
substrate while maintaining the prober structure, which is not shown in XRD. The signal for
Figure 2.10 (c) does not have the highest absorption. This makes sense due to the potentially
porous structure, with little thickness having minimal material to absorb the light emitted by the
instrument. With that said gold was the only substrate proven to have any significant IR
response that wasn’t overshadowed by the substrates, likely true for many metals. Figure 2.10 (d)
proves that the modified target is the more efficient method of getting the desired chemical
structure or bonds from the target to the substrate. Where the absorption for Figure 2.10 (c¢) and
Figure 2.10 (d) are similar in scale there is a clear difference between the peak resolution and

amplitude proving the modified method to be superior.
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Figure 2.10: IR spectroscopy of samples, (a) Pristine UiO-66-NHa, (b) 2-Aminoterephthalic acid,
(c) UiO-66-NHz PLD on Au/SiO», (d) UiO-66-NH> Modified on Au/SiO2
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Film thickness was measured with a LEXT 3-D measuring laser microscope OLS5000
(LSCM). The 20x microscope lens was used to give a long working distance while still
maintaining high performance. A laser source of ImW max power and a wavelength of 400-
420nm. The working distance allows for a large area of the film to be measured in a single scan
without the need for stitching. This methodology has been cross checked with other samples
using cross sectional SEM. A step height method was used to measure thicknesses in table 5,
simply showing the thickness of the film on the substrate. This shows that the method for growth
1s consistent across 2 different runs for both is consistent, with that said there is some inherent
film thickness error in the placement of the substrate in relation to the plume generated by the
ablation of the target. This is due to not having a rotating substrate holder allowing for more
uniform coverage of the substrate. The film grown with the modified target proves to be thicker
when ablated at the same energy density and total shot count. Films were also grown on Al2O3;
but proved to be impossible to interpret due to the extreme surface roughness of the substrate at
+-1 um which would be in the order of 5x the thickness of the film, thus polished Silicon and
silicon with a thermal oxide were used for the substrates.

Table 6 contains LSCM roughness values for PLD grown films. The root mean squared
value (Sq) gives the standard deviation of the heights, effectively giving the value for the surface
roughness itself. For these samples there are many things that contribute to the roughness of the
film. Although the SiO> film would be nearly atomically smooth the sputtered film on top of it
would give roughness as is known for all physical vapor deposition (PVD) methods. PLD being
a PVD method itself is known to have relatively high surface roughness for samples, generally
combated with high substrate temperature increasing mobility of atoms but this approach will not

work for these samples. The nonmodified method would appear to have less roughness than the
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modified method. A likely contributor to this is that the deposition rate is approximately 21%
less, calculated by ratio of film thickness. Slower deposition rates generally produce a smoother
film, this could be solved by increasing the delay between laser pulses. Such a delay was tested

to generate less heat on the target itself causing less carbonization of the target material.

Table 5: LSCM of PLD grown films for thickness in nanometers.

Sample Film
Thickness
(nm)
UIO-66-NH2 100C Si 173
UIO-66-NH2 100C Si02-Au 170
UIO-66-NH2 100C Modified 1 210
UIO-66-NH2 100C Modified 2 225

Table 6: LSCM of PLD grown films for film roughness investigation in nanometers.

Sample Sq Ssk Sku Sp Sv Sz Sa Sdq  Sdr
[nm] [bom]  [nm]  [nm]  [nm] [%]

UIO PLD 17 - 4577 245 475 720 13 0.04 0.08

100C-2 Si 0.099 1

UIO PLD 8 - 2893 356 289 646 6 0.02 0.038

100C-2 Si02- 0.189 8 8

Au

UIO-Modified 12 0.597 9391 507 349 856 9 0.05 0.154

PLD 100C 1 6 7

UIO-Modified 14 0411 46.88 379 426 805 10 0.06 0.204

PLD 100C 2 1 6

A 4-point probe was used to measure resistance with a Keithley 2700 multimeter, using a
4-wire resistance method. UiO-66-NH> grown on silicon measured to 3.4GQ. UiO-66-NH; on

AlO3 measured to 10.1GQ. The modified UiO-66-NH; on SiO; measured the same as if you
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were to measure air showing that it is extremely resistive. This method could only be used on
insulating substrates as conductive substrates would shorten the film and the measurement was
the same as a bare substrate. This resistance being so high suggests that the bandgap of the
grown film is high similar to that of the hydrothermally synthesized MOF.

In Table 7, dielectric measurements were made for PLD grown films to further explore
their electrical properties. Using an Agilent 4294A LCR meter/probe station set up, measuring
Cp-Cd, with a scan range of 100Hz to 10MHz. Selecting 100kHz for the analysis frequency,
which is commonly used. A parallel plate method was used by using a conductive substrate and a
gold top electrode of 1.75mm in diameter, deposited by sputtering gold with a stainless-steel

mask. Using the equation below to calculate the dielectric constant.

e (F) _ Film thickness X Capacitance (2.1)
r ~ Electrode area x Permittivity Constant

m
For MOFs many things can affect the dielectric constant, such as pore size and
distribution, film thickness, and even the MOF selected. The modified film shows the best
dielectric constant of the samples. The UIO-66-NH; on Al>Os-au film thickness was assumed
based on that grown on SiO»-au. Overall samples prove to have lower dielectric constants thus a
lesser ability to hold charge. This could entail a less likely application in energy storage but very
promising for other applications. Having a highly resistive film with a low dielectric constant

suggests that there is internal porosity which would confirm the MOF structure.
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Table 7: Dielectric measurements for PLD grown films.

Measured  Dissipatio  Electrod Electrod Permittivit Dielectri

Capacitanc ~ n Factor e e Area y Constant c
e (F) (D) Diameter  (m?) (F/m) Constant
(m) (F/m)

UIO66-NH2 PLD  4.83E-13 2.87E-03 1.75E-03 2.41E-06 8.85E-12  3.86E-03
Al203-Au
UIO66-NH2 Si 1.07E-10 1.32E+00 1.75E-03 2.41E-06 8.85E-12  8.73E-01
PLD
UIO66-NH2 PLD  5.68E-13 3.80E-02 1.75E-03 2.41E-06 8.85E-12  4.53E-03
SiO2-Au
UIO66-NH2 PLD  5.78E-13 1.55E-02 1.75E-03 2.41E-06 8.85E-12  4.70E-03
Si02-Au 2
UIO66-NH2 PLD  2.14E-10 2.64E-02 1.75E-03 2.41E-06 8.85E-12 2.11E+0
Modified 0
UIO66-NH2 6.03E-13 3.77E-02 1.75E-03 2.41E-06 8.85E-12  6.37E-03
100CModified-2

Conclusion

This research shows a very strong attempt at growing a thin film MOF of UiO-66-NH>
with some exploration into electrical properties. This PLD approach, although difficult, is
promising for future device applications for MOFs. XPS and FTIR analysis prove to have
promising results for the characterization of the film. XRD and Raman done on the films prove
to be difficult methods to analyze the films. Electrical measurements show to be insulating with
little ability to hold charge. Not only does this research show that there is potential for the growth
of a metal organic structure from a previous structure with the unmodified target, but it includes
an improvement on that process with the modified method. With the evaluation of the XPS data
a stoichiometric ratio of the additive structure to giving a more similar film. This similarity was
explored and confirmed by both XPS and IR spectroscopy. IR spectroscopy shows that the

modified method is potentially more like the pristine MOF, which directly correlates with the
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XPS data. Film thickness and roughness was explored with a laser scanning confocal microscope

showing that the modified target produced a thicker film, thus having a greater deposition rate

potentially contributing to the improved electrical properties. The roughness for the modified

samples was more than that of the unmodified. As this is exploratory there is room for a variety

of experiments and tests to be done to improve the film quality and process.
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Chapter 3: Thin film UiO66-NH2 MOF for the Detection of Heavy Metals in Water

Abstract

A thinfilm approach to UiO-66-NH; being used in the phiseoadsorption of heavy metal ions for
detection in water. Pulsed laser deposition method was used to grow MOF thin-films on a gold
working electrode. Working electrodes were manufactured with a titanium adhesion layer and
gold as the electrode. Electrodes analyzed with laser scanning confocal microscope (LSCM),
Fourier transform infared spectroscopy (FTIR) square wave stripping voltometry (SWSV), cylic

voltametry (CV).

Experimental Method

Chapter 2 entails two different approaches for the manufacture of a MOF thin-film, the
modified approach was used as it most closely forms a structure similar to the UiO-66-NH»
which literature shows to have electrochemcial detection of heavy metals, detailed below. Much
of the backgound information for this MOF was covered in chapter 2. Some additional resources
were used for the chemical sensing application of the mof in this work [1-7].

Working electrodes were created on Al>O3 and Si/SiO; with a thermal oxide of 500nm.
Titanium sputtered as an adhesion layer onto both substrates using a mask electrode, film
thickness was checked with ellipsometry where polished silicon was used as a control sample.
Gold was then sputtered onto the same substrates with no adjustments made to the mask. Gold
and titanium were sputtered on a Semicore Sputtering system. The titanium target was from Kurt
J. Lesker and 99.995% purity. The gold target was also ordered from Kurt J. Lesker with a purity

of 99.999%. Titanium sputtered using radio frequency sputtering. A base vacuum of 1.5 x 107
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Torr was achieved, with a deposition pressure of 2.5 x 107 Torr. At a power of 100W and
measured with ellipsometry for the desired thickness. For the deposition of gold, the same base
vacuum was reached. With a deposition pressure of 2.0 x 10 with an ignition pressure of 2.5 x
1072, A power of SOW was used to get the desired 100nm thickness, resistance was checked to
ensure that the film was conductive.

Pulsed laser deposition was done with a substrate temperature of 100°C, in an inert
environment of Argon at a pressure of 0.001 mbar, followed a base vacuum of approximately
1x10°% mbar. These parameters were used for all substrates, as well as both the pristine and
modified targets. A solid state Quantel ND: YAG laser with a 266nm wavelength, thus emitting
photons in the fourth harmonic. A 10Hz repetition rate with a pulse width of 150us and a FL-Q
switch Delay of 140us, giving a 1.2mW pulse with an area of 0.2236 cm?. The substrate was
placed on the substrate holder 30mm from the surface of the target. For this set up the incident
beam is focused on the target with an angle of 60° normal to the surface. 15,000 shots were used
to grow the film with an additional 500 shots to remove any contamination from the surface of
the target. Prior to deposition all substrates were thoroughly cleaned with methanol and
deionized water, with sonication in methanol and rinsing with deionized water.

Ui0O-66-NH2 has been used to detect heavy metals in water. UiO-66-NH2 PANI
composite has been used to achieve a detection of 0.5ugL! of cadmium in water [1].
Developmental work on UiO-66-NH: shows the charge dependent uptake of contaminants [2].
The use of UiO-66-NH, for the adsorption of heavy metals such as Cd**, Cr*", Pb**, and Hg*"
has been shown to have high efficiency in the removal from water [3]. This methodology directly
relates to the approach in using it for detection in this work. Grown electrodes were tested with

cylic voltametry (CV) prior to square wave stripping voltametry (SWSV). A three electrode
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system was used, the fabricated working electrode, a platnium wire counter electrode and a
reference electrode of Ag/AgCl ordered from Base. The reference electrode was in a solution of
3M KCl.

Working solutions were in 0.1M KNO3 and 0.1M Potassium Acetate, both purchased
from sigma aldridch, both with 99% purity. The analyte of choice for this work was lead, in the
form of lead nitrate 99% purity purchased from sigma aldridch. Lead working solutions ranged
from 0.1pgL! to 500ugL! for these solutions a PH of 5 was used, to achieve PH 5 nitric acid
was used in all solutions. SWSV measurements were done two ways, for gold and for PLD MOF
coated electrodes. For the gold, there was an initial voltage of -1 V and a final voltage of 0.1 V.
The step size for scans was 2 mV, with a frequesncy of 25 Hz, and a pulse size of 25 mV. The
electrode area being defined by the 2mm diameter of the sputtered electrode. There was an
accumulation time of 180 seconds and an equilibration time of 30 seconds. The SWSV for the
MOF film was different due to the adsorbitive nature of the film. Films were stirrred in a lead
solution for 24 hours at 500 rmp with a magnetic stirrer. Magnetic stirring for the adsorption
allows for more repeatable results, if solutions are not stirred it is a function of random vibration
within the lab [8]. SWSV of these filims was done with a 30 second accumulation time and a 30
second equilibration time. A Gamry Instruments Interface 1010E was used for all
electrochemical measurements.

CV scans were performed in 1mmol of Fe(CN)g, dissolved from potassium
hexacyanoferrate (II1) 99% purity from sigma aldrich. CV Scans were taken with an initial
voltage of 0V and a limit of 0.5 V with a lower limit of -0.5V, the final voltage was OV. There

was a scan rate of 100mV/s with a step size of SmV. The electrode area was defined by the
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geometry of the sputtered electrode, with electrodes being 2mm in diameter. This method

correlates with reproducable methods proven by literature [9].

Results and Discussion

The titanium adhesion layer was measured with a J.A. Woollam M-2000 Ellipsometer.
Wavlengths from 193 to 1700nm were measured. Measurements taken at four angles from 60 to
75 in increments of five degrees. This measurement shows the film thickness to be 8.86nm
showin in Figure 3.1 (a), this is follows literature which shows a minimum thickness of 2nm
[10]. That same publication goes on to discuss the effect of a thicker titanium adhesion layer on
the polarization fo the film as well as ressonance of the film, which was studied with
ellipsometry. Figure 3.1 (b) is the optical model for fitting the psi and delta curves from the
measurement. Si_ JAW is simply the silicon substrate that is polished cauchy is the distribution
that best fit the data. The MSE shown in figure 3.1 (a) at 7.876 is an acceptable fit, with 1 being
an identical fit. Figure 3.1 (c) is a visual of the fitted curves overlayed with the fit curve. Having
a proper fit in the lower wavelength insures the accuracy of the thickness measurement for ultra-
thin films. Ellipsometry was also done on the pld grown films, innitialy seeming to have a great
success but the cross comparison with another measurement proved that there was an issue. With
an error of 2x on the film thickness and measurements not being able to get a good MSE
suggesting quality fit the antisotropy was used to try the fit, It proved more successful. Without a
deffinite way to determine the antisotropy and its effect on this measurement the data was not

used for MOF film measurements.
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. (b)
(a) Fit Results -[Cayer # 1 = Cauchy Thickness # 1 = 8.86 nm (fit)

MSE = 7.876 A= 2,344 (fit) B = -0.01921 (fit) C =-0.00014304 (fit)
Thickness # 1 = 8.86 = 0.014 nm - Urbach Absorption Parameters
A =2.344 = 0.006774 k Amplitude = 0.72626 (fit) Exponent = 0.00775 (fit)

Band Edge = 400.0 nm
Substrate = Si_JAW

B=-0.01921 =0.001579

C =-0.00014304 + 5.7848E-05

k Amplitude = 0.72626 = 0.003254
Exponent = 0.00775 £ 0.002138
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Figure 3.1: Film thickness measurement of Ti adhesion layer using ellipsometry, (a) being the fit
results, (b) is the optical model used to fit the scan data, (c) contains the scan data and the fitted
curve for both Psi and Delta.

Laser scanning confocal microscopy (LSCM) was used to analyze both sputtered gold
films as well as Ui0O-66-NH2 PLD film on the electrode. Using a LEXT 3-D measuring laser
microscope OLS5000 (LSCM). Fitted with a 20x microscope lens was used to give a long
working distance while still maintaining high performance. A laser source of ImW max power
and a wavelength of 405nm. Table 8 shows A film thickness of 114nm on SiO> but 1817nm on
AL Os, this is entirely due to the extreme roughness on the alumina surface. High surface
roughness is a positive for electrochemical applications but at the expense of measurability of the
film. When accounting for the approximate 114 is within error for the measurement having a

goal of 100nm thickness of gold, is 109 with the adhesion layer added.
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Table 8: LSCM Measurements for film thickness and surface roughness, containing data for both
sputtered electrodes and PLD grown film on the electrode.

Sample Sq Ssk Sku Sp Sv Sz Sa  Sdq Sdr Film

[nm] [nm] [nm] [nm] [nm [%] Thickne
] ss (nm)

Au electrode 72 - 5725 765 1263 2028 52 37 0.092 114

Si02 3 0.953

Auelectrode 1243 - 6371 1304 1314 2618 920 114 52.74 1817

Al203 0.289 0 5 5 9 7

Au electrode 58 2324 882.85 2662 1134 3796 28 56 0.15 446

Si02 3 3

Modified

UIO66-NH2

PLD

Au electrode 20 - 21291 465 832 1297 14 36 0.08 502

Si02 4.653 1

Modified

UIO66-NH2

PLD S2

Figure 3.2 (a) shows the Ti/Au working electrode deposited onto a Si/SiO» substrate.
Figure 3.2 (b) shows the deposition of the same working electrode mask onto Al,O3 substrate.
Substrates were then cut with a LPKF ProtoLaser S4 into individual devices, using a 532nm laser
with percise cutting. Electrodes have to be cut into devices prior to the film deposition due to the
differences in the coverage are of the two PVD systems. Figure 3.2 (c), a kapton mask was used
to protect the electrode. Kapton tape and kapton substrate were both attempted, with kapton
substrate proving to be a more robust method. This does come price in the shadow effect of the
thicker film, effectively giving a lower thickness off of the ti/au electrode than on. Masks were
oversized to insure full coverage of the electrode. Figure 3.2 (d) Shows a coplete electrode with

the PLD grown UiO-66-NH; film. Kapton tape was used to form an insulating barrior overe the
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ti/au electrode to not short the film. Copper tape was added to the connection point of the

electrode due to the clipping rubbing away the 100nm ti/au film.

Figure 3.2: Created Working electrodes at various stages in the manufacturing process, on both
silicone dioxide and alumina, (a) Sputtered gold electrodes on SiO», (b) Sputtered gold
electrodes on Al>Os, (¢) Masked working electrodes for PLD of UiO-66-NH> film, (d) final
prepped film for the use as an electrochemical sensor.

LSCM imaging of the physical vapor deposited electrode shown in figure 3.3. Figure 3.3
(a,b) show visual images of the height of the film. Figure 3.3 (b) is the scan of the film shown as

height of the film. Figure 3.3 (c) shows the profile across the electrode. The PLD film was done
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such that the area of the pld was larger than the gold as to not short the MOF film. This would
ensure an honest test of the PLD UiO-66-NHb> raher than the gold. That is also the reason that
gold was chosen as the electrochemical potential of gold to lead is different than that of carbon to

lead that UiO-66-NH> would show.

Height profile

836,953 pm

Figure 3.3 LSCM of the PLD UiO-66-NH; film on the Au electrode on SiO; substrate, (a) A
black and white image of the scanned electrode. (b) a height scan of the film, (c) Profile in a line
of the scanned electrode

The PLD grown UiO-66-NH; film was confirmed with IR spectroscopy. Fourier
Transform Infrared Spectroscopy (FTIR) was performed with a Thermo Scientific Nicolet iS50
FT-IR; run using the iS50 ATR. This ATR is fitted with a diamond crystal on a dual source
system, containing the PolarisTM long-life IR source and a Tungsten-Halogen white light

source. 32 scans were taken with a resolution of 4 at a data spacing of 0.482cm-1. Backgrounds
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scans were taken prior to every sample with the diamond surface thoroughly cleaned,
background scans were automatically subtracted after the sample measurement. Figure 3.4 shows
the IR spectroscopy of the UiO-66-NH> PLD grown on the gold working electrode. This matches
closely with the Modified UiO-66-NH from chapter 2, Figure 2.10. Also in that same figure

there is the pristine and the additive, this data is in line with those as well.
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Figure 3.4: IR spectroscopy of UiO-66-NH> on the sputtered gold working electrode, the
substrate for this sample was SiO».

Cyclic voltammetry is a technique used to show the oxidation and reduction reaction of
an electrode. [Fe(CN)s]*"* is commonly used to study electrodes in their development due to its
nearly reversible redox reaction [10]. Figure 3.5 (a) shows 6 consecutive CV scans of Fe(CN)g

using the Ti/Au electrode on the alumina substrate. These scanns are supported by what you
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would expect according to literature [10]. Figure 3.5 (b) shows the Ti/Au electrode on Si/Si0O»
measured with 5 CV scans in the Fe(CN)s solution. These scans show that there is an issue with
this configuration, and many attempts were made to accoplish this. The comparison between
these two scans shows why alumina was choosen as the electrochemical substrate of choice for
this work. Figure 3.5 (¢) show 5 consecutive CV scans of the buffer solution, 0.1M KNO3 and
0.1M Potassium Acetate at a PH of 5 which was achieved with addition of nitric acid. Figure 3.5
(d) shows 6 consecutive CV scans of the PLD deposited UiO-66-NH; on the Ti/Au working
electrode with a Al,O3 substrate. These scans show a change in the direction of the bare
electrode, which would suggest a delamination of the electrode or an exceptional film has been
produced. It would turn out that upon further examination the film delaminates from the gold due
to lack of adhesion. Literature shows that there are resuable approachs to the extraction and
remediation for the removal of gold from water using UiO-66-NH: [11-13]. This would suggest
that the adhesion mechanisms for the MOF to gold are such that it is not strongly bound, which
makes perfect sense. In the case of gold that is common for the adhesion of most compounds to
the surface, therefore the film is likely delaminating from the surface of the gold. Producing
scans that would seem to be similar to the gold, because they are from the underlying gold
electrode shorting the MOF film through holes in the film and delamination points. The only way
to overcome this would be with the change of the electrode. With that being said this does show
a possibility of the film being used for gold remediation in solutions as it accumulates due to the

electronegativity of the film rathat than the electrochemical potential applied.
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Figure 3.5: Cyclic Voltammetry scans of various electrodes in Fe(CN)s and buffer, (a) CV scan
of Ti/Au bare electrode on Al,O3 in Fe(CN)g, (b) CV scan of Ti/Au bare electrode on SiO> in
Fe(CN)g, (c) CV scan of Ti/Au electrode on Al,Os in Buffer solution, (d) CV scan of Ti/Au
electrode on Al,O3 with a UiO-66-NH> PLD coating.
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Figure 3.6 (a) shows a series of measurements taken at their respective concentrations.
The range of concentrations was such that 0.1 pg/L to 500 ug/L. Gold in this case shows no
detection below 10 pg/L. Figure 3.6 (b) contains a more complex approach with the use of a 24
hour soaking period in the solution containing the analyte of choice, with magnetic stirring for
the entiriety of the adsorption soak period. Then there is a short accumulation period followed by
the stripping of the analyte. This figure shows the failure of the electrode design with the
detection of lead at the electro chemical potential for gold to lead rather than carbon to lead. This
correlates directly with what is seen in the CV scan. Figure 3.6 (c) are plots of control Ti/Au
electrodes placed into the solution with the UiO-66-NH; PLD samples proving that there was no

adsorption to the surface of the gold.
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Figure 3.6: Square-wave anodic stripping voltammetry plots, (a) Ti/Au bare electrode tested for
Pb?* detection, (b) PLD grown MOF on the Ti/Au working electrode tested for Pb**, (c) Ti/Au
tested with the same method as the MOF device.
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Conclusion

Ti/Au is known to be an electrochemically stable elctrode in a wide variety of solutions,

thus why it was chosen for this research. Sputtering of the electrode and its strong adhesion to

the alumina substrate with the adiquite thickness of the titanium adhesion layer prove the process

successful. Fourier transform infared spectroscopy done on the PLD film grown gives high

confidence in the approach to a high quality thin film device development. Film thickness was

analyzed with a laser scanning confocal microscope confirming that there was the desired

thickness to the working electrode. The film thickness of the PLD grown film was also measured

to insure full coverage of the electrode. Both cylic voltammetry and square-wave anodic

stripping voltammetry were taken. The Ti/Au electrode matched properly with literature for both

the CV and the SWSYV scans. There was a mistake in not taking into account that there could be

delamination of the PLD grown MOF, UiO-66-NH2, as there are resources suggesting this could

be the case.
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Chapter 4: Summary

UiO-66-NHa thin films were successfully grown on various substrates and characterized
for confirmation. XPS and FTIR showed promising results as to the chemical state and
composition of the grown films. With the use of PLD in an inert environment at 100C the best
film was able to be created. Electrical measurements prove that the film is insulating with
dielectric measurements suggesting that the film has some porosity or saffolding structure, that
would give it the framework desired. With the use of XPS and FTIR data a correlation was made
to improve the film, the development of the modified method. This created a film that more
closely matched that of the prisine UiO-66-NH,. Development of an application was done, an
electrochemical sensor for heavy metals in water. A Ti/Au working electrode was sputtered on
an alumina substrate, SiO: failed, followed by the PLD MOF. The working electrode was a
thickness of 114nm with a titanium adhesion layer of approximately 9 nm measured with
ellipsometry, and the overall thickness measured with LSCM. The sensor itself was also
analysed using LSCM for thickness. The sensor was tested for CV and SWSV and showed to
delaminate, thus making the test invalid. Future work would include a change in working

electrode to one that would have better adhesion.
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