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ABSTRACT

Transport Enhancement of Rate-Limited Chemical Reactions via Pt-Decorated,
Carbon Nanotube Microarray Membranes

Kevin M. Marr
Department of Mechanical Engineering, BYU
Master of Science

Rate limited chemical reactions can be enhanced by improving the mass transport of the
suspended analyte to the catalytic (or electrocatalytic) surface. While many attempts have been
made to enhance this mass transport, these approaches are limited to utilizing only two
enhancement methods — increasing available catalytic surface area, and increasing the flow of
analyte in solution. Flow through high aspect ratio microstructures, however, would provide
additional mass transport enhancement via boundary layer confinement. Platinum functionalized
carbon nanotube microarray membranes (Pt-CNT-MMs) offer enhanced mass transport via all
three methods, and were fabricated for demonstration in a H2O2 sample system, for which
propulsion and chemical sensing applications were investigated.

Propulsion testing of Pt-CNT-MM samples demonstrated thrust typically required for
MUV propulsion, while achieving high H20: fuel utilization. Also, the proposed approach
minimizes component exposure to the environment and is comprised of a simple, static
architecture relative to other micro-propulsion systems. Moreover, it was shown that additional
thrust is attainable by further enhancing the introductory rate of the H2O2 fuel to the Pt-CNT-MMs,
which would effectively increase the locomotive capability of this propulsion system.

Pt-CNT-MMs used for chemical sensing of H20: likewise demonstrated favorable
performance. Initial studies revealed that the molar flux achieved for a Pt-CNT-MM sample in a
through-flow environment (50 [uL s']) was approximately a ten-fold increase over that achieved
in a stirred environment (150 [rpm]). This ten-fold increase in molar flux can be attributed to both
an increase in exposed electrocatalytic surface area, as well as increase in boundary layer
confinement. Furthermore, comparison of sensed molar flux to calculated molar flux for through-
flow conditions revealed that Pt-CNT-MMs can achieve near-complete H202 oxidation within the
flowrate range studied. Additionally, chronoamperometric testing of a Pt-CNT-MM sample
demonstrated a sensitivity toward H202 of 9.18 [mA mM™!' cm™], over one hundred times that of
the GluOx/Pt-SWCNT/PAA structures referenced herein (0.0724 [mA mM™! cm™]).!

These findings suggest that mass transport enhancement, achieved by Pt-CNT-MMs
applied in through-flow environments, heightens the performance achieved in rate-limited
chemical reactions. Specifically, Pt-CNT-MMs demonstrate high fuel utilization in H202 based
propulsion applications, as well as offer a highly sensitive preliminary structures for non-invasive
glucose sensing.

Keywords: carbon nanotube, hydrogen peroxide, platinum, nanoparticle, microchannel



ACKNOWLEDGEMENTS

Looking back on all of the research and work that has been accomplished, and is addressed
in this thesis, I recognize how very much of this would not even be imaginable without the help,
support, and mentoring of so many individuals. I address them here, acknowledging their critical
roles in this work.

First and foremost is Dr Brian Iverson — his mentoring has helped shape me into a
self-motivated and capable researcher. I also here acknowledge Dr. Brian Jensen and Richard
Watt for their support and encouragement throughout my studies. Also, I would like to
gratefully acknowledge Jonathan Claussen for introducing me to much of the processes and
testing used within this work. Also, I wanted to thank Trevor Smith for providing so much
help with our electrochemistry studies.

Our collaborators, including individuals from NRL and Iowa State University, have also
provided invaluable support in our propulsion-related studies. These individuals include Jonathan
Claussen, Eric Mootz, Jason Geder, Bolin Chen, Marius Pruessner, and Brian Melde.

Others here at BYU have provided help and assistance in a number of ways. I would
like to thank Dr. Richard Vanfleet for help with TEM characterization as well as his insight
shared at our weekly CNT meetings. Also, I would like to thank Nick Hawkins for his help in
machining of our through-flow Teflon flow cell, as well as Kevin Cole for access to
instrumentation. Thanks to Mike Standing for his training me to use the SEM facilities.
Friends, including Jason Lund, Lawrence Barrett, and John Stout, have also helped in
teaching me a variety of topics including CNT growth and microfabrication.

Of particular note are Carson Storey and Ben Brownlee. They have both worked very

diligently alongside me throughout much of this work. In particular, Carson provided invaluable



work in fabricating our new lithography masks, documenting said work, and machining our
deposition Teflon flow cell. Ben also has spent many hours learning electrochemistry, coding the
associated software (MATLAB) and performing tests, which are presented herein. Thank you to
you both.

I would also like to give special thanks to my wonderful wife Kaytlyn, who has always
given me the patient support and kindness I needed to accomplish all that I have. Thank you for
being interested in my work, and investing in me. I love you Kaytlyn.

Lastly, and above all, I recognize the Lord’s hand through it all. For truly, “all things denote

there is a God; yea, even the earth, and things that are upon the face of it” (Alma 30:44).



TABLE OF CONTENTS

LIST OF TABLES ...uuouiitiitiiintinnineissecssisesssecssissssssessssssssssesssssssssssssssssssssesssssssssssssssssssssassae ix
LIST OF FIGURES ....uucotiiiiiiuinensinsaissensessscssessssssisssssssssssssssssssssssssssssssasssssssssssssssssssssassssssss X
Chapter 1. INErodUCHION..cucieiieisticeesenstecsenssenssneseessesssessasssessssssaessesssssssessessssssasssassssssasssassasans 1
1.1 Conventional Methods for Enhancing ‘Rate-Limited’ Chemical Reactions.................. 1
1.2 Enhancement of ‘Rate-Limited’ Reactions via Boundary Layer Confinement.............. 3
1.3 THESIS ODJECHIVES ....eeeuiieiieeiiieiie ettt ettt ettt e et e e bt e e eaeebeesaaeenseessseenseesnsaans 5
1.4 Thesis ACCOMPIISAMENTS ......ooouiiiiiiiiiiiie e 6
1.4.1 Synthesized Fabrication Scheme for Microarray Membrane .........c...coceveeveereennennne. 6
1.4.2 Fabricated and Characterized Pt-CNT-MMS .......ccccccoiiiiiiniiiiienieeeceeeeeee 6
1.4.3 Demonstrated Mass Transport Enhancement in H2O2 Sample System...................... 7

1.5 Thesis CONITDULIONS ....cc.ueiiuiieiieiiieite ettt ettt et e st esiteebeesaeeens 7
Chapter 2.  Synthesized Fabrication SCheme .........coucievveicivriiscnricssnnisssencssnrcssnsrcssssscssssecssnses 9
2.1 INEOAUCTION. ...ttt st ettt e bt e st ebeesaeeens 9
2.2 Microarray Membrane Fabrication Scheme ............ccccoooveeiiiiiiiiiiiniecicieceeee 10
2.3 Catalytic Functionalization SCheme ...........cooouiiiiiiiiiiiiiiiiceeee e 12
Chapter 3.  Fabrication and Characterization of Pt-CNT-MMS.......ccccccervercrsnrcscnercssnsccnns 17
3.1 Fabrication Of Pt-CNT-MMS ......cccooiiiiiiiiiiiee e 17
3.1.1 CNT-M Background and Selected Microchannel Geometries ..........cc.coeeevveeuennnene 17
3.1.2  Methods: CNT-MM Fabrication............cccceeuieiiiiiiiiiiiieeiesie e 19
3.1.3 Methods: Integration of Pt Urchin Catalyst (Pt-CNT-MM) .......cccccecuveriervrieniiennnnns 20

3.2 Characterization of CNT-MM and Pt-CNT-MM Samples.........cccccevuiiiieniiinenneennen. 22
3.2.1  Surface Area ANALYSIS......cccuieriieiiiieiiieeiieite et eite ettt e ete et e sre et e sbeebeesaeesaeeaaeens 22
3.2.2 HydrophobicCity Of Pt-CNT-MMS .....ccccciiiiiiieiiieiieeiee et 24



3.2.3  SEM IMAZING ....oooiiiiiiiiieeie ettt ettt et ete et et eeteesateebeessaeeseesnseenseessseensaesnsaens 25

32,4 TEM IMAZING.....oiiiiiiiiiiiieiiie ettt eeiteeeite et e et e et eeestaeessaeeesseesssaeesnsaeessseeesnseeennses 29

33 CONCIUSIONS ...ttt ettt ettt ettt et e bt et ebtesbe et e sate s bt e nbeeaaesbeenee 30
Chapter 4. Underwater Propulsion via H;O; Decomposition ...........cceevercvueiseecsnecsercnnnne 33
4.1 INEEOAUCTION. ...ttt sttt st sttt e be e 33
4.2 Results and DISCUSSION ...c.ueiruiiiiiiiiiiiiieiie ettt ettt ettt e st e s e saeeens 35
4.2.1 Hydrogen Peroxide DeCOMPOSIION .....c..eeruiieiiieriieeiieeieeiieeieeiee et eeeeeeree e eeees 35
4.2.2 MUYV Platform and Propulsion TesSting ..........cccceevriiieriiiiiiiiieeiie e 40

4.3 CONCIUSIONS ...ttt ettt ettt ettt st e bt et eb e sb et e sate s bt ebeeanesbeenee 44
Chapter 5. H20: Sensing for Glucose Detection Applications ..........ccceevvercvueisercsnecsercnnnne 47
5.1 INETOAUCTION. ...ttt sttt sttt sttt e sae e 47
5.2 Results and DISCUSSION .....cc..eiiuiiiiiiiiiiiieiie ettt st s 52
5.2.1 Electroactive Surface Area (Cyclic Voltammetry) .........cceceeveieenieniiienieniecieeiens 52
5.2.2  ChronOampPerOMEIIY .......ccccueeeriieerieeerieeesteeesteeesreeessseesssseesssseesssseesseeessseeessseesnsses 56
5.2.3 Mass Transport Enhancement in Static and Stirred Environments ..............cccc...... 59
5.2.4 Mass Transport Enhancement in Through-Flow Environments...............ccccceuveeenee.. 66

53 CONCIUSIONS ...ttt ettt ettt ettt s at e bt et ebtesa e et saae s bt enbeeanesaeenee 73
Chapter 6.  Conclusions and Future Work..........ieieeninnennnenennensnecsecsenssesssessesssessaenes 77
6.1 CONCIUSIONS ..ttt ettt ettt ettt ettt e at e bt et e eb e sb e et satesbeenbeesnesbeenee 77
6.2 TRheSIS SUMMATY ....oiiiiiiiiiiieee ettt st 79
0.3 FULUIE WOTK ...ttt sttt et st nbe e 80
REFERENCES......uucoiiitiniiniiniciisaecssissssssisssissssssessssssssssesssssssssssssssssasssssssssssssssssssssssssssssssans 83
Appendix A. CNT-MM Design Material .......ccccveeecsiisnnrccssssnniccsssnsecssssssesssssssssssssssssssssssssess 91
A.1 Mask Design Tutorial (KLayout)........ccocueeeiuiieiiiiieeiieeciieeiee et 91
A2 MaSK DIAWINES .....ooiuiieiiieiieeiieeiie ettt ettt et ettt esate et e e taeeteesabeesbeessseensaesnseenseennns 100

Vi



Appendix B: Standard Processes and Equipment Procedures..........ccocceeiccsccnerccscsnnreccsnnns 103

B.1  Wafer Solvent ClEan ..........oouiiiiiiiiiiiiiie ettt 103
B.2 Laser Cut using Epilog Legend 36EXT (120 Watt; 36” X 24”) c.eevvivieveenenieneeniennne 103
B.3 Oxygen (O2) Plasma Etch using Anelva Reactive lon Etcher (RIE) DEM-451 ............ 104
B.4 Dice Samples using Disco DAD-320 Dicing SaW .........cccceeviieriieniienieeniieeieeieeeee e 106
B.5 Film Deposition using Denton Vacuum Integrity 20 E-Beam Evaporator.................... 107
B.6 Hexamethyldisilazane (HMDS) Spin Coating.........cccccceevveeriieniieniienieeiieeieeiee e 109
B.7 AZ 2020 (or AZ 3330) SPin COAtING ......eeeeuiieeiieeeiieeeieeesieeesiteeeireeeereeeaeeesseeesaeeens 110
B.8 AZ 2020 DeVEIOPMENL ......eiiuiieiiiiiieiieeiieiee ettt iteste et et esteessbeeseesaaeenseassneeneeas 110
B.9 Photoresist Exposure with 4” MA 150 CC Karl Suss Mask Aligner/Bonder................ 111
B.10 CNT Growth using Lindberg/Blue M Tube Furnace............ccccoeveerciienieniieniecieene. 112
B.11 Iron Deposition using Thermal Evaporator.............ccccccveeveiiierieeiiiieeiee e 114
B.12 Fabrication of CNT-MM ........ccccooiiiiiiiiiiniieieeiesieee ettt st 116
B.13 Static Pt Deposition onto CNT-MM .........ccccoiiiiiiiiiiiiiieeciie e 116
Appendix C: Supplementary Characterization Material ..........coocvuerecevcnniicsivnrrccsssnnreccsnnns 119
C.1 Nitrogen Gas AdSorption TeStING .......cc.eeecvieeiiieeiieeeiieeeiieerieeertee e erreeeereeevee e 119
Appendix D: Supplementary Information (PropulSion) ..........ccceeeveercccccnnrccsssnnnrcsssnssecssnnns 121
D.1  Activation ENergy TeStING .......cccueeeiiiieiiieeiieecieeeiteeeteeesreeesiveeetveeetaeeeaaeesneeesaneees 121
D.2 MUYV Fabrication and TeStING .........cccuerruieriieriieiieiie ettt ettt eiee et sae e sae e 122
Appendix E: Supplementary Information (Sensing)......cccocceeveecseeesecssnensunnssncssencsssecssesssncese 125
E. 1 Cyclic VOItAMMELTY ......ooiiiiiiiieiieeiieeieeeee ettt ettt et ettt saaeenbeasnneeneees 125
E.2 Amperometric Measurement of H2O2 Samples........coooeeriiiiiiniiiiiiniiiieniceceieeee, 126
E.2.1 Prepare the Buffer SOIUtion ..........c.cooiiiiiiiiiiiiiiiececee e 126
E.2.2 Prepare the SampPle ........c.oooviiiiiiiiiiie et 126
E.2.3 Prepare the Electrochemical Cell ...........ccccoiiiiiiiiiiiiiniiiiiiecceeee e 127

vii



E.2.4 Visualizing the Current in the Cell...........cccooviiiiiiiiiiiiee e 129

E.2.5 Running the EXperiment..........cccceeerviiieiiiiiiiieeiiiecite ettt 129
E.2.6 CLean UP ...eoiiiiiiiieiiecee ettt ettt ettt ettt esate e b e s e enseeesbeenbeenene 130
E.2.7 Pictures of the Potentiostat SEtUP ......ceevvieiiiieeiiieeiie ettt 131

viii



LIST OF TABLES

Table 1: Comparative BET surface area values...........cccccuvveeiiieiiiiiiiiecieeceeeeee e 23
Table 2: Average H202 decomposition kinetics for the Pt-CNT-MMSs. .......ccccocveverieneennens 40
Table 3: Comparative thrust ValUES. .........ccccovuiiiiiiiiiiiieecie e 44

X



Figure 1-1:
Figure 1-2:
Figure 2-1:
Figure 2-2:
Figure 3-1:
Figure 3-2:
Figure 3-3:
Figure 3-4:
Figure 3-5:
Figure 3-6:
Figure 4-1:
Figure 4-2:
Figure 4-3:
Figure 4-4:
Figure 5-1:
Figure 5-2:
Figure 5-3:
Figure 5-4:
Figure 5-5:
Figure 5-6:
Figure 5-7:
Figure 5-8:

Figure 5-9:

LIST OF FIGURES

High surface area microstructures for catalyst SUPPOTt.......c.ccevveeervieriieenneeennee. 3
Microarray membrane StIUCLUIE.........ccueevieruieeiiieniieeieeniieeteesieeeveeseeseneenseesneeens 5
Example high-aspect ratio miCTOSIIUCIUIES........ueeevvieeriieeiiee e 11
Various Pt nanoparticle morphology and coverage.........cceccvevveeieenvencirenieennee. 14
Multi-step fabrication process for a CNT-MM..........cccccvveviiiiiiieniieeeie e 18
CNT-MM orientation dependent Pt depoSition ..........cccceceeveevierienieeiienienennene 22
Images of ultrapure water droplet(s) on a CNT-MM.........cccceeevvrerciiinciieenieenne, 25
Sample SEM images of fabricated Pt-CNT-MMS ........cccccoeviiniininieneeiennene. 27
SEM Pt penetration analysis ........ccceeeeueeerieeeniieeiieeeeieeeieeeereeesveeesveeesveeeenneas 28
TEM images of Pt-CNT-MM sample. .........cccccceeriieiieniieiienieeieeie e 29
Envisioned propulsion of MUV via Pt-CNT-MMS ........ccccccevvviiiriiieeiieeeree e, 34
Effective activation energy data for CNT-MM and Pt-CNT-MM samples........ 39
Test submersible assembly and water tank SEtup.........cccceeevveeecieiecieenciieerieeene 41
Thrust measurement plots for H2O2 decomposition-driven propulsion.............. 42

[lustrations and accompanying SEM 1Mages.........c.ccecveereiieeeiieeenciieeniee e 49

CV characterization of an Oz etched CNT-MM sample.........cccccceerieeiinncnnn. 55

CUITENE-TIME PLOL...iiiiieiieiiieiie et ettt et s be et esabe e e snneenseens 57

Three electrode cell used for chronoamperometric testing of Pt-CNT-MM ......60
Example chronoamperometric sensing of H2O2 (114 [uM]) in 35 [mL]............ 61
Chronoamperometric sensing of 114 [uM] H202 in 35 [mL] Tris buffer........... 62
Molar (a) introduction rate and (b) fIuX..........cccceeviiiiiiiiiecieceecee e, 63

Molar (a) introduction rate and (b) flux for Pt-CNT-MM samples.................... 64



Figure 5-10: Teflon flow cell configuration .............cccceeveriinieniiiiniiieceeeeeeee e 66

Figure 5-11: Through-flow chronoamperometric SEtUP .........ccceeeeveererieenciieeniieeriee e, 67
Figure 5-12: Example chronoamperometric sensing of 114 [uM] H20:2 (in Tris buffer)......68
Figure 5-13: Chronoamperometric test using 114 [uM] H202 (in Tris buffer) ..................... 69
Figure 5-14: Chronoamperometric sensing of 114 [uM] H202 (in Tris buffer)..................... 70
Figure 5-15: Comparison of calculated versus sensed molar fluX..........c.ccceeveveevcerinieeennen. 71
Figure 5-16: Chronoamperometric sensing of H202 (114 [uM]; in Tris buffer). .................. 73
Figure A-1: Circle tab Cell .....ccuiiiiiiiiiiccieee et e 95
Figure A-2: Aligning cell to (0,0) 10CatION. .....c.eeruieriieriieiiieieeie e 96
Figure A-3: Separating cell geometries onto different layers..........ccocceeeecviencieenieeenieeenen. 96
Figure A-4: Boolean subtraction to remove shaded “Outline” geometry.............ccceeuvennnnnn. 97
Figure A-5: Completed subtraction displays alternating shaded and blank space................. 97
Figure A-6: Box polygon creation in preparation for cell border. ..........c.cccocveveniniinennenne. 98
Figure A-7: Boxes have been subtracted from each other and the background. ................... 98
Figure A-8: Completed cell with all layers merged. ..........ccoooveriieniiiniiiinieiiieieeeeeee, 99
Figure A-9: Piece of photoresist on the mask...........ccccveeeiiiiiiiiiiiiiiiieeeee e, 99
Figure A-10: Diamond pattern; Hydraulic diameter is 4.0 [Ltm]........ccccevvienierenieneeniennene. 100
Figure A-11: Small circle pattern; Hydraulic diameter is 4.0 [m]......cccoevveevcrieencieeenieeennnen. 100
Figure A-12: Large circle pattern; Hydraulic diameter is 16.1 [ptm]......cccccocveiiniinienennenne. 101
Figure A-13: CNT-MM tab Pattern .......cccccuieeriieeiiieeiieeeiieeeieeeeieeeereeeereeesaeeesereeesnseeeneneas 101
Figure C-1: N2 adsorption 1SOtherms.........cc.eeviiiriieiiieiiecieeie et 120
Figure D-1: Experimental apparatus..........cccceecueeerieeeiiieeiieeeieeeeieeesreeesreeesveeesveeeseseeeneneas 122
Figure E-1: CV characterization of CNT-MM and Pt-CNT-MM samples........c..ccccoevuerunenne. 125
Figure E-2: Sample being degassed. ........cccvieriiieiiieeiiieeieeeieeeee et 131
Figure E-3: Potentiostat front panel (‘on’ POSItiON).........cccueeruieriieriieniiieniieeie e 131

xi



Figure E-4: Electrochemical cell (blue color from methyl viologen run). ............cccccuvenneeen. 132

xii



CHAPTER 1. INTRODUCTION

1.1 Conventional Methods for Enhancing ‘Rate-Limited’ Chemical Reactions

Chemical reactions involving catalytic structures or surfaces are commonly rate-limited,
by nature. Rate limiting reactions are present when the rate of reaction at a catalytic surface does
not match the rate of molecule (analyte) introduction fo that surface. In many cases, it is the
catalytic reaction rate that exceeds the analyte introduction rate. In other words, the overall
chemical reaction is inhibited by the introduction rate of fresh analyte to the catalytic surface.

Many attempts have been made to enhance the introduction rate of analyte to a catalytic
surface for the purpose of improving chemical reactions or processes. Methods for the
improvement of analyte introduction rates are apparent in the governing equation for mass

transport,

N, = f_lmAs(CA,s - CA,OO) (D

where N, is the molar transfer rate [mol s''], h,,, is the mass transport coefficient [m s™'], A, is the
surface area [m?] and the term in parenthesis is the molar concentration difference between the
surface and far from the surface [mol m~]. For a fixed concentration difference, enhancement of
the introduction rate N, can be achieved by increasing h,, (often by increasing the flow rate of
analyte in solution), or by increasing the available catalytic surface area, A;.

Enhancement of the analyte introduction rate is often achieved by simply increasing the

flow rate of the analyte in solution. This can be achieved by increasing the concentration of analyte



in solution for given flow rate or increasing the flow rate directly. As the motion of the analyte is
promoted by sonication, stirring, mixing, or other means, the probability of a given analyte to
encounter a catalytic surface increases. For this reason, several recent studies have investigated
catalytic structures, which move through the analyte solution,?” thus increasing the apparent
analyte flow and enhancing its introduction rate.

Enhancement of the analyte introduction rate can also be achieved by simply increasing
the available catalytic surface area. For most applications, however, there is an upper limit to how
large a catalytic surface can be, without becoming cumbersome or impractical. Microfabricated
sensors have become ubiquitous and minimize the catalyst’s spatial footprint; much research has
been devoted to the fabrication of high surface area microstructures in order to maximize surface

area for small sensor volumes. Microstructures such as three-dimensional graphene,®!°

11-13 14-16

magnesium oxide, '~ and zeolites, *° all possess considerable surface area and can either be used
as a catalyst for a given chemical reaction or, if necessary, be appropriately functionalized with
catalytic material (Figure 1-1). Use of these high surface area microstructures for catalytic-based
applications promote intimate contact between a given analyte and its associated catalytic surface,
while minimizing the structure’s spatial footprint.

Many alternative high surface area microstructures appear as 2-D surfaces with some
extension of the surface topography into the chemical flow field. Alternatively, high-aspect ratio
microstructures (pillars, channels, efc.) allow for large exposure of surface area to chemical
volume which facilitates enhanced mass transport much in the same way as fins enhance heat
transfer.!”!® The utility of enhanced surface area structures in the literature have been shown to

outperform related planar geometries.'*2°
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Figure 1-1: High surface area microstructures for catalyst support including (a) three-
dimensional graphene,® (b) magnesium oxide,!' and (c) zeolite'® microstructures. Upper and
lower images indicate before and after catalyst functionalization, respectively.

Although enhancement of the introduction rate of analyte to catalyst surface is readily
achieved by increasing the flow of analyte solution and employing high-aspect ratio
microstructures, these traditional methods fail to capitalize on a third enhancement method —
boundary layer confinement through the use of high-aspect ratio microchannels (with large length

to diameter ratios) which afford very high surface area to chemical volume ratios.

1.2 Enhancement of ‘Rate-Limited’ Reactions via Boundary Layer Confinement
While external flow past high-aspect ratio microstructures provides enhanced mass
transport, internal flow through high-aspect ratio microstructures allows for a third enhancement

method — boundary layer confinement. For flow in a confined geometry such as a channel,



boundary layer growth is limited once the boundary layers have merged (‘Method 3’ of Figure
1-2). An analyte in solution therefore has a maximum transport distance of half the channel
diameter once boundary layers have merged and fully developed conditions have been reached.
This improvement is much like using a microchannel heat exchanger in place of a finned heat sink.
The ability to reduce and then limit the thermal boundary layer growth of a free stream fluid,
flowing across a microchannel surface, enhances thermal transport between the surface and fluid.
Likewise, restricting the growth of the concentration boundary layer allows for enhanced mass
transport between that surface and solution. Boundary layer growth can be reduced or limited by
either increasing the fluid flow, and/or imposing a physical confinement on the mass transport. As
the microchannel diameter is reduced, the concentration boundary layer growth is limited resulting
in shorter transport lengths and high mass transport coefficients. Specifically, the mass transport
coefficient (h,,) is very high for small hydraulic diameters (Dz), as h,,, is proportional to 1/Dh.
Combining increased analyte flow, high catalytic surface area, and boundary layer
confinement could be realized using geometry as shown in Figure 1-2. This geometry is referred
to as a high-aspect ratio microarray membrane, and it is anticipated that fabrication of such a
microstructure would allow for considerable improvement on current approaches for catalytic-
based chemical reactions. This microarray membrane arrangement enables millions of
microchannels to be constructed in a parallel arrangement, drastically reducing the pressure

required to drive the flow through a single, long channel with the same surface area as an array.
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Figure 1-2: Microarray membrane structure envisioned from combination of mass transport
enhancement methods.

W

The enhanced performance afforded by a microarray membrane structure can be
demonstrated using a sample chemical system with hydrogen peroxide (H20:2). Catalytic
microstructures are employed in propulsion and biosensing applications wherein H20:2 plays a
central role.>”!%21-24 The goal of this work was to successfully fabricate and characterize the
microarray membranes and demonstrate the utility of these structures within a H2O2 sample system
including propulsion and biosensing applications. Specifically, is it shown that these structures

facilitate high fuel utilization for propulsion, and sensitivity for biosensing applications.

1.3 Thesis Objectives

Mass transport in catalyst-based chemical reactions can be enhanced by increasing the
available catalytic surface area, increasing the flow of the analyte solution, and confining the
concentration boundary layer. Flow of analyte solution through high-aspect ratio microstructures
incorporates all three mass transport enhancements, thereby allowing for considerable
improvement on current approaches. Fabrication and characterization of such a structure, and its
successful demonstration in a chemical sample system, would validate its efficacy and provide

opportunities for chemical applications yet to be explored.



This work aims to address the following objectives pertaining to chemical mass transport
enhancement:
1. Synthesize a microarray membrane fabrication scheme.
2. Fabricate and characterize microarray membrane structure.
3. Demonstrate enhanced mass transport using microarray membrane in H202 sample
system.
e Underwater propulsion via decomposition of H202

e H>O2 sensing for glucose detection applications

14 Thesis Accomplishments

1.4.1 Synthesized Fabrication Scheme for Microarray Membrane

A wide variety of fabrication processes are available for producing high aspect ratio
microstructures. After outlining key design requirements for a microarray membrane, suitable
fabrication and catalyst functionalization schemes were selected. Combining these schemes
allowed for the fabrication and characterization of the resultant catalytic microarray membranes.
Specifically, platinum (Pt) coated carbon nanotube microarray membranes (Pt-CNT-MMs) were

used.

1.4.2 Fabricated and Characterized Pt-CNT-MMs
A suitable fabrication scheme for high aspect ratio microstructures was demonstrated and
characterized using an electroless Pt deposition process. These microstructures were then

characterized using scanning electron microscopy (SEM), transmission electron microscopy



(TEM), contact angle measurements, as well as surface area analysis using from Brunauer-

Emmett-Teller (BET) analysis using nitrogen adsorption.

1.4.3 Demonstrated Mass Transport Enhancement in H>O; Sample System
The efficacy of mass transport enhancement for rate-limited chemical reactions was
demonstrated using a H202 sample system for the following applications:
e Underwater Propulsion via H2O2 Decomposition
e Amperometric Sensing of H202 for Glucose Detection Applications
Testing within these applications revealed favorable performance and motivates further

research using Pt-CNT-MM structures.

1.5  Thesis Contributions

While many publications report Pt nanoparticle deposition onto carbon structures, this
work is the first to demonstrate Pt nanoparticle deposition onto carbon-infiltrated MWCNTs.
Additionally, this work reports the successful union between CNT-templated microfabrication and
chemical deposition of nanoparticles. Much of the work contained herein has been demonstrated
to the academic community through a variety of conferences. These include the 67" Annual
Meeting of the APS Division of Fluid Dynamics (San Francisco, CA; November 2014), as well as
the ASME 2013 IMECE Conference (San Diego, CA; November 2013). Additionally, material
regarding Pt-CNT-MM fabrication, characterization, and application to underwater propulsion is

taken from a paper accepted for publication in ACS Nano.?



CHAPTER 2. SYNTHESIZED FABRICATION SCHEME

2.1 Introduction
To facilitate high mass transport rates in through-flow environments, the following
attributes for a microchannel array are desirable:
e Electrically conductive
e High-aspect ratio microchannels (> 10)
e Mechanically robust material
e Geometrically versatile (microchannel shape, diameter, length, etc.)
e Amenable to catalyst functionalization
To facilitate simple and effective functionalization of the microarray membranes, the
following catalyst attributes are desirable:
e Simple functionalization scheme
e Strong catalyst adherence to substrate material (robust, etc.)
e High catalytic responsiveness toward H202
e Controllable catalyst coverage and morphology
Schemes suitable to both the fabrication and functionalization of microarray membrane
structures, according to the above specified design requirements, were researched in the literature;

the following sections outline the selected approaches.



2.2 Microarray Membrane Fabrication Scheme

Fabrication of 3D microstructures has been studied extensively and has led to the
development of a variety of approaches. Porous materials such as 3D graphene and carbon foams
offer an electrically conductive substrate which can be functionalized with catalytic material.®2°
Though such structures meet nearly all of the previously stated requirements, they are unable to
provide an ordered array of microchannels which would confine growth of the concentration
boundary layer.

Porous anodic alumina (PAA) offers a means to produce an ordered array of nanopores
with tunable pore diameter.?’?® Unfortunately, post-processing such as ion milling must be used
to open pores capped by the barrier layer developed during fabrication.?” Additionally, alumina is
both nonconductive and brittle, which disqualify it from our search for candidate microstructures.

CNTs are often used in catalytic-based chemical reactions because of their conductivity,
high electron transfer rate, and mechanical robustness.’**?> CNT-templated microfabrication
(CNT-M) is a new approach which has been demonstrated to fabricate high-aspect ratio
microchannels, and other geometries, by capitalizing on the very large length to diameter ratios
present for carbon nanotubes.?** For modest growth lengths of 1 [mm] and a nominal 100 [nm]
spacing between CNTs, aspect ratios of 10-10,000 are achievable for vertically aligned growth.
When combined with lithographically defined growth, almost any aspect ratio in this range can be
realized (Figure 2-1). This range is significantly better than typical etching techniques for high-

aspect ratio structures such as Deep Reactive lon Etching (DRIE) and offers distinct advantages

over Lithography, Electroplating, and Molding (LIGA) in cost, time, and scalability.*?
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Figure 2-1: Example high-aspect ratio microstructures fabricated using CNT-templated
microfabrication techniques. (a) Side and (b) top views of high-aspect ratio microchannel arrays.
(c-d) Side views of self-supported high-aspect ratio geometries.*

Using patterned CNTs as a scaffold, additional materials can be coated on or ‘infiltrated’

t.33 The conditions and

into the forest, making these structures rigid and mechanically robus
duration of an infiltration procedure can be controlled to result in highly dense or highly porous
regions. Therefore two-tier, porous materials can be constructed with CNT-M; larger (micron-
scale) spacings controlled by lithography and smaller (nanometer-scale) spacings controlled by
carbon nanotube forest density and subsequent infiltration. Multi-walled carbon nanotube

microarray membranes (CNT-MMs) fabricated by this method thereby provide a geometrically

versatile microstructure. Thus, this distinct CNT-M process enables the growth of aligned, high-
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aspect ratio CNT micro-channel membranes — a three-dimensional microstructure that cannot be
formed from conventional, stand-alone CNT fabrication techniques such as screen-printing,>-°
electrospraying,®’ alcohol catalytic chemical vapor deposition,*® plasma-enhanced chemical vapor

3941 self-assembled monolayer linking,*? and thermal crosslinking.*’

deposition,

Fabrication of CNT-MMs according to the practices cited above will provide a
microstructure well suited for catalytic functionalization and use in through-flow environments.
Specifically, the CNT-MMs will be high-aspect ratio microstructures composed of conductive,

mechanically robust material, allow for geometric versatility, and will be amenable to catalyst

functionalization.

2.3 Catalytic Functionalization Scheme

Functionalization of carbon based microstructures with catalytic materials has been
demonstrated in the literature. In particular, atomic layer deposition (ALD) has been shown to
deposit Pt onto CNT structures while allowing for good control over nanoparticle size.***
Unfortunately, ALD is potentially time-intensive because it often requires many layering cycles to
form the desired metal thickness on the substrate material.*®

Electrodeposition is an attractive functionalization scheme because it offers control over

the morphology and density of deposited nanoparticles.! Approaches include electrodepositing

d,3 1,47,48 22

gol palladium,'*° and platinum'-*? nanoparticles on CNTs. This scheme typically involves
submersion of the microstructure in a metal suspension bath, as part of a three electrode cell. To
simplify our approach, however, we sought an electroless deposition scheme.

Electroless deposition of Pt has been investigated on carbon based structures including

carbon powders/spheres,*! three-dimensional graphene,® and CNTs.*>** With a variety of proven

deposition schemes for catalytic materials on carbon based microstructures, it is likely that similar
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processes can be successfully adapted to functionalize CNT-MMs for H202 based reactions.
Platinum deposition by the reduction of chloroplatinic acid is a simple, one-step process offering
several advantages as demonstrated by Sun et al. (Figure 2-2).4253 Most notably is that the Pt
nanoparticles are easily deposited and display strong adherence to carbon support structures.
Furthermore, the Pt coverage and morphology on carbon structures is controllable, which allows
for the coverage of high surface area microstructures with highly electrocatalytic nanoparticles.

Coverage of Pt nanoparticles on carbon scaffolds can be controlled by the relative loading
of Pt precursor (chloroplatinic acid) to the carbon structure.*>° This is done on a per mass basis,
and designated by ‘% [w/w] Pt-C.” It should be noted that these Pt-C loading ratios are made with
respect to the initial mass of Pt in solution and initial carbon scaffold mass. While high % [w/w]
Pt-C solutions help ensure coverage of the carbon substrate with Pt, highly dense Pt coverage
results in the deposition of inaccessible or wasted Pt for H2O2 based reactions. Thus, careful
consideration must be taken into account for finding optimal coverage while minimizing poor Pt
utilization.

Previous work indicates that nanostructured morphologies can be tuned and subsequently
exploited to enhance performance.!®*% Specifically, ‘needle-like’ or ‘urchin-like’ structures
display favorable catalytic activity because of their large surface area and desirable geometry
(corners, edges, etc.).’® Dense coverage of urchin-like Pt nanoparticles is produced as the
reduction time of the Pt precursor is increased. This is realized when there is an abundance of H

ions in solution (i.e., low pH; Figure 2-2¢).”’
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Figure 2-2: Various Pt nanoparticle morphology and coverage on carbon powder for conditions
of (a) 20% [w/w] Pt-C, pH 10, (b) 20% [w/w] Pt-C, pH 2.5, (¢) 40% [w/w] Pt-C, pH 2.5, and (d)
60% [w/w] Pt-C, pH 2.5. Pt nanoparticle coverage and morphology dependent on Pt-C loading
and solution pH, respectively (e).*’

Given that no base additives are employed, and all other solution components are dispensed

in a fixed amount, solution pH is inversely related to Pt loading (molarity). Thus, for a given
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volume of solution, a highly catalytic Pt morphology with good surface coverage can be obtained
by adjusting the Pt-C loading of the solution while maintaining a low solution pH (< 2.5).
Catalytic functionalization of CNT-MMs, according to the practices cited above, allows
for ready production of Pt coated CNT-MMs (Pt-CNT-MMs) well suited to H202 based chemical
reactions. The catalyst functionalization scheme is simple, and produces a Pt catalyst that displays
both high adherence to its carbon substrate and high catalytic responsiveness toward H20x.
Furthermore, the deposition scheme allows for controllable Pt catalyst coverage and morphology.
Combination of the high aspect ratio CNT-MM geometry with the highly catalytic Pt
nanoparticles will provide a microstructure well suited for catalytic reactions involving H20x.
Specifically, large H20: introduction rates should be realized via the Pt-CNT-MM microstructure
as it permits mass transport enhancement using all three methods — increase of catalytic surface

area, increase of flow of the H202 solution, and boundary layer confinement
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CHAPTER 3. FABRICATION AND CHARACTERIZATION OF PT-CNT-MMS

3.1 Fabrication of Pt-CNT-MMs

The following sections describe in further detail the processes and capabilities associated
with using CNT-M, as well as the procedures followed to fabricate Pt-CNT-MMs. Specifically, an
overview of the CNT-M process and fabrication considerations is given along with a description
of the microchannel geometries to be fabricated. Procedures followed for the fabrication and

electroless functionalization of CNT-MMs with Pt nanoparticles are then provided.

3.1.1 CNT-M Background and Selected Microchannel Geometries

High-aspect ratio CNT-MMs were fabricated using CNT-M. This process consists of
exploiting lithographically defined iron (Fe) catalyst regions to grow vertically aligned CNT
forests in a quartz tube furnace with ethylene gas acting as the carbon feedstock gas (Figure 3-1,
a-d). By a similar chemical vapor deposition (CVD) process, these CNT forests are infiltrated with
a mixture of graphitic and amorphous carbon to coat the outer walls of the CNTs (Figure 3-1e).
However, the potential exists for materials other than carbon to be infiltrated into the CNT-MM,
as the application may require. In the extreme case, nearly all void space between CNTs can be
filled with a desired material, thereby forming solid walls patterned according to the existing CNT
layout during growth.*® The variable porosity of the CNT structures is controlled in part by the

exposure time of these structures to the infiltration process. Figure 3-1f shows a representative
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carbon-infiltrated CNT-MM with low-porosity sidewall surfaces. The precise patterning
capabilities of photolithography and the macro-scale growth size of CNTs, in conjunction with the
added structural versatility afforded by CNT-M, allows for the creation of a variety of high-aspect
ratio, nanocomposite materials of varying porosity/composition with enhanced structural
33,58

integrity.

AZ 2020 (b) Fe Layer (¢)

10 pm

Figure 3-1: Multi-step fabrication process for a CNT-MM. (a) Step 1: photoresist patterned onto
Si wafer coated with Al203. (b) Step 2: thermal evaporation of Fe for CNT growth. (c) Step 3:
resultant Fe pattern after solvent lift-off process to obtain desired pattern. (d) Step 4: CVD
growth of high-aspect ratio CNT-MMs (~600 [um] height) with an ethylene gas mixture as the
carbon feedstock gas. (e) Step 5: carbon-infiltration of CNT-MM; (f) SEM image of resultant
CNT-MM structure (diamond pattern shown; hydraulic diameter of 4 [um]).

The CNT-MMs studied in this work were patterned using three different photolithography
masks. The first incorporated a close-packed, diamond-shaped channel used for fabrication of
CNT-MMs having hydraulic diameters of 4.0 [um] and a minimum wall thickness of ~2.0 [um)].
The fraction of the surface area occupied by channels to that filled by CNTs (‘void ratio”) imposed
by this mask is approximately 0.704. The other two masks were fabricated such that they have also

the same void ratio. Both have close-packed, circular channels with one mask comprised of 4.0
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[wm] channel diameters and the other with 16.1 [um] channel diameters (approximately four times
that of the small circle mask; section A.2). Comparison of through-flow performance of CNT-
MMs made using each of these masks enable studies regarding dependence on channel geometry
and size. These studies are the topic of future investigation. A tutorial for the design of
photolithography masks using KLayout, as well as the drawings for the CNT-MM patterns

mentioned previously, are included in Appendix A.

3.1.2 Methods: CNT-MM Fabrication

A 4” silicon wafer was coated with a thin aluminum oxide film (Al203, > 30 [nm]) using
e-beam evaporation primarily to act as a barrier to subsequent reactions between the iron layer and
the underlying silicon substrate.>* Photoresist (AZ 2020 and AZ 3312 for negative and positive
masks, respectively) was spun on at 2750 [rpm] for 60 [sec] and soft baked at 110 [°C] for 60 [sec]
for both photoresist types. CNT-MM pore geometry and dimensions were defined on the wafer by
photolithography, and hard baked at 110 [°C] for 60 [sec] (Figure 3-1a). The photoresist was
developed in a lightly agitated, AZ300MIF solution. A thin iron film (Fe, ~7 [nm]) was thermally
evaporated onto the wafer surface as a catalyst for CNT growth (Figure 3-1b). The wafer was
sonicated in solvent for > 10 [min], rinsed, and dried with compressed nitrogen (N2) to remove the
entire photoresist layer and portions of the Fe layer in a lift-off process (Figure 3-1c). To protect
the wafer during sample dicing, a thin photoresist layer (AZ 3330) was spun on the wafer and soft
baked. Samples were then diced using a Disco DAD-320 dicing saw. Immediately prior to CNT
growth, diced samples with patterned Fe were solvent cleaned to remove the protective photoresist

layer.
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After a quality inspection check with an optical microscope, diced samples were placed on
a quartz boat in a Lindberg/Blue M Tube Furnace for CNT growth. CNTs were grown for 26 [min]
in flowing hydrogen (Hz, ~216 [sccm]) and ethylene (C2Ha4, ~280 [sccm]) at 750 [°C] (Figure
3-1d). This resulted in CNT-MM heights of approximately 600-900 [um], depending on the sample
pattern and Fe layer thickness, and resulting in channel aspect ratios of up to 225:1. CNT-MMs
were then coated with carbon in a subsequent infiltration step at 900 [°C] for 20 [min] with similar
gases and flowrates as those used during CNT growth (Hz at ~200 [sccm] and C2Ha at ~280 [sccm];
Figure 3-1e). This resulted in carbon-infiltrated CNTs with diameters of approximately 150 [nm)].
During carbon infiltration, the CNT-MM structure self-released from the wafer substrate. CNT-
MMs were exposed to a brief 7 [min] Oz plasma etching at 300 [W] using an Anelva Reactive lon
Etcher (RIE), DEM-451 to remove the carbon floor (additional carbon blocking the base of the
CNT-MM channels; 5 [min] etch for removal of carbon floor layer; 2 [min] etch for opposite face;
Figure 3-1f). The RIE process also serves to enhance the hydrophilicity of the CNT-MMs which,
in turn, improves subsequent deposition of Pt catalyst.!®> Effects of Oz etching are discussed in
greater detail in section 3.2.2. Standard procedures for each of the above described fabrication

processes can be found in Appendix B.

3.1.3 Methods: Integration of Pt Urchin Catalyst (Pt-CNT-MM)

495052 highly catalytic

Following an approach similar to those available in the literature,
urchin-like Pt nanoparticles were deposited onto the CNT-MMs. The ability to deposit Pt deep
within the CNT microchannels was also confirmed. This electroless deposition involves CNT-MM

submersion in a static solution of low pH (< 2.5) and high Pt molarity (H2PtCls - (H20)s at ~10

[mM]) for each deposition.
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Deposition of Pt onto the CNT-MMs was performed on a per-mass basis to maintain a 25-
30% [w/w] Pt-C solution loading. For a CNT-MM with a mass of 0.1071 [g], 122.8 [mg]
chloroplatinic acid hexahydrate was weighed out (37.5% Pt, Sigma Aldrich 206083) and mixed
with 2.0 [mL] formic acid (88% HCOOH, Macron 2592-05) and 18.0 [mL] of either deionized or
ultrapure H20. These chemicals were added to a 50 [mL] glass beaker (VWR, 89000-198)
whereupon their pH level was measured. The pH for this deposition was 1.16, enabling urchin-
like nanoparticle growth. Using a slotted Teflon ring for a sample stand, the CNT-MM was
positioned vertically in the Pt acid solution. Keeping the sample oriented in this manner ensured
that the Pt nanoparticles would nucleate and grow on the carbon substrate rather than precipitating
out of solution and simply collecting on the sample face (Figure 3-2). For a CNT-MM mass of
0.1071 [g], the solution molarity (11.80 [mM]) corresponded to a 30.07% [w/w] Pt-C loading. The
beaker was then covered by Parafilm® and left until the deposition process was complete,
indicated by solution color change from amber to clear. Upon removal from the beaker and prior
to subsequent testing, the sample was submerged in deionized water for at least 5 [min] and then
placed in an Ultra-Clean 100 (3497M-3) dehydration bake oven for a minimum of 8 [min]
(Appendix B.13).

All depositions performed in this work follow that of the static deposition scheme described
above. It should be noted that enforcing a convective deposition environment could potentially
improve Pt utilization and penetration. Future work would include investigating the effect of

electroless Pt deposition in stirred and through-flow environments.
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Figure 3-2: CNT-MM orientation dependent Pt deposition. Crystalline Pt deposited onto top
surface of CNT-MM sample (a) when deposited while resting on bottom of beaker. Uniform Pt
deposited onto top surface of CNT-MM sample (b) when deposited while oriented vertically in
solution.

3.2 Characterization of CNT-MM and Pt-CNT-MM Samples

Preliminary to Pt deposition, the Brunauer-Emmett-Teller (BET) surface area of Oz etched
CNT-MM samples were measured using nitrogen adsorption methods. Additionally, water contact
angle measurements were taken to determine the hydrophobicity of the CNT-MM structures.
Following Pt deposition, surface areas and water contact angles were measured in a like manner
for Pt-CNT-MM samples. Pt-CNT-MMs were further inspected and characterized using both SEM
and TEM methods which revealed Pt penetration throughout the CNT microchannels. Unless
stated otherwise, all characterization methods presented throughout this manuscript involved
CNT-MM/Pt-CNT-MM samples fabricated according to the diamond pattern (4 [um] hydraulic

diameter) described previously in section 3.1.1.

3.2.1 Surface Area Analysis
A micromeritics ASAP 2010 system was used to characterize the surface area of the O2

etched CNT-MM samples (analysis details, along with characterization of Pt-CNT-MM samples,
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are found in Appendix C). It was determined that the CNT-MM samples exhibited a type II
nitrogen adsorption isotherm indicative of a macroporous material, with an average calculated
BET surface area of 61 [m? g'!] and a pore volume of 0.118 [cm® g'!] (Appendix C.2). Table 1
shows the average calculated BET surface area for CNT-MM samples with comparison to related
structures. Most notably, the BET surface area for the CNT-MMs is approximately half that of
pristine CNTs. This is likely attributable to the carbon-infiltration step of the CNT-M fabrication
process, which not only contributes additional mass throughout the structure, but may also cause
a reduction in surface area by joining adjacent CNTs. However, the infiltration procedure allows
for controllable porosity and improved structural integrity.

Table 1: Comparative BET surface area values.

Structure BET Surface Area [m?> g']  Reference
Pristine CNTs 131 [60]
Polycarbonate Monolith 69 [61]
CNT-MM 61 This Work
Polyacrylonitrile Membrane 39 [62]
Zirconia Microtube 23 [63]

From the BET surface area analysis it is observed that for an Oz etched CNT-MM sample,
having frontal dimensions of 16.933 [mm] x 16.933 [mm] (grown 600 [um] thick), there is
approximately 6.3 [m?] of carbon based surface area (assuming a typical sample mass of 0.1032
[g]). This provides a surface area that is roughly twenty thousand times that offered by a planar
carbon structure of the same frontal dimensions, while maintaining a very small volumetric
footprint. The high surface area CNT-MM microstructures can then be deposited with Pt catalyst,

allowing for enhanced mass transport for rate-limited chemical reactions.
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3.2.2 Hydrophobicity of Pt-CNT-MMs

Due to their high surface energy and micro/nanoscale surface roughness, the CNT-MM
structures were natively hydrophobic.®* Hydrophilic enhancement of CNTs facilitates intimate
contact between aqueous reagents and catalyst, thereby leading to improved chemical reaction
rates. In order to provide hydrophilic enhancement without jeopardizing the structural integrity of
the Pt-CNT-MM, a controllable hydrophilic enhancement scheme was sought, suitable to CNT
structures.

Studies have shown that the hydrophobic disposition of CNT substrates can be altered by

ultraviolet assisted ozone treatment,®> RIE,**%’ chemical oxidation and subsequent

8 69,70

functionalization,®® chemical etching, and by patterning the CNTs to form macroscale
hydrophobic topologies.®*’! Among these, O2 RIE was deemed most favorable as it allows for a
controllable means of modifying the CNT surfaces to be hydrophilic.!®¢” Accordingly, each CNT-
MM was exposed to a brief Oz etch after growth to improve the penetration of aqueous solution
into the CNT-MM pores during Pt deposition and other related applications.

A study of the hydrophobic nature of the CNT-MMs was conducted during each stage of
the fabrication process. Ultrapure water droplets (10 [uL]) were dispersed onto separate regions
across the surface of a CNT-MM sample before Oz etching. The water droplets did not appear to
wet the CNT-MM channels at any appreciable rate indicating that the surface appeared to be
hydrophobic (Figure 3-3a). This observation was confirmed as the wetting angle of each droplet
was measured using a Ramé-Hart precision contact angle goniometer, and was found to have an

average value of 110.6° with a standard deviation of 2.1° (i.e. 110.6 + 2.1°). This angle is

indicative of a hydrophobic surface,’” but is lower than the reported water contact angles for CNTs
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given in related studies.®*7-%® This discrepancy is likely caused by the smooth graphitic/amorphous

carbon coating on the outer walls and caps of the CNTs.

(a)

*

(b)

(c)
Figure 3-3: Images of ultrapure water droplet(s) on a CNT-MM at various stages of fabrication
(all images taken at same magnification). Water droplet (a) on a CNT-MM before Oz RIE,
showing hydrophobic nature of CNTs; (b) wicking through and dispensing on top of an Oz RIE

etched CNT-MM, showing a hydrophilic nature; and (¢) wicking through and dispensing on top
of a Pt-CNT-MM, exhibiting hydrophilic response as observed for (b).

Hydrophobicity tests for post Oz etched CNT-MM samples revealed hydrophilic behavior
as water was observed to spread along the top surface of the membrane and then wick through to
the bottom surface of the membrane (Figure 3-3b); similar hydrophilic behavior was exhibited by
the Pt-CNT-MM samples (Figure 3-3c¢). If the channel sidewalls were hydrophobic at these stages,
aqueous solution would not fill a small channel of this diameter. As a result of the spreading and
capillary action, no contact angles are reported for either the Oz etched CNT-MM samples or Pt-
CNT-MM samples. These wetting observations support the additional aqueous-based
characterization and applications discussed later, where analyte must effectively penetrate the

pores of the Pt-CNT-MM samples.

3.2.3 SEM Imaging
Pt nanoparticle morphology and density on the Pt-CNT-MM samples was verified by SEM.

Imaging the nanoparticles, using SEM, revealed that the entry region sidewalls of a diamond
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patterned Pt-CNT-MM were uniformly covered with dense urchin-like Pt clusters (Figure 3-4a),
with a morphology that resembles those produced in 60% [w/w] Pt-C solution and 2.5 pH loadings
by Meng et al.* Around these entry regions, Pt clusters were observed to protrude from the
sidewall into the microchannel by as much as 400 [nm]. The apparent roughness that these
clusters, and their urchin-like structure, add to the microchannels will serve to facilitate additional
analyte/catalyst interaction.

Inspection of Figure 3-4, b-c taken at successively longer distances (approximately 25 and
280 [um], respectively) into the CNT-MM microchannel, also revealed a uniform deposition of Pt
catalyst at a lower coverage density with Pt needle extensions of approximately 120 [nm] and 13
[nm], respectively. Hence, the size of urchin-like Pt nanowires near the midpoint of each
microchannel is considerably smaller than their entry-region counterparts. Nevertheless, evidence
of Pt coverage in the axial center of the channel indicates that static Pt deposition is indeed capable
of reaching even the most inward portions of the CNT microchannels. Furthermore, SEM imaging
of a peripheral region of the Pt-CNT-MMs shows the high affinity of Pt precursor to the Oz etched
CNT-MM structure (Figure 3-4d). Comparison of the lightly coated inner regions of the Pt-CNT-
MM against the densely coated peripheral regions suggest that exposure to the bulk Pt solution
enhances Pt coverage, and thus the deposition process is likely diffusion-limited near the axial
center of the channel. Possible future work would include convection-enhanced Pt deposition
(stirred or through-flow depositions) to facilitate greater Pt coverage throughout the entirety of the
CNT-MM microstructure. In this way, more of the available carbon based surface area can be

utilized for catalytic applications.
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Figure 3-4: Sample SEM images of fabricated Pt-CNT-MMs (diamond pattern). Pt nanoparticle
morphology at (a) the microchannel entrance of Pt-CNT-MM, (b) approximately 25 [um] into
the microchannel, (¢) and at the axial center (~280 [um]; half the thickness of the CNT-MM
sample) of the microchannel. (d) Total coverage along the periphery of the Pt-CNT-MM with
inset showing the urchin-like morphology and arrangement of the deposited Pt.

Having confirmed the morphology and penetration of the Pt catalyst on the CNT-MM
microstructure, additional lithography masks were designed and produced for the investigation of
Pt-CNT-MMs with different pore geometries and hydraulic diameters. As mentioned previously,
small and large circle patterns were produced, having microchannel diameters of 4.0 and 16.1 [um]
respectively. Pt deposition, as described above, was conducted and imaged using SEM as for the
diamond patterned Pt-CNT-MMs.

An SEM Pt penetration analysis is shown in Figure 3-5 where it can be seen that all samples
revealed Pt coverage throughout the entire length of their respective microchannels. Again,
evidence of Pt coverage in the axial center of the channel indicates that static Pt deposition is
indeed capable of reaching even the furthest interior portions of the CNT microchannels.
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Figure 3-5: SEM Pt penetration analysis. Pt-CNT-MM samples made from the diamond, small
circle, and large circle patterns and deposited in ~30% [w/w] Pt-C solutions all reveal Pt
coverage throughout the entire length of their respective microchannels. Depths to “Center of
Channel” for the diamond, small circle, and large circle samples are 475, 220, and 264 [um)],
respectively. Also, it should be noted that successive images for a given pattern are not
necessarily taken from the same sample, or same microchannel for a given sample.
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3.24 TEM Imaging

High-resolution TEM was used to confirm the deposition of Pt nanoparticles onto CNTs,
as well as further characterize the dimensions of the Pt nanowires. Characterizing the Pt-CNT-
MM by TEM reveals a d-spacing between (111) planes of 0.23 [nm], confirming that the deposited
nanoparticles are Pt (Figure 3-6, a-b).>%>”737* TEM analysis further confirms that the larger Pt
urchins have nanowires with lengths of up to 30 nm, which are comparable to lengths reported by

Sun et al., and three times longer than those reported by Meng et al. on carbon nanotubes and

49,52

carbon powder respectively.

Figure 3-6: TEM images of Pt-CNT-MM sample. (a) TEM image showing lattice spacing of a
synthesized Pt nanowire with Fast Fourier Transform (FFT) inset. (b) Same TEM image showing
the lattice spacing of the Pt nanowire on the same cluster but having different crystal plane
orientation with FFT inset. (¢) Fragment having dense Pt cluster coverage and large growth size,
similar to the entrance region of Pt-CNT-MM microchannels. (d) Fragment having less dense
urchin-like Pt cluster coverage and smaller growth size, similar to the central interior of Pt-CNT-
MM.
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Morphologies of the type illustrated in Figure 3-6¢ dominate the entry regions of the Pt-
CNT-MM microchannels whereas smaller clusters, as illustrated in Figure 3-6d, fill the central
interior. It is also seen that urchin-like Pt nanowires in the central interior are approximately half
this maximum length, or approximately 15 [nm]. Pt nanowire diameters measured in both of the
aforementioned studies, however, coincide with the 3 [nm] dimension typically observed here. It
is also interesting to note that while average Pt nanowire dimensions (length and diameter) are
consistent between clusters at comparable regions along the Pt-CNT-MM channels, the orientation

of their (111) planes vary drastically between nanowires, regardless of region and cluster.

3.3  Conclusions

CNT-M techniques were used to fabricate carbon-infiltrated multi-walled CNT scaffolds
composed of highly ordered and aligned microchannels with a desired geometry. The O2 etched
CNT-MM microstructure BET surface area was characterized using nitrogen adsorption methods
and was found to be 61 [m? g''], affording large surface area for catalyst functionalization while
minimizing volumetric footprint. Furthermore, urchin-like Pt nanoparticles were deposited onto,
and throughout, the entirety of the CNT-MMs. While many publications report Pt nanoparticle
deposition onto carbon structures, this work is the first to demonstrate Pt nanoparticle deposition
onto carbon-infiltrated MWCNTs. Additionally, this work reports the successful union between
CNT-templated microfabrication and chemical deposition of nanoparticles. Such an electroless
deposition technique is capable of depositing nanoparticles > 200 [um] deep within the pores of
the CNT microchannels, reaching even the furthest interior portions of the CNT-MM
microstructure. When exposed to water, the Pt-CNT-MMs displayed hydrophilic response —
wicking the water into the microchannels, thereby providing high aspect ratio, hydrophilic,

catalytic microstructures for transport enhancement of rate-limited chemical reactions.
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Depleting coverage density, toward the axial center of the CNT-MM microchannels,
suggests that the Pt deposition process is diffusion limited. Enforcing a convective deposition
environment could potentially improve Pt utilization and penetration throughout the CNT-MM
microchannels. Accordingly, future work will include investigating the effects of electroless Pt
deposition in stirred and through-flow environments to achieve better coverage of the large surface
area afforded by the CNT-MM microstructure. Additional future work may also include varying
microchannel geometry, sample thickness, and porosity. These variations can then be monitored

as the Pt-CNT-MM samples are demonstrated in other chemical sample systems.
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CHAPTER 4. UNDERWATER PROPULSION VI4A H:0: DECOMPOSITION

4.1 Introduction

An upward trend in the research and use of unmanned underwater vehicles (UUVs), and in
particular micro underwater vehicles (MUVs, small UUVS between 1-50 [cm] in length), for
exploration of confined spaces such as ship wrecks, submerged oil pipeline, and various military
purposes has been observed over recent years.””””’ The locomotion of these vehicles is typically
controlled by propeller-based systems, which are often used for long-endurance missions.”%
However, propeller-based systems are usually limited in their ability to perform tight radius turns,
burst-driven docking maneuvers, and low-speed course corrections.””’® These motions often
require energy-dense fuels, which can be quickly and efficiently utilized to provide sudden bursts

1,2 and carbohydrates,*

of propulsion. Such energy-dense fuels/reagents include H202,%! methano
all of which have been the focus of many recent fuel-catalyst reaction studies.

The decomposition of H202 as a means for locomotion in micro-scale applications is of
particular interest because of its scalability, as well as possessing a large power density (up to 45
times that of Ni-Cd batteries in MUVs).3* In addition, H20: is an environmentally friendly fuel,
expending only ‘green’ by-products (i.e. oxygen, or Oz, and water) during decomposition.>’
Specifically, when exposed to a metal catalyst such as platinum (Pt), H2O: is broken down in an
exothermic reaction into O2 and water, which provides thrust through the significant volumetric

change relative to the liquid fuel.
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Many micro/nanoscale structures have been fabricated to utilize the decomposition of H202
by Pt for propulsion, including janus motors,%># conical-shaped bubble thrusters,”*’*° and
catalytic nano/micromotors.>>" In other examples, structures resembling a parallel arrangement
of microtubular bubble thrusters>*! has also been investigated to achieve design requirements of

high aspect ratio and small volumetric profile.

Figure 4-1: Envisioned propulsion of MUV via Pt-CNT-MMs and H202 decomposition. Graphic
courtesy of Robert Gates.

Each of these structures rely on transport-enhancing mechanisms to decompose H202 fuel.
Transport enhancement afforded by the use of the CNT-MM catalytic platforms is herein
demonstrated, allowing for underwater burst-propulsion of MUVs and their associated payloads.
Thrust required for these applications is provided by achieving enhanced fuel decomposition via
increased fuel flowrate, increased catalytic surface area, and increased boundary layer

confinement. This study investigates the efficacy of employing Pt-CNT-MM microstructures for
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underwater propulsion, which utilize all three transport enhancement methods (Figure 4-1). All

samples used in this study were fabricated using the diamond pattern.

4.2 Results and Discussion

Enhanced H20: fuel decomposition for underwater propulsion of MUV's was demonstrated
using Pt-CNT-MM samples fabricated according to the techniques presented in OCatalytic
performance of the Pt-CNT-MM samples toward the decomposition of H202 can be measured by
conducting activation energy tests. These tests, along with thrust measurements using a water tank
setup, are used to demonstrate the efficacy of CNT-MM catalytic platforms for transport
enhancement of a rate-limited chemical reaction — H202 decomposition by catalysis for underwater

propulsion of MUVs.

4.2.1 Hydrogen Peroxide Decomposition

The effectiveness and durability of catalysts for H2O2 decomposition is dependent upon
multiple factors including material composition, surface area, and reaction temperature. Namely,
catalytic performance is defined by its ability to reduce the activation energy required for a given
chemical reaction. A variety of catalysts have been developed for lowering the activation energy
associated with H202 decomposition including metal catalysts®>** (e.g., Pt, Pd, Au and Ag) as well
as metal oxide catalysts’**° (e.g., MnOz, Fe203, K2Cr207). Although highly effective at lowering
the activation energy of H202 decomposition, metal oxide catalysts are consumed during H202
decomposition and therefore would not be able to provide recurring thrust for MUV propulsion.
Thus, metal catalysts were chosen for this work. The effectiveness of metal catalysts for H2O2
decomposition is proportional to the exposed catalyst surface area. In the case of Pt catalysts, more

exposed metal correlates to more free catalytic sites available for Pt-(OH) and Pt-(H) binding—
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two reactions that are involved in the eight kinetic steps in H202 decomposition with Pt metal
catalysts.”” Furthermore, the reaction rate for the decomposition of H20: tends to dramatically
increase as the temperature of the exothermic reaction increases. This phenomenon is due to the
auto decomposition of H20: at elevated temperatures and to the fact that oxygen solubility remains
low even at higher temperatures.”® Hence the reaction rates of H202 decomposition tend to increase
due to the conflation of both increased surface area and reaction temperature.

Transport processes may also alter the performance of the Pt-CNT-MM catalysts, including
the following: transport of reactants from the main fuel stream to the Pt-CNT-MM surface;
transport of reactants within the CNT microchannels to the Pt metal surface; adsorption/desorption
of reactants/products at the Pt metal surface; transport of desorbed products from the Pt metal
through the CNT microchannels; and transport of desorbed products from within the CNT
microchannels to the main stream of fluid.”” Consequently, the activation energy can change
according to the rate of flow introduced into the reaction chamber. Therefore, an “effective
activation energy” of the Pt-CNT-MM is reported, as measured within a convective fuel flow field
to mimic, in part, the convective flow field that would be experienced in an actual MUV reaction
chamber. Many researchers have not considered the impact of convection on activation energy and
often the conditions of fluid stirring are not provided though present during testing. The activation
energy provided by others under flowing conditions is equivalent to the effective activation energy
defined here, though specific to the conditions of the flow field.

The effective activation energy (E«) required for H20: decomposition by the
micro/nanostructured Pt-CNT-MMs was empirically determined. It is noted here that the effective
activation energy of Pt-CNT-MMs with respect to alternate chemical reactions (such as the

oxidation of H20: for chemical sensing) may also be determined. However, our current work
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investigates the effective activation energy of Pt-CNT-MMs for H202 decomposition via catalysis
only (i.e. chemical reaction for propulsion applications), but future work may include activation
energy testing with respect to alternate chemical reactions.

H202 decomposition testing was performed on three replicate Pt-CNT-MM samples
(referred to as Samples A, B, and C), each being fabricated as described in the Methods section.
Each sample was exposed to 1% [w/w] H20z2 solution at three different temperatures (0 [°C], 17.5
[°C] and 35 [°C]) in a test flask while the differential pressure (Appendix D.1), resulting from O2
generation during decomposition of H2O2, was monitored (eq 1).

2H,0, - 2H,0(g) + 0,(g) (1)

The measured differential pressure generated by the reaction products (taken as the average
of two or more test runs per sample) was plotted for comparison against two distinct control
samples, both tested at 35 [°C] (Figure 4-2a). These control samples (referred to as ‘Samples D
and E’) were fabricated following the same procedure as for Samples A, B, and C, but received no
Pt deposition. As can be seen, Samples A, B, and C generate significantly more pressure than
Samples D and E, despite being tested at a lower (less favorable) temperature. Furthermore,
negligible pressure rise was observed for the uncoated samples, demonstrating that catalytic
performance of Pt-CNT-MMs toward H202 is strongly dependent on the presence of Pt nano-
urchins deposited onto the multi-walled carbon nanotube (MWCNT) microstructure.

Differential pressure data shown in Figure 4-2a, for Samples A, B, and C, were used in
conjunction with the ideal gas law (PV = nRT), to determine the number of moles of O2 released
during the reaction (), where P is the measured differential pressure [kPa], V' is the volume of the
flask (125 [mL]) R is the ideal gas constant (8.314 [J mol! K'']), and T 'is the bath temperature for

the flasks [K]. Using this data, in accordance with stoichiometry associated with eq 2, the quantity
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of H202 decomposed by the catalyst was determined. The reaction rate constant for the

decomposition of H2O2 can be determined by the following first-order reaction equation'®

where [H20:] is the quantity of H2O2 remaining in solution at time ¢, [H20:]o is the initial quantity
of H20: in solution, ko»s is the reaction rate constant [s™'] over time. Figure 4-2b illustrates the ratio
of the remaining fuel to the initial quantity of fuel (10 [mL] of 1% [w/w] H20: solution), used to
determine the reaction rate constant for the data in Figure 4-2a according to eq 2. To avoid
inclusion of initial noise/outliers in the pressure data, measurements taken between 60 and 120 [s]
were used for all calculations of kors. Additional testing of Sample A under three different
temperatures (0 [°C], 17.5 [°C] and 35 [°C]) illustrated higher observed decomposition rates with
increasing temperature (Figure 4-2, c-d).

The natural log of the Arrhenius Equation (eq 3) with the calculated observed reaction rate
constants are used to calculate the effective activation energy.

In(Kops) = —%%+ In(A) )

Here, E. is the effective activation energy of the catalyst [J mol'], and 4 is the pre-exponential
factor [s™!]. By plotting the natural log of the observed reaction rate constant for each test run as a
function of inverse temperature for Sample A, the activation energy (26.96 [kJ mol']) was
acquired from the slope of the linear fit of the data (Figure 4-2¢). Error associated with the

activation energy value is bounded by the upper and lower limits of 33.70 and 20.12 [kJ mol™'],

respectively, calculated using the slopes of the extreme cases presented in Figure 4-2e.
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Figure 4-2: Effective activation energy data for CNT-MM and Pt-CNT-MM samples. (a)
Measured differential pressure vs. time data taken as the average of two or more test runs per
sample at 17.5 [°C] for Pt-CNT-MM Samples A, B, and C, as well as for CNT-MM Samples D
and E at 35 [°C]; data recorded at 1 [Hz], sample data shown at 0.033 [Hz]. (b) Reaction rate
plots calculated according to eq 3, using data from (a) and shown at 0.2 [Hz]. (¢) Measured
differential pressure vs. time data taken as the average of two or more test runs for Sample A,
performed at three temperatures (0 [°C], 17.5 [°C] and 35 [°C]); data recorded at 1 [Hz], sample
data shown at 0.033 [Hz]. (d) Reaction rate plots calculated according to eq 3, using data from
(¢) and shown at 0.2 [Hz]. (e) Plot of the natural log of the Arrhenius Equation for Sample A (for
each individual test run) with slope used to determine effective activation energy. Dashed lines
represent linear curve fits of the data, with equations provided for figures (b), (d) and (e).
Goodness of fit values for (b) and (d) are R?> > 0.996 and for (e) is R? = 0.867.
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Table 2, provides an overview of the calculated decomposition kinetics for a Pt-CNT-MM
(Sample A), including the entropy of activation, A4S ([J mol! K'']; where 4S = R:In(4)). This
reported effective activation energy of 26.96 [kJ] mol!] seems to improve upon similar
nanostructured surfaces such as those comprised of graphene (28.8 [kJ mol'])!°! and Pt/palladium
nanoparticles on Nafion (34.0-36.3 [kJ mol'']).”® Furthermore, the effective activation energy is

)*7 where similar Pt nano-urchins were

lower than our previous Pt-paper catalyst (29.5 [kJ mol™']
deposited on cellulose sheets — such improvement is most likely due to the higher surface area
achieved by the three dimensional architecture created by the CNT microchannels of the CNT-
MM as opposed to the planar structure of the cellulose sheets. These reported activation energies
are among the lowest found in the literature, confirming that the Pt-CNT-MM catalyst is highly
efficient for the decomposition of H20x.

Table 2: Average H202 decomposition kinetics for the Pt-CNT-MMs. Range of

possible values and one standard deviation shown in
parenthesis for £, and AS, respectively.

Temperature kobs Eq A A8
[°C] [s!'x107] [kJ mol!] [s'] [J mol! K'']
0 1.0+£0.1
26.96 42.47
13755 gé i (1); (33.70 <E.<20.12) 165.84 (£34.36)

4.2.2 MUYV Platform and Propulsion Testing

An MUYV test submersible was created in order to test the capability of the developed Pt-
CNT-MMs to produce thrust via H202 decomposition. The developed MUV test submersible,
fabricated via a 3D printer (Appendix D.2), is capable of housing eight inline Pt-CNT-MM
samples (each with a square planar surface area of 2.867 [cm?]; Figure 4-3a). Measurement of the
propulsive thrust generated by the decomposition of H202 by Pt-CNT-MMs housed within the test

submersible was performed by attaching a strain gauge to the mounting rod holding the test
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submersible. Syringe-fed tubing was secured to the inlet port of the test submersible for the supply

of H20:2 fuel, and the assembly was then lowered into a water tank for testing (Figure 4-3b).

(a)
i : -
ih ! I O-ringfor |
ﬁ%ﬂtﬁﬁﬁi I Slotted sample 1 pressure seal | Rear nozzle for
-;lmpi'toftwe'm 1 boat, holding eight | berween frong | propeliant
adapter I PEONT-MMs | ynd rear nozzles | exhaust
1 1 1
(b)

Figure 4-3: Test submersible assembly and water tank setup for thrust measurement. (a) Optical
image displaying disassembled test submersible with corresponding descriptions and (b)
schematic illustrating assembled test submersible and water tank setup.

Heterogeneous catalytic reactions are heavily dependent on the mass transport of reactant
(fuel) to the catalytic surface.!®® Thrust generated via decomposition of H2O: fuel is therefore
dependent on the introduction rate of the fuel to the Pt-CNT-MM surface. As mentioned
previously, this introduction rate can be enhanced in three ways — by increasing the available
catalytic surface area, increasing the fuel flowrate (or, synonymously, the fuel concentration), and
employing boundary layer enhancement. While enhancement by boundary layer confinement will
be relatively intrinsic in these studies, the former two enhancement methods can be easily studied
through a series of propulsion tests. Accordingly, propulsion testing was performed using three

different H202 concentrations (20, 35, and 50% [w/w]), each at a given average flowrate (10 [mL
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s'!1) for one, two, four, six, and eight Pt-CNT-MMs. Also, a manually driven (high burst) flowrate
using 50% [w/w] H202 was conducted for one, four, and eight Pt-CNT-MMSs. As a control, water
was injected into the submersible reaction chamber, holding eight Pt-CNT-MMs, at the highest
flow rate tested (manually driven burst). With no appreciable thrust observed for this water control
run, all measured thrust was attributed to the decomposition of H2O2. Reported thrust values for

each combination of test conditions were taken from the average of two or more tests.
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Figure 4-4: Thrust measurement plots for H2O2 decomposition-driven propulsion. (a) Varying
H20> concentration (20, 35, and 50% [w/w] H202) per fixed flowrate (10 [mL s7']); 20 and 35%
[w/w] H20:2 fuel approaching total decomposition with addition of Pt-CNT-MM samples. (b)
Fixed H20: fuel concentration (50% [w/w] H202) per varied flowrates (10 [mL s™'] and manually
driven high burst flow); illustrates thrust generation dependence on H20: fuel flowrate. Reported
thrust values for each combination of test conditions were taken from the average of two or more
tests. Error bars indicate the standard deviation among tests for a given test condition.
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Measured thrust under the 10 [mL s'] flow conditions is shown in Figure 4-4a. Comparison
of the corresponding 20 and 50% [w/w] H202 cases demonstrates that an increase in fuel
concentration lends to greater generated thrust. Initially, it is also observed that with an increased
quantity of Pt-CNT-MMs (increased catalytic surface area), there is a notable increase in measured
thrust. For the 20 and 35% [w/w] H20:2 test runs, no appreciable thrust is observed by having
greater than six Pt-CNT-MMs. This may be due to the H202 fuel approaching total decomposition
within the reaction chamber of the test submersible for these conditions.

Thrust produced at a fixed fuel concentration (50% [w/w] H202) for varying flowrates is
presented in Figure 4-4b. It is shown that both the 10 [mL s'] and manually driven flowrates
exhibit monotonically increasing thrust per additional Pt-CNT-MM, suggesting incomplete fuel
decomposition. It is anticipated that higher thrusts would be attained by the addition of more inline
Pt-CNT-MM samples until total fuel utilization occurs. Ultimately, for the manually driven
flowrate, a maximum average burst thrust of 209 [mN] (with a standard deviation of 49 [mN]; i.e.
209 + 49 [mN]) was achieved using eight Pt-CNT-MMs, which is within the milli-newton thrust
range typically required for MUV propulsion.”!% It was also observed that, for the same number
of Pt-CNT-MM samples and H20: fuel concentration, the manually driven flowrate produced
significantly greater thrust than that for 10 [mL s™'], suggesting a flowrate dependent thrust. The
maximum average thrust achieved using Pt-CNT-MMs and 50% [w/w] H202 is compared below
against thrust values reported for several biomimetic propulsion designs (Table 3); thrust produced
by the decomposition of H202 via Pt-CNT-MMs in this work is more than six times greater than

that produced by several biomimetic propulsion systems.!%4-107
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Table 3: Comparative thrust values.

Propulsion System Thrust [mN] Reference
H>0: Decomposition via Pt-CNT-MMs 209 + 49 This Work
Miniature Robotic Fish (Trapezoidal Fin) ~32 [194]
SMA Wires Actuator 27 [197]
Monolithic IPMC Fin 0.4 [196]
IPMC Actuator 0.089 [19°]

Application of the Pt-CNT-MM microstructures in a MUV test submersible confirmed that
increase of the H20: fuel introduction rate to the catalyst (i.e. increase of H20: fuel
flowrate/concentration and available catalyst surface area) contributes to additional thrust, and that
the Pt-CNT-MMs can be used to provide burst propulsion for MU Vs. It was further demonstrated
that, for a given H20: fuel concentration and flowrate, total fuel utilization can likely be achieved
by addition of Pt-CNT-MM catalysts. Specifically, the effects of boundary layer confinement and
catalytic surface area increase with increasing Pt-CNT-MM quantity, ultimately lending to total
fuel utilization as was observed for the tests involving a 10 [mL s!] flowrate of 25 and 35% [w/w]
H202 with six or more Pt-CNT-MMs. Because increasing the Pt-CNT-MM quantity leads to total
fuel utilization, it is confirmed that Pt-CNT-MMs enhance fuel decomposition. In addition to
catalytic surface area and flowrate, enhancement via of boundary layer confinement is addressed

more explicitly in a second case study of the H202 sample system — chemical sensing.

4.3 Conclusions
CNT-M techniques were used to fabricate Pt-CNT-MMs to provide high aspect ratio
catalytic microstructures for the enhanced propulsion of MUVs. In summary, it has been

demonstrated that the Pt-CNT-MM catalyst possesses a low activation energy (26.96 [kJ mol™']),
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thereby achieving high reaction efficiency for the decomposition of H202. Furthermore, the
reported effective activation energy of the Pt-CNT-MM catalyst rivals the lowest reported values
in the literature.

The efficacy of Pt-CNT-MMs, functionalized in 25-30% [w/w] Pt-C solution, for the
propulsion of MUVs was demonstrated using a water tank setup. Application of the Pt-CNT-MM
microstructures in the water tank setup confirmed that increase of the H20z fuel introduction rate
to the catalyst (i.e. increase of H20: fuel flowrate/concentration and available catalyst surface area)
contributes to additional thrust, and that the Pt-CNT-MMs can be used to provide burst propulsion
for MUVs. Namely, using eight inline Pt-CNT-MMs, exposed to manually driven high burst flows
of 50% [w/w] H202, producing a maximum average burst thrust of 209 &+ 49 [mN]. This propulsive
bursting thrust falls within the milli-newton thrust range typically required for MUV

7103 and is shown to be at least six times greater than that produced by several

propulsion,
biomimetic propulsion designs.!**!” Further, the proposed approach minimizes component
exposure to the environment and is comprised of a simple, static architecture relative to other
micro-propulsion systems.

It was further demonstrated that, for a given H20: fuel concentration and flowrate, total
fuel utilization can likely be achieved by addition of Pt-CNT-MM catalysts. Because it is common
knowledge that boundary layer confinement provides further enhancement to the introductory rate
of analyte to a surface, it is believed that this method contributed to the increase in thrust, in
conjunction with the thrust afforded by the increase in H20:2 fuel flowrate/concentration and Pt-

CNT-MM quantity, thereby successfully demonstrating enhanced fuel decomposition via Pt-CNT-

MMs.
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Future work will be devoted to studying Pt-CNT-MM performance under varying
microchannel geometry and porosity. Due to the ‘free-standing’ nature of the Pt-CNT-MM
samples in the MUYV reaction chamber, it is likely that the much of the H202 fuel was not confined
to pass through the catalyst microchannels. Additional work, therefore, may also include thrust
measurements taken for Pt-CNT-MM samples held in place using pressurized seals (O-rings, efc.)
such that all H20:2 fuel is forced exclusively through the Pt-CNT-MM microchannels. It can be
expected that such a setup, for a given number of Pt-CNT-MMs at a prescribed flowrate, would
increase the generated thrust per Pt-CNT-MM and induce total fuel utilization earlier than a setup

using free-standing Pt-CNT-MM catalysts.
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CHAPTER 5. H>0; SENSING FOR GLUCOSE DETECTION APPLICATIONS

5.1 Introduction

Sensor usage has increased dramatically in detection applications due to miniaturization of
components through micro- and nano-fabrication. Small-scale fabrication methods have not only
reduced the size of sensors, but have also greatly increased production rate as several sensors can
be constructed in parallel. However, as sensors have reduced in size, their surface area has also
experienced a corresponding decrease, which can have a negative impact on the ability to sense
target-molecules (analytes) in suspension rendering some sensors less sensitive.

One application of sensors is found in the monitoring of glucose levels in the body as a
mechanism to manage diabetes. Approximately 25.8 million people in the United States have
diabetes, or just over 8% of the total population.!®® It is estimated that another 79 million people
have prediabetes or impaired glucose tolerance. This metabolic disorder is evidenced in blood
glucose concentrations outside of the normal range of 4.4-6.6 [mM].'” While diabetes can result
in or be a contributing factor to fatalities, many more confront the condition on a daily basis as
they monitor and control blood glucose levels. This monitoring commonly involves lancing one’s
fingertips to draw blood for testing. The invasive nature of this test is cited as one contributing
factor as to why people with diabetes do not regularly monitor their glucose levels. In recent
studies, non-invasive routes to glucose sensing have been investigated that target saliva, sweat,
d.10,109-111

tears, and urine as alternatives to bloo
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Today the preferred approach for glucose sensing is amperometric measurement of H20O2
concentration.''? As glucose is bound to a surface that has been functionalized with the catalyst
glucose oxidase (GOx), it is decomposed into gluconic acid and H202 (eq 4).!"* The H20z is
subsequently oxidized releasing two electrons per molecule, thereby producing a measureable

electric current (eq 5).!%!13

GOy i i 4
glucose + 0, — gluconic acid + H,0, 4)
(Electrode) (5)

H,0, ——— 2e~ + 2H* + 0,

The electric current is directly correlated to the glucose concentration and is limited by the
rate of glucose transport to the functionalized sensing surface. Furthermore, electron transfer
kinetics highly affect biosensor performance. For this reason, it is desirable for the sensing surface
to be composed of highly electrocatalytic (electrochemically active) materials such as palladium
(Pd), nickel (Ni), or platinum (Pt). To facilitate the sensing of current, it is also advantageous that
the functionalized supporting structure(s) be a highly conductive material such as carbon.

Given a bias voltage, electrocatalytic materials promote chemical redox reactions within
solution. Unlike catalysis, as used in our propulsion work, electrochemical processes investigate
the explicit monitoring of electron exchange between electrocatalytic surfaces and molecules
during redox reactions. Hence, while our previous work allowed us to demonstrate introduction
rate enhancement via Pt-CNT-MMs for the decomposition of H20O2, electrochemistry allows us to
investigate the same for the oxidation of H20z. Electrochemistry also allows us to better study the
mass transport enhancement involved with using Pt-CNT-MMs, as well as gives us the ability to
further characterize the microstructure in terms of electroactive surface area (surface area available
for the participation in chemical redox reactions).

Several chemical sensing studies conducted in recent years have demonstrated that CNT

based electrodes have shown excellent electrocatalytic activity toward H202."!'* These microscale
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structures also satisfy the need for facilitating greater mass transport rates of analyte to a sensing

surface because of their high aspect ratio geometry. The utility of CNTs in electrochemical

biosensing has been summarized by Rivas et al.!'*

Pd Nanocubes

SWCNTs

Figure 5-1: Illustrations and accompanying SEM images of (a) Pd-SWCNT/PAA and (b) Pt-
SWCNT/PAA electrodes grown from a PAA templated substrate. These nanostructured sensing
platforms can be used for H202 sensing applications, or be functionalized with GluOx to be used
in glucose/H20: sensing applications (GluOx/Pd-SWCNT/PAA and GluOx/Pt-SWCNT/PAA).!

Previous work involving CNTs for glucose sensing includes the attachment of gold-coated
palladium nanocubes (Au-Pd) tethered to a conductive substrate by means of CNTs.** This
approach provided a surface topology for the sensing platform and catalyst in an attempt to
increase the analyte introduction rate. Other studies involved tethering Pd nanocubes and Pt

nanospheres in like manner (Figure 5-1).! As an extension to these, a study on the packing density
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of Pt nanospheres along CNT tethers revealed that tightly packed nanospheres outperformed sparse
Pt nanosphere loadings in terms of greater sensing range and sensitivity.?

One of the most effective glucose sensors studied, however, incorporated multilayered
graphene petal nanosheets (MGPNs) on a planar substrate.!” The MGPNs were then functionalized
with Pt nanospheres of varying packing density and used in H202 and glucose sensing. This study
confirmed that an increase in functionalized surface area had a significant impact on the
performance of the sensor (sensitivity and sensing range). The performance increase was achieved
through three surface area enhancements: usage of non-planar graphene topologies, increased Pt
loading/proximity, and usage of Pt morphologies that had urchin-like nanowire extensions (Figure
5-2). It is worth noting, however, that loading the graphene structure beyond a certain threshold
led to a slight decrease in the sensor’s performance. Therefore, it is important to determine a

deposition procedure that yields optimal loading based on available substrate surface area.

Figure 5-2: MGPNs functionalized (a-e) with increasing Pt nanoparticle density. Plot (f) showing
sensitivity threshold indicates an optimal Pt loading.'”
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While increased sensing surface area has been pursued using novel topologies (namely
carbon structures), transport of the analyte to sensing surfaces in previous studies has been
essentially similar to flow past a flat plate in a stirred solution.!!%-?%115:11¢ The reason for stirring
is to quickly achieve a homogeneous solution while additional glucose is added to increase the
concentration. Surface textures may protrude into the flow like extended surfaces but even
graphene!® and CNT devices'!” are essentially flat relative to the bulk fluid they are contacting.
Further, only those analytes close to the sensing surface are detected while the remaining analytes
depend on diffusion, potential advection (if stirred), or migration (movement caused by an electric
field) to be presented to the sensing surface for detection. Thus planar sensing structures within
static/stirred environments have inherently limited analyte introduction rates.

Initial testing involved the use of Pt-CNT-MMs for the amperometric sensing of H202 in
static and stirred analyte flow conditions. As will be shown, the amperometric response is
dependent on the analyte flow condition — something often overlooked in related studies.
Specifically, exploiting flow conditions to achieve higher analyte introduction rates contributes to
larger amperometric response. Accordingly, the amperometric response of Pt-CNT-MMs toward
H20:2 oxidation will be shown to increase with increasing stir speed (or flowrate, in the case of
through-flow testing). Application of Pt-CNT-MMs in through-flow conditions will then be
demonstrated to show enhanced amperometric response, relative to the static/stirred cases, due to
the larger analyte exposure to catalytic surface area and the introduction of boundary layer
confinement. Because large amperometric response corresponds to high sensitivity, through-flow
sensing using Pt-CNT-MM structures is demonstrated to be a very promising route to non-invasive
glucose sensing. Initial studies will be limited to H2O2 sensing exclusively, with future work

including glucose sensing upon biofunctionalization of the Pt-CNT-MM microstructure.
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5.2 Results and Discussion

Transport enhancement for amperometric sensing of H2O2 was demonstrated using Pt-
CNT-MM samples fabricated according to the techniques presented in Chapter 3, and includes
samples fabricated using all three lithography masks referred to in section 3.2.3. Surface area
available for participation in redox reactions (electroactive surface area) can be determined using
cyclic voltammetry (CV). This measurement, taken for sample fabricated using each of the three
lithography masks (diamond, small/large circle), is then used in subsequent calculations for the
determination of Pt-CNT-MM performance, with regard to amperometric sensing of H20x.
Amperometric sensing was conducted under static, stirred, and through-flow conditions using Pt-
CNT-MMs, and preliminary data is used for comparison of microstructure sensitivity with respect

to a conventional sensor.

5.2.1 Electroactive Surface Area (Cyclic Voltammetry)

Cyclic voltammetry is a common standard by which the effective electrocatalytic surface
area of an electrode can be measured. In a standard CV setup, three electrodes are present and
submerged in a mediator solution. This solution is carried through several redox cycles as a
changing voltage is applied between the working and reference electrodes. During this time, the
current is measured between the working and counter electrodes and plotted versus applied
potential.''® With knowledge of the diffusion coefficient of the mediator solution, and using the
electrical current to quantify the redox reaction rate at the electroactive surface, these
measurements can be used for calculating the electroactive surface area. This measurement is
important, as greater electrocatalytic surface area translates to larger amperometric signal for a

given concentration of analyte.
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The measurement metrics of CV, however, depend upon the diffusion of fresh analyte to
the electrocatalytic structure as it is performed in a quiescent solution. Thus, it is believed that CV
may not be the most representative means of characterizing a structure intended for through-flow
applications. In other words, it is likely that most of the redox reactions occurring during CV
happen on the frontal and entry-region surfaces of the Pt-CNT-MMs with limited contributions
deep within the microchannels of a Pt-CNT-MM. This limitation could very well lead to inaccurate
quantification of the electroactive surface area. A related study demonstrated the potential
inaccuracies from CV regarding electroactive surface area of gold nanopillars.'” Although CV may
not be the most suitable means for the electrochemical characterization of Pt-CNT-MMs, selected
CV data is presented here from which useful observations regarding mass transfer and sensitivity
can be drawn.

Duralco 120 silver epoxy was used to attach Nichrome wire to each sample used for CV
testing. After the silver epoxy had cured (approximately 24 [hrs]), a chemically inert lacquer
coating was applied to the silver joint. CV tests were conducted using a CHI 630E
Potentiostat/Galvanostat. A three-electrode cell was setup with the CNT-MM samples (no Pt)
acting as the working electrode, a Ag/AgCl electrode acting as reference electrode and a coiled Pt
wire as counter electrode. Initial tests were performed using a ferricyanide solution acting as
mediator. Three cycles were run per sample through a potential range of -0.2 to 0.6 [V] at a scan
rate of 10 [mV s!]. The peak redox current for each sample was taken as the average of both
anodic/cathodic peak currents of the latter two CV cycles. All runs were performed at room
temperature.

Electroactive surface area (EASAs) was calculated using the Randles-Sevcik Equation (eq

6), where ip is the peak redox current [A], n is the number of electrons transferred per redox
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reaction, 4 is the EASA [cm?], D is the mediator diffusion coefficient (6.7 x 10 [cm? s!] for a
ferricyanide solution of 4 [mM] Fe(CN)s*> and 1 [M] KNO3),! ¢ is the solution concentration

[mol cm™], and v is the potential scan rate [V s7].1%°

i, = 2.686 X 10°n%2 A ¢ D2 y1/2 (6)
To allow for comparison between samples of any dimension as well as account for

variations in growth across the sample surface, all CV data was normalized according to sample
mass (Figure 5-3a). Hence, EASA calculations were used to determine the electroactive specific
surface area (ESSA, i.e. EASA per unit mass) for each sample. Three Oz etched CNT-MM samples
were shown to have an average ESSA of 293.1 [cm? g''] with a standard deviation of 27.8 [cm? g
1 (i.e. 293.1 £ 27.8 [cm? g!]). This measurement indicates that not only is our Oz etched CNT-
MM sensing platform conductive, it is electrocatalytic. Thus, the O2 etched CNT-MM structures
can participate in the electrochemical reduction of a given chemical species while providing a
conductive substrate on which catalytic Pt nanoparticles may be deposited.

Repeating CV tests for a given (O2 etched) CNT-MM sample under varying scan rates
revealed a linear relationship between the magnitude of the normalized anodic peak current and
the square root of the scan rate for the CNT-MM sample within the ferricyanide mediator solution
(Figure 5-3b). This linear correlation (R? value > 0.99) suggests that the redox reaction of
ferricyanide at the surface is a diffusion-controlled process for CV in a static environment. 2123 It
is therefore expected that in a convective-enhanced environment, larger measured currents would
be obtained for a given solution concentration (increased sensitivity). This further motivates the

fabrication of MM geometries for use in through-flow environments.
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Figure 5-3: CV characterization of an Oz etched CNT-MM sample within ferricyanide mediator
solution (4 [mM] Fe(CN)s*>" and 1 [M] KNO3). (a) Representative cyclic voltammogram (current
normalized by sample mass) for (O2 etched) CNT-MM sample. (b) Plot of the magnitude of the
normalized anodic peak current vs. the square root of the scan rate for an Oz etched CNT-MM

sample, indicating that the transport of ferricyanide to the CNT-MM surface is a diffusion-
controlled process.

After receiving Pt deposition, the Pt-CNT-MM samples were characterized using CV.
Representative data for the diamond patterned samples is provided in Appendix E.1, including a
comparison between CNT-MM and Pt-CNT-MM samples. When using a ferricyanide mediator
solution, the CNT-MM sample displays a larger electroactive surface area. During the majority of
each scan, however, the Pt-CNT-MM samples produce a consistently larger current. Further
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comparison of CV responses for CNT-MM and Pt-CNT-MM structures, with respect to various
mediator solutions, may be the focus of future studies.

Of interest to our current work, the ESSA was determined for each Pt-CNT-MM pattern
using two or more test samples per pattern type. The ESSAs, with respect to a ferricyanide solution,
were determined to be 53.3 +£6.3,82.0+9.5, and 70.4 + 0.3 [cm? g!] for the diamond, small circle,
and large circle patterns, respectively. It should be noted that only nominal values for ESSA were
used, in conjunction with additional testing, to determine parameters such as sensitivity, etc. in the

following sections.

5.2.2 Chronoamperometry

‘Chronoamperometry,” or the study of current with respect to time, typically refers to
measuring a current between electrodes given some time-dependent applied voltage. In this study,
electrical current between electrodes was measured given some time-dependent molar
introduction rate. By amperometrically measuring the rate of electrons exchanged at an electrode
surface (electrical current) during oxidation, one can calculate the number of molecules oxidized
at that surface per unit time (molar oxidation rate). It should be noted, however, that the molar
oxidation rate (or ‘sensed’ molar introduction rate) may be less than the actual molar introduction
rate because of slow electron transfer kinetics at the electrode. Section 5.2.4 reveals, however, that
through-flow chronoamperometric testing of Pt-CNT-MM samples demonstrate near equivalence
between the molar oxidation and introduction rates. Amperometric measurements correspond to

the molar oxidation rate according to the equation shown below (eq 7).

Molar Oxidation Rate [mol s™1] = (7)
1[Cs™1] [6.24151 x 10*® [e™]\ /1 H,0, [molecule] 1 [mol]
(Current [A]) ( 1[4] )( 1[C] )( 2[e ] ) <6.02 x 1023 [molecules] )
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Using chronoamperometry to measure the molar oxidation rate enables us to quantify the
relative mass transport enhancement among a variety of electrocatalytic structures and for a variety
of flow conditions. With respect to sensing applications, mass transport enhancement will result
in lower limits of detection (LOD) and higher sensitivities, so long as the oxidation reaction rate
at the sensing surface exceeds the analyte introduction rate to that surface. Parameters such as
LOD and sensitivity (in addition to linear sensing range and response time) can all be determined
using amperometric testing (current-time plots) such as the one shown below for the Pt nanosphere

and Palladium nanocube structures mentioned previously (Figure 5-4).

2.0
Pt-SWCNTs/PAA

1.6 Pd-SWCNTs/PAA
. SWCNTs/IPAA
423
- |
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Figure 5-4: Current-time plot indicating responsiveness of GluOx/Pt-SWCNTs/PAA, GluOx/Pd-
SWCNTs/PAA and GluOx/SWCNTs/PAA sensing structures to successive aliquots of H202,
where GluOx indicates biofunctionalization of the aforementioned electrodes with glucose
oxidase. Samples were tested in 20 [mL] of phosphate buffer solution (PBS at pH 7.4) using a
three electrode cell and working voltage of 350 [mV]. Adapted from Claussen et al.'

In the interest of investigating mass transport enhancement via increased surface area, flow
rate of analyte solution, and boundary layer confinement, initial studies are restricted to the
measurement of the molar oxidation rate. As discussed previously, the molar oxidation rate is

surface area dependent. Normalizing this value by the electroactive surface area of the sensing
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device removes the surface area dependence and allows for conclusions to be drawn about the
effects of increased analyte flow rate and boundary layer confinement, as well as relative
electrocatalytic performance. Normalization of the molar oxidation rate by the electroactive
surface area is shown below (eq 8). An analysis of the data presented in Figure 5-4 is demonstrated
here as an example of how equations 7 and 8 can be used to better understand the mass transport

involved in amperometric chemical sensing studies.

Molar Oxidation Rat Is71
Molar Flux [mol m=2s71] = ( ate [mol s™*] ) 6)

Electroactive Surface Area [m?]

In the case of the amperometric testing shown in Figure 5-4, the electrical current was
measured as successive aliquots of H2O2 were added to the 20 [mL] of PBS test solution at
approximately 1 [min] intervals. As an illustration of the molar flux sensed by the GluOx/Pt-
SWCNT/PAA and GluOx/Pd-SWCNT/PAA platforms, the respective measured currents shown
in Figure 5-4 were investigated. At 1.5 [min], the measured currents for the GluOx/Pt-
SWCNT/PAA and GluOx/Pd-SWCNT/PAA sensing platforms were approximately 0.27 and 0.07
[LA], respectively (plot image processed to extract values using Imagel software). It is also
reported that the measured electroactive surface area of the GluOx/Pt-SWCNT/PAA and
GluOx/Pd-SWCNT/PAA sensing platforms were reported to be (2.06 = 0.5) x 10 cm? and (2.25
+ 0.5) x 10* cm?, respectively. Using equation 7, it was determined that the GluOx/Pt-
SWCNT/PAA structure achieved a molar oxidation rate of 1.4 [pmol s7'], while the GluOx/Pd-
SWCNT/PAA structure achieved only 0.36 [pmol s'].

Normalization of the molar oxidation rates of the GluOx/Pt-SWCNT/PAA and GluOx/Pd-
SWCNT/PAA sensing platforms by their respective electroactive surface areas, according to
equation 8, revealed a molar flux of 0.68 and 0.16 [umol m? s™'], respectively. This demonstrates

that the GluOx/Pt-SWCNT/PAA sensing structure performed more than four times better than the
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GluOx/Pd-SWCNT/PAA structure, which is in agreement with the reported work regarding
relative sensitivities of the two structures.! Because the conditions and concentrations used in both
cases were the same, and because the molar oxidation rate term was normalized by the relative
electroactive surface areas, it was determined that the electrocatalytic properties of the Pt-

SWCNT/PAA structure afforded it the better performance or, rather, higher oxidation efficiency.

5.2.3 Mass Transport Enhancement in Static and Stirred Environments

As will be shown, convective enhancement of an analyte flow field can drastically effect
the molar oxidation rate at a sensing surface. Accordingly, the measured current per given analyte
concentration (sensitivity) is enhanced. To demonstrate this point, and to establish a baseline
against which to compare through-flow sensing, chronoamperometric testing of Pt-CNT-MMs was
conducted in static and stirred environments of H20x.

Pt-CNT-MM samples were fabricated according to the methods described in section 3.1.2
and were functionalized by an electroless Pt deposition process as described in section 3.1.3 (~30%
[w/w] Pt-C). Chronoamperometric testing was performed in a three electrode cell with a flexible
Ag/AgCl reference electrode (saturated KCl), Pt wire counter electrode, and the Pt-CNT-MM
structures operating as the working electrode with an applied voltage of 700 [mV] in a Tris buffer
solution (25 [mM] Tris, (HOCH2);CNHz2; 0.5 M NaCl; pH 10.0). It is here noted that this same
Tris buffer composition was used in all following tests. An N2 envelope was maintained above the
buffer solution in order to prevent interference from the diffusion of oxygen into the
electrochemical cell. Pt-CNT-MM structures were electrically connected to a PAR Model 173
Potentiostat/Galvanostat using a gold plated clip. Aliquots of H20O2 were prepared as described in

Appendix E.2 (prepared from 0.800 = 0.002 [M] stock H202 solution).
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Figure 5-5: Three electrode cell used for chronoamperometric testing of Pt-CNT-MM samples in
static and stirred environments of H2O2. Samples positioned such that approximately half of the
sample was submerged in solution. Care was taken regarding sample placement in order to
minimize error.

Stir Bar

Upon applying an electric potential, reduction of the stirred buffer solution (and dissolved
oxygen in solution) produces a large measurable current. As the reduction process continues, the
current eventually reaches a reference baseline from which an absolute H2O2 oxidation current can
be measured. Reference baselines for the reduced buffer solution were measured for static and
stirred cases, each case lasting about 2 [min] (50, 75, 100, and 150 [rpm]). It was observed that the
buffer baseline did not change significantly with increasing stir speed. After sufficiently reducing
the stirred buffer solution, and once the solution had maintained a stir speed of 150 [rpm] for
approximately 2 [min] (Figure 5-6, 1), 5 [uL] of stock H202 (0.800 [M]) was injected into the 35
[mL] buffer solution achieving a 114 [uM] solution, similar to a realistic concentration of glucose
in saliva. Electrical current measurements were taken throughout the test, with the stir speed

decreased at the beginning of each 2 [min] interval (Figure 5-6, vi-x).
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Figure 5-6: Example chronoamperometric sensing of H2O2 (114 [uM]) in 35 [mL] stirred Tris
buffer solution using diamond patterned Pt-CNT-MM. Tris buffer reference baseline for (i) static
environment, and stirred environment at (ii) 50, (iii) 75, (iv) 100, and (v) 150 [rpm]. After 5 [uL]

injection of stock H202 (0.800 [M]) solution, measured currents were taken for stirred
environments at (vi) 150, (vii) 100, (viii) 75, and (ix) 50 [rpm] as well as for (x) static conditions.

The decrease in measured current between successive intervals from vi to x in Figure 5-6
is due primarily to the corresponding decrease in stir speed. Because amperometric sensing
requires the oxidation (or depletion) of H202, however, there exists a gradual decrease in total
H202 concentration. This gradual decrease in H20O2 concentration also contributes to a decrease in
measured electrical current, but can be shown to be negligible compared to stir speed effects. In
order to quantify the maximum current drop due to H202 depletion, another test was conducted
with a Pt-CNT-MM sample similar to that used for Figure 5-6 wherein the same H20:2
concentration (114 [uM]) and test setup was used except that the stir speed was held at the
maximum value (150 [rpm]) from the beginning of interval vi onward (held for a total of 10 [min];
Figure 5-7). After the H2O2 injection, the measured current is observed to remain essentially

constant during the first 2 [min] interval (interval vi) and decrease by about 17.6%, with respect
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to the buffer baseline, over the entire post-injection range (10 [min]). It is observed that H2O2
depletion can contribute a significant decrease in measured electrical current. However, as the test
shown in Figure 5-7 is an extreme case, it is reasonable to assume negligible interference from
H202 depletion for the remaining tests mentioned herein. In other words, it will be assumed that
the H202 concentration is essentially constant for the duration of a given test. Future work will be

devoted to accounting for any decrease in measured electrical current due to H202 depletion.
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Figure 5-7: Chronoamperometric sensing of 114 [uM] H20: in 35 [mL] Tris buffer solution
(using sample similar to that used for Figure 5-6; diamond patterned). The data demonstrates that

even in the extreme case (maximum stir speed maintained from the beginning of interval vi
onward), the measured current decreases by only 17.6 % over a 10 [min] range.

Following the procedure demonstrated earlier for GluOx/Pt-SWCNT/PAA and GluOx/Pd-
SWCNT/PAA electrodes, the molar flux of the Pt-CNT-MM demonstrated in Figure 5-6 was
calculated. With 2.135 [cm?] of the total EASA exposed to the H2Oz solution, calculation of the
molar introduction rate and flux sensed by the Pt-CNT-MM sample revealed the following (Figure
5-8). The Pt-CNT-MM achieved a maximum average molar flux of about 5.45 [umol m? s'] at
150 [rpm] which is about thirty times larger than that of the static case (data averaged over a 20

[sec] interval). This demonstrates mass transport enhancement via increased flow rate resulting
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from a change in stir speed. It is expected that the maximum average molar flux would continue
to increase with stir speed until the maximum H:0: oxidation rate achievable by the Pt

electrocatalyst were reached.
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Figure 5-8: Molar (a) introduction rate and (b) flux calculated using data from Figure 5-6, with
respect to stirred buffer baseline. Note change in magnitude of y-axis once normalized by frontal
surface area. Regions (i-x) correspond with similar regions on Figure 5-6.
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Figure 5-9: Molar (a) introduction rate and (b) flux for Pt-CNT-MM samples under static and
stirred (50, 75, 100, and 150 [rpm]) conditions. Three Pt-CNT-MM samples were tested for each
pattern type using 114 [uM] H20x, in Tris buffer, for each of the stir speeds indicated.
Introduction rates were determined using equation 7; molar flux values were calculated using
equation 8 and the EASA for each respective sample. Values shown above represent an average
among the samples, with error bars indicating the standard deviation among samples for a given
test condition.

Also, it can be seen in Figure 5-8 that immediately after H202 injection, the molar flux rises

gradually to approach steady state. Calculation of molar flux for interval vi would be skewed for
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data taken during conditions preliminary to steady state. To minimize inaccurate measurements in
future work, additional time will be given for interval vi such that steady state will have been
achieved. Additionally, intervals following interval vi may be shortened in order to help minimize
error due to H2O2 depletion.

Chronoamperometric testing was likewise conducted on three distinct Pt-CNT-MM
samples from each of the three mask patterns (9 samples total). Figure 5-9 illustrates the molar
oxidation rate and flux measured for these samples at each flow condition. In consideration of the
standard deviation presented for each data point in Figure 5-9b, it is observed that the molar flux
is approximately the same per stir speed, regardless of pattern type. Achieving similar response
among samples for a given stir speed would be expected, in this case, as the data has been
normalized by ESSA.

It is interesting to note that the Pt-CNT-MM samples having the larger hydraulic diameter
(large circle pattern; hydraulic diameter of 16.1 [um]) tend to achieve a higher molar flux as shown
in Figure 5-9. Because the pressure drop required to push a fluid through a channel decreases with
increasing channel diameter, it is possible that the large circle pattern allows for greater H202
penetration into the microchannels than does the alternate patterns in the stirred flow condition.
The greater H2O2 penetration results in exposure of the H202 to greater surface area for subsequent
oxidation and therefore greater measured electrical current. This result further motivates high
surface area sensing platforms.

The data shown in Figure 5-9 also demonstrates transport enhancement, or increase in
molar flux, of H202 in solution with increasing stir speed. The data suggests that, for the range of

stir speeds tested, the correlation between stir speed and molar flux is approximately linear. As

65



stated previously, and confirmed by the data presented in Figure 5-9, convective enhancement of

an analyte flow field drastically effects the molar oxidation rate and flux at a sensing surface.

5.2.4 Mass Transport Enhancement in Through-Flow Environments

The coupled transport enhancement made possible by an increase in surface area and
analyte flow can be further enhanced by boundary-layer confinement. Accordingly, the utility of
Pt-CNT-MMs applied in a through-flow environment is demonstrated herein and shown to
dramatically increase chemical analyte introduction rates and thereby improve upon conventional

sensing methods.

Reference  Counter Working Electrode Lead
Electrode  Electrode (Pt-CNT-MM)
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Inlet Flow [ 1 QOutlet Flow
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Figure 5-10: Teflon flow cell configuration for through-flow chronoamperometric testing of Pt-
CNT-MM samples for the investigation of mass transport enhancement via boundary layer
confinement.

Sensing of H202 in a through-flow environment required that a suitable test setup be
fabricated. Specifically, a chemically inert flow cell was needed that allowed for the inflow and
outflow of dilute H202 in a buffer solution. Furthermore, it was required that the flow cell secure
a water-tight seal across Pt-CNT-MM samples without causing damage to the samples. Finally,

the flow cell must allow for electrode access into the chemical flow, thereby forming a dynamic
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electrochemical cell. To meet these requirements, a Teflon flow cell (Figure 5-10) was designed
and manufactured for through-flow chronoamperometric testing of Pt-CNT-MM samples.
Samples were carefully secured within the flow cell, which was connected to a Harvard
Apparatus syringe pump. The ‘feeder’ syringe, located on the syringe pump, acted to infuse and
withdraw the Tris base buffer solution into, and out of, the flow cell. Air within the flow cell was
evacuated as buffer solution was initially infused from the syringe pump. Exposed buffer solution
was collected in a ‘reservoir’ syringe which was exposed to a continuous stream of N2 gas.
Reduction of the buffer solution, in preparation for sensing of H20z, involved repeatedly cycling
the buffer solution through the flow cell while the 700 [mV] working potential was applied to the

Pt-CNT-MM sample. Once reduced, chronoamperometric testing began.

H,0O, Injection

Solution Reservoir

N, Source

Figure 5-11: Through-flow chronoamperometric setup using flow cell. Pt-CNT-MM structures
housed in flow cell act as the working electrode while the buffer solution with trace H20z, is
pumped through for sensing.
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Figure 5-12: Example chronoamperometric sensing of 114 [uM] H20z2 (in Tris buffer) in
through-flow setup using large circle patterned Pt-CNT-MM. Tris buffer reference baseline for
through-flow environment at (i) 10, (ii) 20, (iii) 30, (iv) 40, and (v) 50 [uL s'] (measured for ~1
[min] per interval). After injection of stock H202 solution (0.800 [M]), measured electrical
currents were taken for through-flow environments at (vi) 50, (vii) 40, (viii) 30, (ix) 20, and (x)
10 [uL s']. Note that there was some delay between the point of injection (beginning of vi) and
rise in electrical current because of the time required for the injection to reach the Pt-CNT-MM
sample within the flow cell. Also, note that the signal frequency decreases with successive
intervals from vi to x due to stepping of the syringe pump motor.

Through-flow chronoamperometric testing for Pt-CNT-MMs was conducted in a stepwise
fashion, similar to that of the static and stirred testing. Using a syringe pump, Tris buffer solution
(of the same composition as was used for static/stirred testing) was cycled through the Pt-CNT-
MMs until fully reduced (Figure 5-11). The buffer solution was then withdrawn through the Pt-
CNT-MMs and into the pump syringe while baseline electrical currents were measured for 10, 20,
30, 40, and 50 [pL s7'] flowrates, respectively (Figure 5-12). Upon completion of measuring the
baseline current for 50 [pL s'], H202 was injected into the N2 bubbled Tris reservoir so as to create

a H20:2 solution of approximately 114 [uM] within the reservoir (typically a 3.1 [uL] injection of

0.8 [M] H20z2 into 22 [mL] of Tris buffer). Upon entering the flow cell, the measured current was
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observed to increase dramatically, and decrease with each successive decrease in flowrate
(flowrate stepped from 50 to 10 [uL s7'] at 2 [min] intervals).

As demonstrated previously, measured electrical current for the static/stirred testing was
effected by H20:2 depletion (i.e. a change in the bulk H2O2 concentration). Because the through-
flow setup utilized a flow cell, however, solution once exposed to the Pt-CNT-MM (within the
flow cell) was then discharged into the syringe pump syringe and held there until the end of the
testing. This ensured that Pt-CNT-MM samples would be exposed only to H20: solutions of
constant concentration, thereby removing the possibility of measurement error due to bulk solution
H202 depletion. This is demonstrated in Figure 5-13 by the near-constant electrical current
measured for a Pt-CNT-MM sample exposed to a constant flowrate of H2O2 solution (50 [uL s™'];
114 [uM] H202 in Tris buffer). It can then be assumed that, post H2O2 injection, any change in

measured electrical current is due exclusively to a change in solution flowrate.
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Figure 5-13: Chronoamperometric test using 114 [uM] H202 (in Tris buffer) in through-flow
environment at 50 [pL s!] flowrate (using same large circle patterned Pt-CNT-MM sample as
was used for the test shown in Figure 5-12). The data demonstrates that even in the extreme case
(maximum flowrate held throughout duration of test), the measured current remains nearly
constant post H20:2 injection (injection indicated by dashed line).
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Initial testing has revealed much about the mass transport enhancement made possible by
the Pt-CNT-MM microstructure in a through-flow environment, as well as its improvement on
sensing performance compared to static/stirred conditions. Specifically, Figure 5-14 shows a ten-
fold increase in molar flux for the Pt-CNT-MM sample between the initial stirred flow and
through-flow conditions (150 [rpm] vs. 50 [uL s']). Though a direct comparison of relative
flowrates between stirred and through-flow conditions is impractical, the large increase in molar
flux can be attributed to both an increase in exposed electrocatalytic surface area, as well as
increase in boundary layer confinement. It was also observed that, for the prescribed test
conditions, the molar flux sensed using the Pt-CNT-MM structure in a through-flow environment
at 10 [uL s™'] was approximately twice that achieved by the Pt-CNT-MM sample in a stirred
environment at the maximum tested stir speed (150 [rpm]), and nearly fifty times that achieved in

a static condition.
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Figure 5-14: Chronoamperometric sensing of 114 [uM] H202 (in Tris buffer) using the same Pt-
CNT-MM sample as was used for testing shown in Figure 5-6. It should be noted that data for
the ‘Thru-Flow (Pt-CNT-MM)’ had a buffer baseline that was slightly increasing immediately
prior to H202 injection. Given that the data is ‘zeroed’ on the y-axis, and that the molar flux
plateaus (shown above) are fairly level, the sloping baseline likely contributed negligible error to
the resultant plot.
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Knowing both the H20:2 concentration of the buffer solution (114 [uM]) and the prescribed
flowrate, the theoretical molar flux of the through-flow setup was calculated and compared to the
experimentally obtained molar flux sensed by a Pt-CNT-MM sample (Figure 5-15; plot based on
data shown in Figure 5-14). As shown in Figure 5-15, the calculated molar supply rate is nearly
exactly matched by the sensed molar introduction rate, indicating that Pt-CNT-MM structures
facilitate high mass transport from bulk solution to electrocatalytic surfaces for near-total oxidation

of trace H20x.
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Figure 5-15: Comparison of calculated versus sensed molar flux for a Pt-CNT-MM sample in
through-flow environment of 114 [uM] H20: in Tris buffer solution (calculated from data shown
in Figure 5-14). Plot reveals high mass transport from bulk solution to electrocatalytic surface of
Pt-CNT-MM for near-total oxidation of suspended H20x.

The sensitivity of a given sensing structure can be determined from a knowledge of the
electroactive surface area of the structure, as well as the amplitude of the measured electrical
current when exposed to a known concentration of analyte. Testing was conducted to determine

the sensitivity achieved by a diamond patterned Pt-CNT-MM sample in order to demonstrate the
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utility of Pt-CNT-MMs applied in through-flow environments for chemical sensing and illustrate
their improved performance with respect to conventional sensing methods. Accordingly, the
EASA of the Pt-CNT-MM sample was determined by multiplying the sample mass (0.0801 [g])
by the respective average ESSA (53.3 [cm? g'']), and was found to be 4.269 cm?. This EASA was
scaled according to the fraction of the sample exposed to the through-flow environment. Because
the exposed sample area (predicated by the diameter of the flow cell O-rings) was 0.2314 times
the total sample area, the scaled EASA was determined to be 1.000 [cm?].

Through-flow data for the diamond patterned Pt-CNT-MM sample is shown in Figure 5-14,
and repeated (in its entirety) in Figure 5-16. It was determined that an output current of 1.046
[mA], with respect to buffer baseline, was measured upon injection of H2O2 at a 50 [uL s']
flowrate (114 [uM] H202 in Tris buffer). Given that the H2O2 concentration was 114 [uM], and
the EASA was 1.000 [cm™], the sensitivity of the Pt-CNT-MM structure was determined to be
9.18 [mA mM! cm™]. Therefore sensitivity of the diamond patterned Pt-CNT-MM is over one
hundred times greater than that of the GluOx/Pt-SWCNT/PAA structures referenced previously
(0.0724 [mA mM™! cm2]).! The sensitivity demonstrated by the Pt-CNT-MM sample rivals even
that of the high performance Pt-MGPNs (9.71 [mA mM™ ¢m™]),!° while allowing for further
enhancement by optimizing the Oz etching and Pt deposition schemes, as well as by increasing the
H20: flowrate. These potential enhancements, and other future work, are summarized later in

section 5.3.
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Figure 5-16: Chronoamperometric sensing of H202 (114 [uM]; in Tris buffer) using Pt-CNT-
MM fabricated with the diamond pattern (sample from Figure 5-14 and Figure 5-15). Note that
the upward slope of the baseline before injection may have introduced some error in the
following calculations. Because of the large magnitude of the H202-induced signal, as well as the
typical current trends following injection, it can be assumed that any error introduced by the

sloped baseline is negligible. Initial peak current, with respect to buffer baseline, upon H202
injection is shown to be 1.046 [mA] at 50 [uL s™'].

5.3 Conclusions

Application of Pt-CNT-MM structures for amperometric chemical sensing has been
demonstrated for a H2O2 sample system. Specifically, these structures enhance the mass transport
of suspended analyte (H20:2) to the electrocatalytic surface of the Pt-CNT-MM structure, and
thereby improve overall sensor performance. Unlike other sensing platforms, Pt-CNT-MMs used
in through-flow environments utilizes all three mass transport enhancement methods — increase of
available electrocatalytic surface area, increase of analyte flow rate, and increase of boundary layer

confinement. Performance of the Pt-CNT-MM in static, stirred, and through-flow environments
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are studied and demonstrate the efficacy of through-flow sensing using high aspect ratio
microstructures.

Post Oz etched CNT-MM samples were characterized using cyclic voltammetry. These
tests revealed that the CNT-MM structure is highly electrocatalytic, achieving an average ESSA
of 293 + 28 [cm? g'!]. This demonstrates that CNT-MMs are not only highly conductive, but are
even electrocatalytic prior to Pt functionalization. Further testing confirmed that analyte transport
to the CNT-MM structure is a diffusion-limited process, thereby validating the study of mass
transport enhancement for chemical sensing.

Chronoamperometry is used to measure the H20O2 introduction rate to the Pt-CNT-MM
microstructure. Each test was run using a 114 [uM] H20:2 solution, which simulated the
concentration of glucose found in saliva. From the results of the chronoamperometric testing,
molar introduction rate and molar flux were derived and used for comparison between flow
conditions. Pt-CNT-MM testing in both static and stirred conditions confirmed that increasing the
flow of analyte in suspension results in higher mass transport and, subsequently, sensor
performance. Specifically, a Pt-CNT-MM sample having a (submerged) electroactive surface area
of 2.135 [cm?], exposed to a H202 solution being stirred at 150 [rpm], achieved a maximum
average molar flux of 5.45 [umol m™ s']. The molar flux achieved in the stirred condition was
about thirty times that achieved in the static condition, demonstrating mass transport enhancement
via increasing analyte flow in solution.

A chemically inert flow cell was designed and fabricated for the chronoamperometric
testing of CNT-MM and Pt-CNT-MM samples in a through-flow environment. Specifically,
samples were tested within a flowrate range of 10-50 [uL s']. Initial studies revealed that the molar

flux achieved for a Pt-CNT-MM sample in a through-flow environment (50 [uL s']) was
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approximately a ten-fold increase over that achieved in a stirred environment (150 [rpm]). This
ten-fold increase in molar flux can be attributed to both an increase in analyte exposure to
electrocatalytic surface area, as well as the introduction of boundary layer confinement. It was also
observed that, for the prescribed test conditions, the molar flux sensed using the Pt-CNT-MM
structure in a through-flow environment at 10 [pL s™!] was approximately twice that achieved by
the Pt-CNT-MM sample in a stirred environment at the maximum tested stir speed (150 [rpm]),
and nearly fifty times that achieved in a static condition.

Using the prescribed H20:2 solution concentration (144 [uM]), the theoretical molar flux
was calculated for each flowrate (10-50 [uL s']) and compared to that sensed by a Pt-CNT-MM
sample (same sample as in Figure 5-14 and Figure 5-16). Comparison of sensed molar flux to
calculated molar flux revealed that Pt-CNT-MMs can achieve near-complete H202 oxidation
within the flowrate range studied. This comparison also validates the accuracy of H202 sensing
using Pt-CNT-MMs. Furthermore, chronoamperometric testing of the same Pt-CNT-MM sample
revealed a sensitivity of 9.18 [mA mM™ c¢cm™], over one hundred times that of the GluOx/Pt-
SWCNT/PAA structures referenced previously (0.0724 [mA mM™' cm™])! and rivaling that of high
performance Pt-MGPNs (9.71 [mA mM™! ¢cm™]).!® Enhancement of the Pt-CNT-MM sensitivity
may come by optimizing the Oz etching scheme and Pt deposition, as well as by increasing the
H20:2 flowrate. It is also proposed that future work involve investigating further enhancement via

decreased microchannel diameter (greater boundary layer confinement).
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK

6.1  Conclusions

Rate limited chemical reactions can be enhanced by improving the mass transport of the
suspended analyte to the catalytic (or electrocatalytic) surface. While many attempts have been
made to enhance this mass transport, these approaches are limited to utilizing only two
enhancement methods — increasing available catalytic surface area, and increasing the flow of
analyte in solution. Flow through high aspect ratio microstructures, however, would provide
additional mass transport enhancement via boundary layer confinement. Pt-CNT-MMs offer
enhanced mass transport via all three methods, and were fabricated for demonstration in a H202
sample system, for which propulsion and chemical sensing applications were investigated.

Prior to demonstrating the efficacy of Pt-CNT-MM samples in rate limited chemical
reaction applications, several characterization methods were employed. Among these, N2
adsorption testing revealed that a typical Oz etched CNT-MM sample provides a surface area that
is roughly twenty thousand times that offered by a planar carbon structure of the same frontal
dimensions, while maintaining a very small volumetric footprint. Because Pt-CNT-MM samples
were also demonstrated to be hydrophilic and possess Pt coverage throughout the entirety of their
microstructure, they provide high surface area catalysts which can be employed in static, stirred,

and even through-flow environments for enhanced transport of suspended analyte.
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H202 decomposition testing revealed that Pt-CNT-MM exhibit an activation energy of
26.96 [kJ mol '], which is among the best found in the literature. Low activation energy lends to
higher H202 decomposition efficiency. This decomposition efficiency was demonstrated during
propulsion testing of Pt-CNT-MM samples where, for a given H2O2 fuel concentration and
flowrate, high fuel utilization was exhibited. Additional propulsion testing of Pt-CNT-MMs
demonstrated that, under manual burst driven flow, eight inline Pt-CNT-MM samples produced
209 £ 49 [mN] of thrust. This thrust is well within the milli-newton thrust range typically required
for MUV propulsion, and was shown to be at least several times greater than that produced by
various biomimetic propulsion systems. Further, the proposed approach minimizes component
exposure to the environment and is comprised of a simple, static architecture relative to other
micro-propulsion systems. Additionally, it was shown that even greater thrust is attainable by
further enhancing the introductory rate of the H20:2 fuel to the Pt-CNT-MMs, which would
effectively increase the locomotive capability of this propulsion system.

Pt-CNT-MMs used for chemical sensing of H20: likewise demonstrated favorable
performance. Initial studies revealed that the molar flux achieved for a Pt-CNT-MM sample in a
through-flow environment (50 [uL s']) was approximately a ten-fold increase over that achieved
in a stirred environment (150 [rpm]). This ten-fold increase in molar flux can be attributed to both
an increase in analyte exposure to electrocatalytic surface area, as well as the introduction of
boundary layer confinement. Furthermore, comparison of sensed molar flux to calculated molar
flux for through-flow conditions revealed that Pt-CNT-MMs can achieve near-complete H202
oxidation within the flowrate range studied. Additionally, chronoamperometric testing of a Pt-
CNT-MM sample demonstrated a sensitivity toward H202 of 9.18 [mA mM™' cm™] which is over

one hundred times that of the GluOx/Pt-SWCNT/PAA structures referenced previously (0.0724
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[mMA mM™' cm™]).! The sensitivity of Pt-CNT-MMs toward H202 was also shown to rival the
sensitivity of high performance Pt-MGPNs (9.71 [mA mM™! cm™]),!° while allowing for further
enhancement.

These findings suggest that mass transport enhancement, achieved by Pt-CNT-MMs
applied in through-flow environments, heightens the performance achieved in rate-limited
chemical reactions with respect to conventional catalysts. Specifically, Pt-CNT-MMs demonstrate
high fuel utilization in H202 based propulsion applications, as well as offer a highly sensitive,

preliminary microstructure for non-invasive glucose sensing.

6.2 Thesis Summary
Mass transport enhancement of rate-limited chemical reactions was realized through the
use of Pt-CNT-MMs. This was achieved for a H202 sample system and demonstrated for
propulsion and chemical sensing applications. This work is a culmination of the following
objectives:
1. Synthesize a microarray membrane fabrication scheme.
2. Fabricate and characterize microarray membrane structure.
3. Demonstrate enhanced mass transport using microarray membrane in H2O2 sample
system.
e Underwater propulsion via decomposition of H2O2
e H>O2 sensing for glucose detection applications
Much of the work contained herein has been demonstrated to the academic community
through a variety of conferences. These include the 67" Annual Meeting of the APS Division of
Fluid Dynamics (San Francisco, CA; November 2014), as well as the ASME 2013 IMECE

Conference (San Diego, CA; November 2013). Additionally, material regarding Pt-CNT-MM
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fabrication, characterization, and application to underwater propulsion is adapted from a paper

accepted for publication by ACS Nano.?

6.3 Future Work

Successful demonstration of high performance propulsion and chemical sensing via Pt-

CNT-MMs provides motivation for continued research. Major areas of interest include:

1.

Thrust measurements taken for Pt-CNT-MM samples held in place using
pressurized seals (O-rings, etc.), ensuring that fuel passes through microchannels.
Compare CV responses for CNT-MM and Pt-CNT-MM samples with respect to a
variety of mediator solutions (ferricyanide vs. hydrogen peroxide, efc.).
Variability of Pt-CNT-MM ESSA with sample thickness.

Stirred and through-flow electroless Pt deposition schemes for improved catalyst
coverage within CNT-MM microstructure.

Electrodeposition of Pt nanoparticles onto CNT-MMs.

Continued Chronoamperometric testing of CNT-MM/Pt-CNT-MM samples in a
variety of flow conditions (static, stirred, through-flow).

a. Investigate error in chronoamperometric measurements for static/stirred
flow conditions caused by depleting H202 concentration (plot electrical
current, with respect to time, for a variety of stir speeds given a set initial
concentration).

b. Study effects of microchannel geometry and CNT-MM microstructure
(porosity, etc.) on sensing performance. Notably, investigate the higher
performance of the large circle Pt-CNT-MM samples in Figure 5-9, with

respect to alternate samples.

80



c. Reusability/lifetime testing.
d. Testing of Pt-CNT-MMs in phosphate buffer solution vs. Tris buffer
solution.
7. Biofunctionalization of Pt-CNT-MMs for glucose sensing applications.
8. Compare current density of Pt-CNT-MMs with sensors found in the literature.
9. Perform pressure drop testing for each Pt-CNT-MM microchannel geometry and
determine respective burst pressures.
These proposed areas of research will facilitate a greater understanding of the benefits of
mass transport enhancement for rate-limited chemical reactions and is likely to produce additional

opportunity for catalyst-based chemical reaction applications.
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APPENDIX A. CNT-MM DESIGN MATERIAL

A.1 Mask Design Tutorial (KLayout)

Preface: This tutorial is designed to guide the user through the basic mask fabrication
process using AutoCAD and KLayout programs as applies to BYU facilities. Due to the wider
availability of AutoCAD tutorials and customer support, the main focus here will be on the usage
of KLayout. KLayout is introduced here as a means to more quickly manipulate large file sizes
and prepare the file for the actual mask creation.

Preparation:

Access to AutoCAD (or another program that can export as a DXF)
Download KLayout (http://www.klayout.de/build.html)
A computer with at least 8GB of RAM (RGS blade is sufficient)
1. Go to:
http://www.cleanroom.byu.edu/mask_fab.phtml

a. Become familiar with best practices for mask designing and the capabilities of
laser printing here on campus. Especially note the different resolution laser tips.

2. AutoCAD:

a. It is much easier to define and constrain the basic geometry relationships in
AutoCAD as opposed to KLayout (although some basic operations are possible
there).

b. Make the design modularly in sections if possible, import the various parts of
the cell (completed unit to be repeated on the mask) from separate files. This
helps provide quicker access to backups in case of a crash or memory overload
(which are both very likely when working with a high number of geometries).
The geometries for our example are shown in Figure A-1.

c. Make sure your geometry is correct as it will be nearly impossible to fix it after
the following step.

d. After defining and positioning the geometries as desired, use the “join” or
“unite” command to connect arcs, splines, and lines into single polylines. By
doing this, the geometry is saved as it appears on the screen and that everything
is tied together.

i.  Be sure to unite the geometry as early as possible before patterning, given
that memory and other issues will surface later when trying to join too
many objects simultaneously.

ii.  Uniting destroys all previous geometrical constraints (parallel,
perpendicular, efc.) as well as set dimensional constraints making the file
smaller and more manageable.
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e. After the basic geometries are created and imported together, (in this case the
“Big Circle Pattern” was imported into the “Circle Tab Unpatterned” file),
select the “Duplicate” command, pick the reference point you wish to use and
the geometry you wish to pattern (the “Big Circle Pattern”) and copy as many
sets of the geometry as desired.

i.  Highlighting the selection before selecting “Duplicate” is harder on the
memory and can cause lag for larger copy groups.

ii.  Terminate the “Duplicate” command periodically, allowing AutoCAD to
process the change, allow you to select a bigger/different geometry set,
and to save your work.

iii.  Be sure not to overlap identical geometries by using clever reference
points. This makes deleting individual shapes easier and minimizes
memory usage and confusion later.

f.  Once your geometry and all other respective cleanup operations are complete,
save your file as a DXF file type. Varying the save parameters will affect the
resolution of the final image. As always, make the file as small as is possible.

3. KLayout:

a. Open your DXF and check the resolution of circles, the scale, and general
completeness (with some settings, parts get simplified out of existence).

b. Save the new file as a type GDS2 file (not a GDS2 text), varying the parameters
until the size is as small as possible while maintaining functional details.

i. It might be possible to use other file types, but GDS2 is the most
compatible with the mask printing software and will help avoid formatting
issues later.

ii.  GDS?2 files greater than roughly 2GB are likely to have problems during
printing and the actual mask creation. Generally, however, the default
GDS?2 save values are acceptable.

iii.  To save periodically, you must select File > Save. Ctrl + S doesn’t work.

iv.  Sometimes after working on a part it won’t be possible to open it again
due to memory overload. Using the “Save As” function, and renaming
your file, allows you to go back and open the part. Completing the file in
one sitting works the best. Saving as a GDS2 significantly increases your
file size making the following steps more memory intensive.

c. Ensure that the figure is oriented properly with respect to the origin/grid system.
i.  To correct alignment issues double click on the outermost geometry (the

background in this case; Figure A-2) to pull up the information window
giving its coordinates and determine which one must be zeroed. In this
case it was the first coordinate. Copy the coordinates of the point to be
zeroed.

ii.  If the alignment is off it will be more complicated to pattern your cell on
the mask later.

d. Select the entire workpiece (If your part is too big you will have to repeat this

step with chunks of geometry at a time, moving each individually). Then click
on Edit > Selection > Move By. A window will pop up in which you can paste
and invert the copied values from the previous step to adjust the image.
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e. Decide which features should be chrome plated and which are to be etched away
by the laser.

1.

It is not possible to change the shaded appearance of some geometry
groups in the software if there are too many features (all of the micron-
scale circles in this case). Instead, it is easiest to have those features
remain shaded on their own layer. Normally, the shaded features will be
those where the chrome is removed although this can be inverted for the
entire mask in the mask printing software.

f. Managing layers. The final goal of this step is to move all geometries which are
desired to be chrome (or clear) onto one layer with only blank space around

them.
1.

ii.

1il.

1v.

The bottom two layers have no useful purpose other than to confuse us
and the laser operators. Delete them by highlighting them > right mouse
click > Delete Layer Entry.

To begin, create a few working layers which you can move things onto by
clicking on Edit > Layer > New Layer until the desired number of layers
is attained. Layer numbers and names aren’t very important, but must all
be different.

Select the geometry immediately surrounding the most complicated or
numerous shape. In this case it is the shape which contains all of the small
circles, labelled in Figure A-3 as the “Outline”. With the shape still
selected, select the layer you wish to move it to. With the shape and its
target layer selected, click Edit > Selection > Change Layer. Repeat this
process to break all but the most memory intensive layers off of the main
0/0 layer as shown in Figure A-3.

To subtract the layers, and thereby alternating the chrome and blank
spaces, select Edit > Layer > Boolean Operations. From this window you
will be able to select which layers you would like to subtract, add, etc.
with the changes being saved to the “Result” layer. This operation was
done in Figure A-4 and the “BackGround” layer was then deleted as
shown in Figure A-5. Repeat this process until the shaded and blank
regions are properly staggered and alternating.

g. Polygons and other KLayout manipulations

1.

il.

iil.

1v.

While AutoCAD is better for complicated geometries and patterns,
KLayout does have some functionality in that respect, allowing you to
finalize your design. For example: if we were to print the above
geometries as is, there would be no border lines to differentiate between
the different cells when patterned together on a mask.

To make a border, we will draw two squares on separate layers and
subtract them from each other and finally from the “Outline” layer.
Select the layer to be drawn on, and make sure the “Background
Combination Mode” is set to “Add”, click on “Box” and draw a square
near the edge, but inside, of your object. Repeat this with a second smaller
square on a separate layer (Figure A-6).

Finally subtract the layers from each other as shown in step f-iv, and
afterwards delete the unneeded layers as shown in Figure A-7.
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v.  Combine all geometries onto one layer by the same process used in step
f-i11 changing the layers of the simplest shapes onto that of the most
memory intensive one.

4. Work Order

a.

To send your file off to be printed, an excel sheet order form is found on the
cleanroom website on the link in step 1. Fill out this form and send it to Joseph
Bussio (Joe) with your mask to be printed.

1. Given the size of the files, it is easiest to save them to a jump drive and
physically deliver them to the EE shop on the 4th floor of the Clyde
building. However, other methods are also acceptable.

Talk with Joe before actually printing your mask to make sure that the layering
and patterning are done how you planned them to be. It is also helpful to be
present when your file is uploaded to the printer to answer any last minute
questions the operators may have.

Expect around 1 week of actual printing time. The mask pictured in Figure A-
8 cost about $300, with costs varying on laser specifications as stated on the
cleanroom website.

5. Clean the mask:

a.

b.

When the mask is finished it will be covered with bits and pieces of photoresist
and chrome from the printing process as shown in Figure A-9.

A good primary way to clean the mask is first with copious amounts acetone
and IPA, making sure to remove any residual chemicals when finished.
However, if the mask cannot be cleaned immediately after printing, it will
probably be necessary to use nanostrip to remove the residual dried resist.

1. Using nanostrip requires acid bench training which can be obtained by
contacting Jim Fraser. Jim is also helpful if a nanostrip process plan,
beyond that which is provided here, is desired.

ii.  Fill a shallow dish with nanostrip to where the acid rises about /2" above
the mask.

iii. Be sure to carefully place the mask chrome side down and avoid
scratching the surface. (the chrome side is the silver colored one). By
putting the chrome side down, the released photoresist will fall to the
bottom of the dish rather than back onto the mask.

iv. The chrome plating on the mask is fairly resistant to nanostrip and, as
such, the mask can be exposed ranging anywhere from 10 minutes to
about 2 hours if necessary. The mask shown in Figure A-9 was soaked for
about 10 minutes.

d. Examine the mask for defects and check for sufficient removal of photoresist.

Start the photolithography!
KLayout Tips and Tricks:

Scrolling on the mouse will adjust the zoom

Clicking the scroll button will move the viewing window

Double click on a layer to hide/show its contents

Double click on polygons to edit their dimensions and placement.

Use the ruler tool to check dimensions (units in microns).
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Use “Open In Same Panel” option to combine various DXFs.
An overflow error will result if memory allocations are exceeded with any operation.
Helpful Contacts:
Joseph Bussio
Staff Contact
joseph_bussio@byu.edu

Jim Fraser

Lab Manager

(801) 422-4344
cleanroom_manager@byu.edu

Chad Rogers

PhD Candidate

(801) 682-6761
chadirogers@gmail.com

Circle Tab Unpatterned
Dimensions: mm

Big Circle Fattern
Dimenstons: Micron

RB.0500
206548

23.85

Figure A-1: Circle tab cell with a separate file for the respective “Big circle pattern” to fill it.
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Figure A-3: Separating cell geometries onto different layers.
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Figure A-5: Completed subtraction displays alternating shaded and blank space.
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Figure A-6

Boxes have been subtracted from each other and the background.

Figure A-7
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Figure A-8: Completed cell with all layers merged.

Figure A-9: Piece of photoresist on the mask (a). Cleaned mask, no photoresist visible (b).
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A.2 Mask Drawings

The following is a collection of mask drawings and channel geometry.

—18.0 —
-10.0 -
36.0
v 20.1
20.0
127"

Diamond CNT-MM
Units: Micron

Figure A-10: Diamond pattern; Hydraulic diameter is 4.0 [um].

5.96 Small Circle CNT-MM
Units: Micron

#E \\\ p \\‘\ ,//\
/ \ / l A\
T J \ > by
\\ / \ / 59\6
"‘\_// \'\// i
\>
N s
7N XY
10.3 ( ) ‘ <
\ p &\\ ///
_ P
S \_Y
TN T \
/ \ 'R 2.01
ﬁi / (
\ / \ /

Figure A-11: Small circle pattern; Hydraulic diameter is 4.0 [um)].
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Ve i Large Circle CNT-MM
\ Units: Micron
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Figure A-12: Large circle pattern; Hydraulic diameter is 16.1 [um].

CNT-MM Tab Pattern
Units: Millimeters
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Figure A-13: CNT-MM tab pattern; CNT-MM samples of this macroscopic geometry employed
the small and large circle microchannel patterns.
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APPENDIX B: STANDARD PROCESSES AND EQUIPMENT PROCEDURES

B.1 Watfer Solvent Clean

1.

ol

el i S

12.

13.
14.
15.
16.
17.
18.

Ensure that the motor speed on Solitec spinner is set to 0 rpm, and that the vacuum and
motor switches are both turned off before beginning cleaning process

Turn main power for the Solitec spinner on

Slide wafer-positioning fixture around chuck collar

Place wafer onto chuck face, using fixture as alignment guide

While fixture (and wafer) are being pressed against bottom face of chuck collar, turn
vacuum switch on

Lower fixture until wafer adheres to chuck face

Carefully slide fixture away from chuck

Turn motor switch on and slowly increase rotational speed to ~3,000 rpm

Spray continuous stream of Acetone onto center of wafer for several seconds

. Begin to spray Isopropyl Alcohol (IPA) onto center of wafer concurrently with Acetone
. After 1-2 seconds, discontinue Acetone stream and allow for 2-3 more seconds of IPA

dispensing to continue (this ensures that no residual Acetone is left on wafer)

Once IPA dispensing is discontinued, allow a few seconds for the IPA to spin off of
wafer (this is indicated by an outward spiral color change on wafer surface)

Repeat steps 9-12 three times per wafer

Slowly decrease spinner speed until chuck (wafer) is no longer rotating

Turn motor switch off

Turn vacuum switch off

Turn main power off

Carefully remove wafer from chuck face

B.2 Laser Cut using Epilog Legend 36EXT (120 Watt; 36” x 24”)

1.

3.

Turn on main power to Epilog laser engraver
Turn on power to laser engraver ventilation system
Open protective Plexiglas door and carefully place sample on engraving table in desired
location
Manually focus the laser according to the sample thickness
a. Connect manual focus gauge (V shape tool) to laser head
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7.
8.
9.
10.
I11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

b. Using the table up/down switch (found on the inner perimeter of the engraver),
slowly bring the table upward until the manual focus gauge almost touches the
sample

c. Carefully remove the manual focus gauge and place back in storage

Using Corel Draw software on designated computer, open desired file/pattern for cutting
sample

Ensure that all lines in file/pattern are defined as hairline (these will be cut as vectors)
and that the pattern’s page dimensions fit tight around pattern

Select File — Print

Ensure that the Epilog Engraver system is the designated printer

Select Properties

Change the workpiece dimensions to match that of the page dimensions referenced in
step 6

Adjust vector settings (power, speed)

Select OK

Select Print

On Epilog Engraver control pad, ensure that desired job is in queue

Press Pointer key on control pad (green LED should turn on)

Select X/Y Off

Select OK

Adjust laser to be in desired location respective to the sample piece

Select Set Home

Close protective Plexiglas door

Select OK (this will begin the laser cutting process)

Upon completion of the cutting, open protective Plexiglas door

Carefully remove sample and excess material

Close protective Plexiglas door

Turn off power to Epilog laser engraver

Turn off power to laser engraver ventilation system

Close Corel Draw program on computer

B.3 Oxygen (O:) Plasma Etch using Anelva Reactive Ion Etcher (RIE) DEM-451

1.

3.

o N

Fill out process log sheet accompanying Anelva RIE
Turn on main power to Anelva
Ensure that Edwards 1605 Datametrics Mass Flow Controller (MFC) is on and Oz control
set to desired flowrate in Standard Cubic Centimeters per Minute (sccm)

a. Note: Display will read 10x the actual flow rate value (i.e. 31.0 read on the

display provides flow of 3.1 sccm)

Ensure that the Advanced Energy RFX 600 power source set at a max power of 300
Watts (W)
Turn chiller valve switch on
Ensure that oxygen tank/source is open (set to approximately 100 KPa)
Turn on roughing switch and blower switch simultaneously on Chiller control box
Ensure that mechanical Baratron Etching Gauge valve is closed (prevent damage to
transducer when chamber is vented)
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10.
11.

12.

13.

14.
15.

16.

17.
18.
19.

20.

21.
22.

23.

24.
25.
26.

27.
28.
29.

30.
31.

32.
33.
34.
35.

Vent Anelva etching chamber
Once vented, open chamber lid
Place samples in symmetric pattern (sides of samples should be directly adjacent to each
other)
Use silicon holder fragments to border the outer perimeter of the samples (helping to
ensure no movement of the samples during gas exchange; helping to ensure more even
distribution of plasma during etch)
Place extra silicon holder fragments in circular pattern around samples (helping to ensure
more even distribution of plasma during etch)
Close chamber lid slowly
While pressing firmly on chamber lid, slowly open etching valve
a. Once vacuum begins to pull, let off the chamber lid and begin to slowly open
etching valve further so as to increase the rate of vacuum creation within the
chamber
Once chamber pressure (read on Roughing Gauge pressure readout) reaches 100 mTorr,
open Baratron (MKS Baratron Type 127) etching gauge
Turn MFC oxygen (O2) switch to Auto
Turn Anelva Oz gas switch on
Use the Anelva etching valve to bring the pressure (indicated by the Baratron Etching
Gauge display) to approximately 20 mTorr below target chamber pressure (pressure will
rise once etching process begins)
Set process timer to 5 seconds beyond target process time (5 seconds allows for
adjustment time for flowrate and minimizing reflected power)
Select Process Start on process timer
Once process has started, continue monitoring reflected power indicator on RFX 600
power source
a. Adjust Impedance (coarse) and Tuning (fine) knobs as needed to minimize
reflected power (target value should be 3-5 W)
Monitor (simultaneously with reflected power) chamber pressure (indicated by the
Baratron Etching Gauge)
a. Adjust etching valve to maintain target chamber pressure
Once etching process is complete, turn the Anelva Oz gas switch off
Turn MFC Oz switch to Close
Once the Baratron Etching Gauge display indicates that the chamber is less than 100
mTorr, close the mechanical Baratron Etching Gauge valve
Close etching valve
Vent Anelva etching chamber
Carefully remove samples and arrange silicon holder fragments back to storage
placement
Repeat steps 14-16
Once Baratron Etching Gauge displays 100 mTorr or less, close the mechanical Baratron
Etching Gauge valve
Close etching valve
Turn off roughing switch and blower switch simultaneously on Chiller control box
Turn Anelva Chiller switch off
Turn off main power to Anelva
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36. Note: Chamber may be coated with molecules from previous runs (such as CF4, or
Tetrafluoromethane), making the etch not exclusive to oxygen but, rather, partially
contaminated with other species (such as flourines)

B.4 Dice Samples using Disco DAD-320 Dicing Saw

Place wafer onto Ultron Systems, Inc. UH114 according to patterned outlined on stage
Place wafer ring onto stage, against alignment pegs
Pull adhesive sheet over wafer ring and use roller to ensure adhesion
Use X-Acto knife to cut adhesive sheet away from roll
Gently pull up on applied adhesive sheet to free ring and wafer from stand
Using hands, pull up on a side of the adhesive sheet, pull tightly, and re-secure on ring
a. Repeat this step along entire perimeter of ring such that the adhesive sheet is taut
7. Use X-Acto knife to trim excess adhesive sheet along outer perimeter of ring
8. Turn on Disco DAD-320 Dicing Saw
9. Turn on dicing saw monitor
10. Ensure that water supply to dicing saw is turned on
11. Lift up on saw blade shield
12. Swing spindle armature outward
13. Use accompanying dicing saw chuck tool to loosen spindle set ring
14. Place dicing saw blade onto spindle and secure with spindle set ring using dicing saw
chuck tool
15. Close saw blade shield
16. Using dicing saw control pad, select System Initialize
17. Once system initialization is complete, select Setup and confirm that the Blade Outer
Diameter and Chuck Table Size are set to the correct values
18. Select Enter
a. (Dicing saw will begin a testing procedure to validate the blade diameter value)
19. Once validation process is complete, select Spindle (this will stop spindle rotation)
20. Select Exit
21. Select F1
a. Ensure that the Device Data Number is set to 100
b. Ensure that the Device ID is set to Silicon
c. Enter sample dimension (side length for square samples)
i. Enter length (mm) in both Channel 1 (CH1) and 2 (CH2) for both Square
Working Size and Y Index
d. Ensure that Blade Height is set to correct value (dependent on blade dimensions)
22. Select Exit
23. Select F5 (for any necessary blade setting changes)
24. Select F1 and ensure that entered values were saved
25. Place wafer onto dicing saw chuck table with sheet side down and position according to
pattern on chuck
26. Select Vacuum to secure wafer onto chuck
27. Select F7
28. Enter the desired number of cuts

A
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29.

30.

31.
32.
33.
34.

35.
36.
37.
38.
39.
40.
. Dispose adhesive tape on wafer ring
42.
43,
44,
45.

41

Use the chuck orientation/positioning keys and optical cameras (displayed in the dicing
saw monitor) to align the blade with the wafer pattern

a. Use the Slow button to make fine adjustments

b. Use the Index button to move cameras a preset distance (according to Index

values set previously)
1. Note: location of camera dictates cut position

Once aligned, and camera is located on position of desired first cut, ensure that the Slow
button is activated and select U, T, /, -

a. Note: This step is necessary because the last steps required by the dicing saw are

counterclockwise and up

Select F5 to indicate cut direction (or other key based on dicing saw prompts)
Select Start/Stop to being dicing process
Follow additional prompts given by dicing saw as displayed on monitor
Once dicing process is complete, spray off wafer with accompanying air gun once cuts
are complete
Select Spindle to stop spindle rotation
Select Vacuum
Remove wafer
Using X-Acto knife, trim adhesive tape around outer perimeter of wafer
Carefully fracture wafer along cut lines
Place wafer in clean wafer carrying case

Reverse procedure outlined in steps 11-15 to remove dicing saw blade
Turn water supply off

Turn off dicing saw monitor

Turn off Disco DAD-320 Dicing Saw

B.5 Film Deposition using Denton Vacuum Integrity 20 E-Beam Evaporator

1.

Fill out E-Beam Evaporator logbook

2. If chamber is initially under vacuum, ensure that all functions/valves are off and select

PNk

e

11.

12.

Vent button

Once chamber is vented, the chamber door should open easily allowing for placement of
wafers

Turn Vent button off

Inspect wafer planetary system and ensure that motor fixtures are installed

Secure wafers to wafer plates by gently tightening set screws around perimeter of wafer
Use thumbs to ensure that wafer is securely fasted to wafer plate

Use clean air or nitrogen gun to gently blow off each wafer assembly before installation
onto planetary system in E-Beam Evaporator chamber

Use set screw on backside of wafer plate to mount securely to motor fixtures

. Gently pull on each wafer plate after installation to ensure that plates are securely

fastened

Secure wires from each battery on motor fixtures to accompanying electric motor to
begin rotation of wafer plates

On E-Beam Evaporator display, select Rotation to begin rotation of planetary system
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13.
14.
15.
16.

17.

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.

28.
29.

a. Note: Speed button can also be used to adjust rotational speed of planetary system
Ensure E-Gun Shutter is open (green) so as to allow access to the crucible receiver
Acquire crucible of desired material
Using large tweezers, place crucible into receiver of E-Beam Evaporator
Use a flashlight to illuminate crucible within chamber

a. Flashlight should be placed such that it does not need to be held in place
Align E-Beam Evaporator mirrors such that the crucible can only be seen through the
sightglass by reflection off mirrors, and not by direct line of sight

a. Note: If crucible can be seen by direct line of sight, deposition will occur on

sightglass
Turn off, and remove, flashlight from E-Beam Evaporator chamber
Shut chamber door and press firmly on door until vacuum is pulled in chamber during
following steps
Select Mech Pump button (turn on; green)
Select Roughing Valve button (turn on; green)
Wait till Chamber TC display indicates a chamber pressure of 1.0E-1 Torr or lower
Select Roughing Valve button (turn off; red)
Select High Vac Valve button (turn on; green)
Wait till Chamber TC display reads ‘High Vac’
Select lon Gauge Emission (turbo pump) button (turn on; green)
Wait till Chamber 1G display indicates a chamber pressure of 5.5E-5 Torr or lower

a. Note: Proceed to steps 28.a.-28.g. While waiting for chamber pump down
Record respective pump down times in E-Beam Evaporator logbook
Perform deposition

a. Turn on main power to Telemark TT-3 Power Supply

b. Ensure that Voltage/Emission button is off

c. Turn on main power to Inficon XTC/2 deposition controller box

d. Set parameters on deposition controller box according to material

i. Select Reset

ii. Select Stop

iii. Change parameters by selecting Program (navigate using arrow keys; be
sure to select either the up or down arrows after a value is entered in order
to store the value)

1. Tooling factor

2. Density

3. Z-Ratio

iv. Select Program to return to main screen
Allow at least 2 min for power supply and deposition controller box to warm up
Select Life to display crystal life (XTAL%)
Record crystal life in logbook
Turn Voltage/Emission button on
Slowly ramp up Emission Current Adjustment knob, allowing for about 5 seconds
between each value of 10 on dial
j. Once a visual of the crucible can be seen through sightglass, adjust current pattern
as desired
i. Change current pattern type by using Spiral/Triangle/Manual

e R o
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30.
31.
32.
33.
34.
35.

36.

37.

—

~oT OB g

S.
t.
u.

ii. Adjust pattern spread using Lateral Frequency, Longitudinal/Modular
Frequency, Lateral Amplitude, and Longitudinal/Modular Amplitude
knobs

iii.  Adjust pattern location using Sweep joystick, ensuring that current pattern
is located exclusively within the material to be deposited
Select E-Gun Shutter button (turn off; red) to ensure that deposition will not begin
prematurely during ramp up
Once shutter is closed, continue slowly ramping up Emission Current Adjustment
knob until desired current is achieved

. Select E-Gun Shutter button (turn on; green) to open shutter

Select Start button on deposition controller box to begin deposition measurements
Continue deposition until desired thickness is met (read in KA)

Select E-Gun Shutter button (turn off; red)

Begin slowly ramping down current using Emission Current Adjustment knob
Record deposition thickness on E-Beam Evaporator logbook along with operating
pressure, etc.

Once current reads 0.0 mA (off), turn Voltage/Emission button off

Allow power supply and deposition controller box at least 2 minutes to cool down
Turn power supply and deposition controller box off

Select lon Gauge Emission button (turn off; red)

Select High Vac Valve button (turn off; red)

Select Mech Pump button (turn off; red)

Select Vent to vent chamber

Select E-Gun Shutter button (turn on; green)

Once chamber is vented, reverse procedure outlined in steps 6-12 to remove wafers from
planetary system and disconnect wafers from plates

Once wafers are removed, shut chamber door and press firmly on door until vacuum is
pulled in chamber during following steps

Put E-Beam Evaporator in standby mode

a.

oaoc o

Select Mech Pump button (turn on; green)

Select Roughing Valve button (turn on; green)

Wait till Chamber TC display indicates a chamber pressure of 100 Torr or lower
Select Roughing Valve button (turn off; red)

Select Mech Pump button (turn off; red)

B.6 Hexamethyldisilazane (HMDS) Spin Coating

1.

3.

Place and center wafer on Laurell WS-400-6NPP Spin Coater chuck
Select Vacuum button to turn on vacuum
Select Program button to cycle through preset spin settings (adjust as needed)

a.

Program D
1. Speed: 3000 rpm
ii. Acceleration: 550 rad/s®
1i. Time: 10 sec

Spray surface clean with clean air or nitrogen gun
Dispense about 3-4 drops of HMDS onto center of wafer surface
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6. Immediately close spin coater lid and select Run/Stop button
7. Close HMDS bottle

8.

Open spin coater lid and inspect wafer once spin coating is complete
a. If coating is not satisfactory, solvent clean wafer and bake in oven at 150 °C for
8-10 min
b. Repeat HMDS spin coating process

9. Select Vacuum button to release wafer
10. Remove wafer and place in storage case
11. Use Acetone to remove excess photoresist from inside of spin coater

B.7 AZ 2020 (or AZ 3330) Spin Coating

1.

3.

XNk

9.

Place and center wafer on Laurell WS-400-6NPP Spin Coater chuck
Select Vacuum button to turn on vacuum
Select Program button to cycle through preset spin settings (adjust as needed)
a. Program T
i. Speed: 2750 rpm
ii. Acceleration: 2750 rad/s’
iii. Time: 60 sec
Spray surface clean with clean air or nitrogen gun
Dispense about ~40 drops of AZ 2020 onto center of wafer surface
Immediately close spin coater lid and select Run/Stop button
Close AZ 2020 bottle
Open spin coater lid and inspect wafer once spin coating is complete
a. If coating is not satisfactory, solvent clean wafer and bake in oven at 150 °C for
8-10 min
b. Repeat AZ 2020 spin coating process
Select Vacuum button to release wafer

10. Remove wafer and place in storage case
11. Use Acetone to remove excess photoresist from inside of spin coater

B.8 AZ 2020 Development

A

~

8.

9.

Rinse and dry crystallizing dish

Pour AZ developer (300 MIF) into crystallizing dish

Place wafer in the beaker

Agitate developer gently for 30 s -1 min

Monitor the progress of the development

Using wafer tweezers, remove wafer and hold under a gentle stream of deionized (DI)
water in sink for 30 s -1min

Place wafer onto cleanroom paper towel

Gently blow off water, beginning at center of wafer and moving radially outward, using
clean air or nitrogen gun

Inspect wafer under optical microscope to ensure development completion

10. Repeat steps 3-9 with short development times until the development is complete
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a. Note: If development becomes ruined, use aluminum wet etch as prescribed on
cleanroom website (http://www.cleanroom.byu.edu/wet_etch.phtml)
11. Place wafer in storage container
12. Dispose of 300 MIF
13. Rinse and dry crystallizing dish

B.9 Photoresist Exposure with 4” MA 150 CC Karl Suss Mask Aligner/Bonder

1. Ensure that aligner is powered on, gas valves are open, and desired channel wavelengths
are available
a. Channel 1: 365 nm
b. Channel 2: 405 nm
c. Note: If aligner is not powered on, follow Operating Instructions given on the
cleanroom website (http://www.cleanroom.byu.edu/mal50.phtml)
2. Set exposure parameters on aligner
a. Select Change Program button
b. Select Edit button
Select Page 1 button
1. Set Max Exposures
ii. Set Exposure Time
iii.  Set Alignment Gap (0 pm)
iv. Set Hard Contact Time (10 sec)
d. Select Return button
e. Select Page 2 button
1. Set Resist (Negative)
ii. Set Mode (First Mask)
iii.  Set WEC (Contact)
iv. Set Alignment Check (OfY)
v. Set Prealigner Type (0)
Select Return button
Select Continue button
Select Change Type
Select Hard Contact
Select Return button
k. Select Return button
Select Start button

e

e

3.
4. Vacuum will release on mask panel, allowing for removal of mask if one is present
5. Select Continue button

a. Wafer chuck will rise
6. Place wafer onto chuck, ensuring that the flattened edge of the wafer is aligned with
patterned edge on chuck
Use fingers around outer perimeter of chuck to center wafer
Select Vacuum: Off button (should now read Vacuum: On)
. Select Continue button
0. Chuck will lower and panel will unclamp

— 0 %0 N
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11.

12.

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
29.
30.

B.10

=

.°\

0 %0 N

10
11

Gently slide panel away from aligner about halfway along track (a ‘click’ should be
heard, indicating the max recommended draw for the panel)
a. Warning: Pulling panel any farther will cause panel to fall off of track
Gently place mask, chrome side down, onto panel using alignment pins for centering
a. Note: a light solvent clean is recommended for mask prior to exposures
1. Lightly rinse both sides of mask with Acetone, followed by IPA, and dry
with clean air or nitrogen gun
Select Vacuum: Off button (should now read Vacuum: On)
Once vacuum is pulled on mask, gently apply pressure to mask with fingers to ensure that
mask is securely held to panel
Firmly slide panel back into aligner until seated
Select Clamping: Off button (should now read Clamping: On)
Select Continue button
Chuck will rise and press wafer against mask; exposure process will begin
After exposure, chuck will lower and clamping will turn off
Gently slide panel away from aligner about halfway along track
Select Vacuum: On button (should now read Vacuum: Off) and remove mask
Gently place mask back in storage container
Firmly slide panel back into aligner until seated
Select Clamping: Off button (should now read Clamping: On)
Select Continue button
Chuck will rise and vacuum will turn off
Gently remove wafer and place in storage container, ensuring that wafer is not exposed to
ultraviolet (UV) light until after subsequent bake and development processes
Repeat steps 5-26 for additional wafers
Once wafer is removed, select Cancel
Chuck will lower (aligner display will return to main screen)

CNT Growth using Lindberg/Blue M Tube Furnace

Pour acetone in crystallizing dish, or solvent-resistant container
Carefully place diced samples into container (with photoresist coating side up)
Sonicate for at least 15 min
After sonication, carefully remove sample with tweezers while maintaining a thin
Acetone film so as to ensure that Acetone does not evaporate (leaving residue) during
transport of sample
a. Now that the sample has no protective coating use extra caution when

transporting samples so as to not scratch iron (Fe) layer
Rinse Acetone film off using IPA
Gently blow off IPA (before evaporation begins as with Acetone) using clean air or
nitrogen gun
Inspect pattern under optical microscope
Repeat steps 4-7 for each sonicated sample
Dispose of Acetone

. Rinse crystallizing dish and dry
. Ensure regulators on gas tanks (Hydrogen, Ethylene, Argon) are closed
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12.
13.
14.

15.
16.
17.
18.

19.
20.
21.

22.
23.
24.

25.

26.

27.
28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40.
41.
42.

Open main valve on each tank
Slowly adjust regulator to bring outflow pressure on each tank to 20 psi
Using Mass Flow Controller (MFC), set desired flow parameters
a. Ensure left switch for each gas is set to Off
b. Using right switch for each gas, select Set
c. Dial in desired Setpoint (%); see calibration sheet for conversion from sccm
d. Return right switch for each gas to Flow position
e. Repeat steps 14.a-14.d for each gas
Unlatch and open furnace lid so as to deactivate the heating element
Ensure that furnace has cooled sufficiently since last growth
Loosen and remove metal inflow cap from glass tube
Use retrieval tool to slide quartz boat out of tube
a. Note: Latex or Nitrile gloves should be worn to avoid contamination of quartz
boat by skin oils/greases
Gently blow off particulate matter from samples using clean air or nitrogen gun
Place samples on quartz boat
Place quartz boat back into glass tube and position near center of tube
a. Note: boat should be centered about furnace thermocouple
Replace and tighten metal inflow cap on glass tube
Enter first setpoint temperature using digital gauge on front of furnace
Rotate mechanical valve to Hz position (this allows flow of hydrogen and ethylene gases,
while preventing flow of oxygen)
Using left switch for hydrogen gas on MFC, select Manual (this will begin flow of
hydrogen gas)
Ensure that bubbles begin to form in outflow beaker
a. Note: If no bubbles are present, return MFC switches to Off position and inspect
setup; seek consultation before proceeding
Close, and latch, furnace lid (heating element will be activated)
Once first setpoint temperature is reached, select Manual on left switch for ethylene gas
on MFC
Start timer for growth
Once prescribed growth time is reached, select Off for ethylene gas on MFC
Enter second setpoint temperature using digital gauge on front of furnace
Once second setpoint temperature is reached, select Manual for ethylene gas on MFC
Start timer for infiltration
Once prescribed infiltration time is reached, select Off for ethylene gas on MFC
Enter 20 °C using digital gauge on front of furnace and allow furnace to begin cooling
Once furnace reaches ~600 °C, unlatch and open furnace lid
Cool furnace with fan
Allow furnace to cool sufficiently before handling glass tube and components
a. Note: Temperature of quartz boat is higher than that measured by thermocouple;
consider using tweezers during transport of boat
Once furnace has cooled, select Off for hydrogen gas on MFC
Select Manual for argon gas on MFC
Allow several seconds for evacuation of hydrogen gas
Select Off for argon on MFC
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43. Loosen and remove metal inflow cap from glass tube
44. Use retrieval tool to slide quartz boat out of tube
45. Remove samples from quartz boat and place in storage container

a.

Note: Depending on growth conditions, samples may have self-released from
silicon substrate; extra care should be taken to ensure that samples do not fall
from substrate during transport

46. Place quartz boat back into glass tube and position near center of tube
47. Replace and tighten metal inflow cap on glass tube
48. Perform burn-out process

eo oe

S0 o

1.

Enter 950 °C as furnace setpoint temperature
Close, and latch, furnace lid
Rotate mechanical valve to Air position
Ensure that no gases are flowing through tube by inspection of MFC and outflow
beaker
Select On for Air on MFC
Once furnace temperature has reached 950 °C, allow ~2-3 min for burn-out
Select Off for Air on MFC
Unlatch and open furnace lid
1. Note: If glass is not cleaned, continue burn-out process
Allow furnace to cool by natural convection

49. Note: If samples did not self-release, place in potassium hydroxide (KOH) solution and
let stand at ~60 °C until samples separate from substrate

B.11 Iron Deposition using Thermal Evaporator

1. Vent the chamber and raise the bell jar.

a. The system should be in standby. Ensure the ion gauge is off and both the gate
valve and roughing valve are closed.
b. Open nitrogen tank with the regulator set to 10 psi.
c. Open the vent valve to pressurize the chamber to 760 Torr. When the chamber is
pressurized, the rubber seal should break. Close the vent valve and nitrogen tank.
d. Raise the bell jar by pressing the raise button.
2. Prepare sample and source material.
a. Use Kapton tape to place the sample on the target plate above the closed shutter.
b. Secure iron evaporator boat between electrodes. Ensure boat contains sufficient
iron material.
c. Clean or replace glass slide window as needed.
3. Check the crystal monitor and set material properties on the INFICON deposition
monitor.
a. Turn on the monitor and press the “XTAL” button. If XTAL reading is 100%,

b.

replace the crystal.

Set the density, z-ratio, and tooling factor. This can be done while the chamber is
pumping down. Press the PROG button to change properties. For iron, the
settings are
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1. Density = 7.86
ii. Z-Ratio =.349
iii. Tooling factor = 109.5%
c. Press PROG to save changes.
4. Pump down the chamber.
a. Lower the bell jar with the sealing surface centered.
b. Make sure the vent valve is closed. Slowly open the roughing valve, keeping the
foreline pressure (TC2) below 3 x 10? Torr.
c. When the chamber pressure (TC1) reads 1.5 x 10° Torr, close the roughing pump
valve. This should take around 3 minutes.
. Open the gate valve.
e. Turn on the ion gauge by pressing the “EMIS” button on the VARIAN SenTorr.
i. The filament should light up, and a pressure reading will be given on the
SenTorr next to the 1G label.
f. Let the cryo pump reduce pressure to 1 x 10~ Torr or less.
5. Deposition.
a. Toggle the “FILAMENT” switch on the control panel to turn on the current
supply.
b. Slowly ramp up the current supply with the VARIAC knob.
i. To prevent thermal hardening of the boat, do not exceed a ramp speed of
20 V/min.
ii. The current supply should never exceed 10 amps.
c. Increase the current until the deposition rate on the monitor reads.5 angstroms/s
(usually about 150 V or more).
d. Simultaneously open the shutter and press ZERO on the deposition monitor to
reset and record sample thickness.
e. Close the shutter when the monitor reaches the desired thickness (about 7 nm, or
70 angstroms).
f. Ramp down the current no faster than 30 V/min.
g. Wait at least 10 minutes for the system to cool before venting the chamber.
6. Vent chamber and remove samples.
a. Turn off ion gauge and toggle the gate valve switch to “closed”.
b. Open nitrogen tank and vent valve, as before.
c. When the rubber seal breaks at 760 Torr, close vent valve and nitrogen tank.
d. Raise the bell jar and remove your samples.
7. System standby.
a. Lower the bell jar with the seal centered.
b. Slowly open the roughing valve, being sure not to exceed 3 x 10 Torr for the
foreline pressure.
c. Allow the pressure to reach 5 x 10 ! Torr. Close the roughing valve.
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Fabrication of CNT-MM

Start with 4 SiO2 wafer
Spin solvent clean
Dehydrate bake wafer at 150 °C for 10 min
Deposit Al203 ~30 nm thick

a. Note: If wafer was coated with Al2O3 previously, perform steps 2-3 to remove

accumulated particulate matter/residues

Spin coat with HMDS
Spin coat with AZ 2020
Soft bake wafer on hot plate for 60 sec at 110 °C
Allow 1 min for wafer to cool
Expose photoresist with mask

. Hard bake wafer on hot plate for 60 sec at 110 °C
11.
12.
13.
14.

Allow 1 min for wafer to cool

Develop AZ 2020 photoresist

Evaporate Fe ~7 nm thick

Sonicate wafer for at least 15 min in Acetone, or N-Methyl-2-pyrrolidone (NMP), and
rinse with [PA

Dry with clean air or nitrogen gun

Spin coat with AZ 3030

Soft bake wafer on hot plate for 60 sec at 110 °C

Dice samples

Grow samples

Oz etch samples

Perform chemical deposition (A.13)

Soak in DI water for 5 min (leaving samples on Teflon stands in order to expose both
sides of samples and avoid crash-out of Pt)

Dehydrate bake samples (samples should still be on Teflon stands) at 150 °C for 10 min
Carefully remove samples from Teflon stands and place in storage container

Static Pt Deposition onto CNT-MM

Note: Latex, or Nitrile gloves, should be worn for all following steps

. Calculate required mass of Chloroplatinic Acid Hexahydrate (H2PtCls*(H20)s) to achieve

desired solution molarity
Place chemical weighing boat on Mettler AE 240 Balance and tare
Ensure weighing boat mass is properly accounted for by removing and replacing boat and
checking that scale returns to ~0.0000 grams (g)
a. Calibrate balance and tare weighing boat as needed
Weigh each carbon (C) sample three times and record average mass
a. Note: Remove weighing boat (containing sample) from balance and replace
between each measurement
b. Note: Weigh empty weighing boat between each run (three measurements) to
ensure that balance still reads ~0.0000 g; tare as needed
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c. Note: combined mass of carbon samples in deposition will dictate Pt-C weight
percent (% [w/w] Pt-C); adjust, as desired, by removing or adding carbon samples
from proposed deposition

Carefully secure CNT-MM to Teflon stand and place in beaker
Use balance to achieve required amount of chloroplatinic acid
a. Note: Use clean Teflon-coated spatula (or other chemically inert tool) to transport
chloroplatinic acid
Suction required volume of water into syringe
Use impinging jet from syringe to rinse chloroplatinic acid from weighing boat into
beaker containing carbon sample
Suction required volume of formic acid (HCOOH) into syringe
Dispense formic acid into beaker
Use calibrated pH meter to measure pH of solution while gently agitating solution to
ensure mixing

a. Note: Calibrate meter as needed prior to measurement

b. Note: Sodium Hydroxide additives can be used to increase pH for variation in
deposition time and resultant Pt morphology

Close beaker using Parafilm sheet
Allow time for deposition to occur

a. Note: Deposition process is finished once amber-like colored solution becomes

clear
After deposition, carefully remove CNT-MM (still attached to Teflon stand) from
deposition solution and submerge in clean water for ~ 5 min.
Remove CNT-MM (still attached to Teflon stand) from water and place in dehydration
bake oven for at least 8 min.
Remove CNT-MM from oven and from Teflon stand
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APPENDIX C: SUPPLEMENTARY CHARACTERIZATION MATERIAL

C.1 Nitrogen Gas Adsorption Testing

Nitrogen adsorption analysis was performed on a Micromeritics ASAP 2010 system at 77
[K] (Micromeritics Instrument Corporation, Norcross, GA). Samples were degassed at 100 [°C]
prior to analysis. Surface area was calculated by the Brunauer-Emmett-Telller (BET) method, pore
size was measured by the Barrett-Joyner-Halenda (BJH) method using the adsorption branch of
the isotherm, and total pore volume was determined by the single point method at relative pressure
(P/P0) 0.97.

Figure C-1 shows the N2 adsorption isotherms for both (O2 etched) CNT-MM and Pt-
CNT-MM samples. The CNT-incorporated membranes each exhibited a type II nitrogen
adsorption-desorption isotherm indicative of a macroporous material. The calculated BET surface
area and pore volume for the CNT-MM sample was 61 [m? g''] and 0.118 [cm® g''], respectively.
BET surface area and pore volume for the Pt-CNT-MM sample was 14 [m? g'] and 0.118 [cm’ g

17, respectively. Pore size distributions for both samples were wide and showed no distinct peaks.
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Figure C-1: N2 adsorption isotherms used for Braunauer-Emmett-Teller (BET) surface area
analysis of CNT-MM and Pt-CNT-MM samples.
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APPENDIX D: SUPPLEMENTARY INFORMATION (PROPULSION)

D.1 Activation Energy Testing

Activation energy tests, by H2O2 decomposition, was determined using three Pt-CNT-MM
samples fabricated following the procedure described previously. Each sample was tested three
times, after which the pressure data was averaged per sample. The test apparatus consisted of two,
125 [mL], round-bottom flasks. One flask was used for the Pt-CNT-MM test environment and the
other as a reference environment (Figure 7). Magnetic stir bars were placed inside each flask to
increase the amount of H202 contacting the catalytic Pt-CNT-MM samples. To ensure the flasks
were airtight, rubber septums with a rim seal were positioned on each flask. The flasks were placed
inside ice or water baths on top of a hot plate stirrer to maintain isothermal conditions during each
of the three runs per sample (0 [°C], 17.5 [°C] and 35 [°C]). To ensure that no steam was produced
during testing, such that all generated pressure was due to the release of Oz, a low concentration
H202 solution (1% [w/w] H202, diluted from 30% [w/w] H202; Fisher Scientific BP2633-500) was
used for all tests. The H202 solution stock was placed within a 50 [mL] container and immersed
in the respective ice/water baths in order to achieve thermal equilibrium prior to testing. After
achieving thermal equilibration, each flask was vented by temporary insertion of an unattached
needle and allowed to equilibrate with atmospheric pressure. The amount of Oz generated during
each test was measured as a pressure differential between the testing and reference environments.
To measure the pressure differential, an Extech HD750 Differential Pressure Manometer
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(measuring up to = 5 [psi] / 34.5 [kPa]) is connected to each flask via two high strength silicone
tubes (diameter 0.375 [in]/9.525 [mm]). The tubing was connected to the manometer and syringe
needles using barbed fittings. The two syringe needles connected to the pressure manometer were
inserted into the test and control flasks, respectively, by piercing through the diaphragm of each
septa. The differential pressure between the test and control flasks was zeroed before recording
data and then measured as a function of time with a laptop computer via a USB connection. Finally,
10 [mL] of the H202 solution was simultaneously injected into each flask while the magnetic stir
bars stirred the solution at 200 [rpm]. Resultant differential pressure vs. time data was then used

to determine catalyst performance and activation energy with the Arrhenius Equation.

Figure D-1: Experimental apparatus used to monitor the increase in pressure due to O2
generation during H2O2 decomposition. Water maintained at a constant temperature holds test
and control flasks on a hotplate while a differential pressure monitor measures transient pressure
data.

D.2 MUYV Fabrication and Testing
The MUV test submersible was designed with computer aided design software
(SolidWorks®) and printed with an Objet500 Connex 3D printer with a PMMA like resin. The

test submersible was then fitted to a 30.5 [in.] (0.77 [m]) rigid arm through screw thread fastening
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and submerged into a water tank (350 [gal]). The opposite end of the arm was secured to a torque
transducer (Interface model 5350-50: 50 [0z-in] sensor) mounted above the water tank. The
transducer reported torque measurements with 0.001 [N-m] precision along the parallel axis of the
test submersible via a CPU connection. Force (thrust) measurements were calculated via software
on the CPU. H202 was pumped into the reaction chamber via a 50 [mL] syringe connected to the
test submersible’s reaction chamber via high strength silicone tube (dia.: 0.375 [in.]/9.525 [mm)])

that fits over a plastic barbed fitting.
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APPENDIX E: SUPPLEMENTARY INFORMATION (SENSING)

E.1 Cyclic Voltammetry
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Figure E-1: CV characterization of CNT-MM and Pt-CNT-MM samples within ferricyanide
mediator solution (4 [mM] Fe(CN)s* and 1 [M] KNO3). (a) Comparative cyclic voltammogram
(current normalized by sample mass) for CNT-MM and Pt-CNT-MM samples. CNT-MM
samples were shown to have an average ESSA of 293.1 £ 27.8 [cm? g''] whereas Pt-CNT-MM
samples were shown to have an average ESSA of 53.3 £ 6.3 [cm? g''], with respect to the
ferricyanide mediator solution. (b) Plot of the magnitude of the normalized anodic peak current
versus the square root of the scan rate for both a CNT-MM substrate and Pt-CNT-MM sample,
indicating that the transport of ferricyanide to the catalytic surface is a diffusion-controlled
process.
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E.2 Amperometric Measurement of H,O> Samples

Note: Prescribed volumes should be adjusted according to electrochemical cell size, etc. The
procedure outlined below is for use of Dr. Richard Watt’s electrochemical setup.

E.2.1

1.

W

—

E.2.2

AN

Prepare the Buffer Solution

Locate a clean 15 mL or 50 mL plastic tube container in a drawer opposite to the
potentiostat
Fill the container to the desired volume with de-ionized water or miliQ water

a. De-ionized water comes from the left faucet at any of the sinks
Locate Tris Base powder (in a blue container, usually above the potentiostat)
Zero the scale opposite the potentiostat with a plastic saucer on it
Weigh out the required amount of Tris Base to achieve a 25 mM solution

a. For example, a 12 mL solution would require 36.3 mg of Tris Base

(121.14 [g mol™'1)(25¢ ™3 [M])(# [L]) = (# [g])
Pour some of the water from the container into the saucer containing the Tris Base
Pour mixture into tube container and repeat if necessary
Locate Sodium Chloride (NaCl) (in a small white container in the cabinet above the
scale) with 25 mM Tris base and 0.5 M Sodium Chloride (NaCl)
(58.44 [g mol™'])(0.5 [MD(# [L]) = (# [g])

Repeat steps 4-7 adding 0.5 M Sodium Chloride to solution

a. Again if making 12 mL of buffer, add 350.6 mg NaCl

Prepare the Sample

Locate a 5 to 10 mL glass container with a 10 mm opening (in the drawers under the
vacuum machine)
Use a few specks of powered soap to clean out the glass container
Scrub with a brush above the sink
Rinse several times with de-ionized water (at least 5 rinses)
Let air dry or dry with a paper towel
Add about 1-2 mL of the sample to be tested to the glass container
a. Ifthe concentration needs to be reduced follow the equation provided below (note
that this requires that you have measured the concentration of the stock H202
solution; likely 0.882 [M]):
M,V = M,V;
Locate the aluminum cap with the pre-installed septum (in a drawer under the vacuum
machine)
Locate the red cap clamper (found in the drawer next to the caps, the one with missing an
arm)
Place the cap on the glass container and use the clamper to secure the cap on the
container
a. This process is important to insure that oxygen does not leak into the sample after
de-gassed
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b. Apply pressure with your weight over the container as you clamp down

c. Rotate the container to clamp down the part where the missing arm did not secure

d. Sometimes multiple clamps helps, but sometimes it also could make it worse
Peirce the septum of the container with one of the needles of the vacuum machine (there
should be several needles in a row that are pointed down)

a. The container will hang off of the needle while it is being de-gassed
Turn the knob that is directly above the container’s needle counterclockwise to open that
passage way
Make sure that the other knobs above the other needles are closed
Turn the glass knob that is farthest to the left so that it is vertical (the blue side should be
up for vacuuming)
Turn on the vacuum machine with the little black switch on the floor

a. The machine should start glugging away
Let the vacuum work on the container for about a minute
Remove the container from the needle and flip the container upside down and check if
any air bubbles come through

a. Ifthere are bubbles, the seal is not good enough

i. Remove the cap with the specialized pliers with blue handles (found in the
same drawer as the red clamper
ii. Repeat steps 9 to 16 until no air bubble emerge from the septum

b. Ifthere are no bubbles, continue to the next step
Place the container on the needle again for a couple more minutes
Turn the glass knob 180 degrees to fill the container with nitrogen

a. Do this until the sample stops rippling (about 5 to 10 seconds)
Turn the glass knob back to the vacuum (180 degrees) and leave it on for a few more
minutes
Do one final nitrogen filling (repeat step 18)

a. Make sure to end with nitrogen to not leave a vacuum on the container
Turn the glass knob to the horizontal position
Turn the knob above the needle being used until it is closed
Remove the container from the needle
Turn off the vacuum machine with the same black switch on the floor

Prepare the Electrochemical Cell

Remove previous solution from cell with large syringe

2. Add about 3 mL of buffer solution to the cell

9]

a. The solution should come above where the cell starts to get bigger but below the
little arm that sticks out of the cell
The working electrode is a mesh and should already be in the cell
a. The mesh should be positioned about in the middle of the buffer solution
Locate the reference electrode with a black rubber stopper in a nearby beaker
It is easiest to place this electrode through the small hole on the left toward the front of
the cell
a. The end of the electrode must be in the solution but positioned above the mesh of
the working electrode
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20.

Locate the outer glass tube of the counter electrode in a 15 mL tube of saturated KC1
(usually on the counter just on the other side of the wall where the vacuum machine is
located)
a. The glass tube is most easily taken out of the saturated KCI using the tip of the
large syringe for leverage
Locate the wire that is the inner portion of the counter electrode (it should already be
hooked up to the potentiostat)
Place the wire inside the glass tube
Place the two part electrode through the largest center hole of the cell
a. Similar to the reference electrode, the end of the counter electrode must be in the
buffer solution but above the working electrode
b. The electrode end can rest on the knob of the working electrode where the mesh
comes together into one wire
c. Alternatively, tape can be placed around the center of the electrode to make it
thicker and to hold it in place better
Locate the line for the nitrogen (a clear tube coming from the ceiling near the
potentiostat)
Place the nitrogen line through the large hole that also has the counter electrode
a. The nitrogen line does not need to be submerged in the buffer solution, just have
it come right above the buffer surface
Turn on the nitrogen tank in the back corner of the adjoining room
a. Little bubbles should form in the beaker on the counter to the right of the tank
Turn on the stirrer that is directly below the cell by turning the block knob on the stirrer
until the white marker is approximately lined up the two pen lines drawn on the stirrer
a. The stirring device can be very temperamental and may need to be adjusted
slightly to get the stirring speed
Before turning on the potentiostat, make sure that the settings on the front panel of the
potentiostat are correct
a. The center black switch should be in the off position
b. The A on the bottom left should be lit
c. The switch under the A label under the Applied Potential should be set to the
minus sign
d. The number in the black box under A should be .800
e. The operating mode should be on Contr. E
f. The black part of the red knob under the display should point to current, while the
white dot should point to 1
Turn on the potentiostat by flipping the switch under the display from “Off” to “Power”
Wait about 10 seconds for the machine to warm up
Apply voltage to the cell by flipping the black center switch from “Off” to “Ext. Cell”
a. This is when the chemical reactions begin
The display will likely overflow initially, but by turning the black knob in the upper right
to 10 mA, the range will be changed to be able to read the current
The current will go down very fast initially and can soon be changed to the 1 mA setting
a. If small concentrations are being measured, the black knob can be turned once
more to 100 pA setting
The cell will take about 30 minutes to reach its baseline current (about 5-15 pA)
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Visualizing the Current in the Cell

Log on to the computer directly above the potentiostat (info is on the computer tower)
Click on the “Etch-A-Sketch” LabVIEW program shortcut on the desktop
a. This can take several moments to boot up
Run the program by clicking the white arrow at the top of the screen (just under the edit
tab)
a. Make sure the electrochemical cell if on before running the program
Click the “Analog” button toward the top center of the program
Click the “X(V)” button at the top of the column of buttons in the upper right of the
program
If you want to save the data, change the setting from “Don’t Save” to “Save”
a. Specify the name and location to save the file by clicking the folder under file
name
b. Make sure to change the name of the file for each run to avoid overwriting your
data
Click the “Start/Stop” button
a. A white curve should appear in the programs display
i. If there is an error instead of a white curve, restarting the computer usually
fixes this problem
b. Ifthe electrochemical cell was just recently turned on, there should be a fairly
steep downward slope
c. Once the cell reaches its baseline, the curve should be fairly level, although there
will still be noise in the signal
d. Ifyou change the current setting on the potentiostat, this will change the units of
the y-axis on the current plot and the curve will jump accordingly
e. The y-axis will automatically adjust as soon as the data reaches the left side of the
display
Adjust the time shown along the x-axis by changing the value of “Display last”
a. Usually 150 to 250 seconds is a good range
Once done collecting data, click on the “Start/Stop” button again to stop the run
a. The data will be saved to a “File” which can then be changed to a text file or
opened directly in MATLAB

Running the Experiment

Start the LabVIEW program (as described in A.4.)

. Let the program collect at least 1 minute of baseline data before injecting the sample

a. This will allow for a sufficient number of points to get a good baseline average
Locate the 50 puL syringe (usually found on the counter next to the potentiostat)
Rinse the inside of the syringe by pulling water in and pushing it out several times
Pierce the septum of the degassed sample (from A.2.)

a. Try to pierce a new location each time to avoid making any hole too large
Turn the container upside down so that the liquid is up against the septum

a. This will allow you to reach the sample without sticking the needle so far in the

container
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Withdraw some of the sample (say 30 puL), remove the syringe and discard the drawn
sample
a. This will get the syringe ready for the experiment
Repeat steps 5 and 6
Slowly withdraw the sample into the syringe

. There will likely be bubbles in the syringe, so quickly inject the sample back into

container
Repeat steps 9 and 10 until there are no air bubbles
Continue to slowly withdraw until the desired volume is achieved

. Carefully remove the syringe from the container
14.

Inject the sample into the cell fairly quickly
a. It works best to stick the needle of the syringe part way into the buffer solution
b. The injection will cause a large abrupt spike in the current
Wait until the current curve levels back down to the previous baseline level
a. This usually takes a few minutes, but will depend on the concentration and the
volume injected
Stop the program to finish collecting data

Clean Up

Turn off the cell by flipping the black center switch from “Ext. Cell” to “Oft”

a. It is important to turn off the cell before turning off the potentiostat
Wait at least 10 seconds after turning off the cell, then turn off the potentiostat with the
switch under the display from “Power” to “Oft”
Turn off the stirring machine
Remove the nitrogen line and turn off the nitrogen tank
Place the reference electrode (the one with the rubber stopper) back in the beaker next to
the potentiostat
Remove the counter electrode (the one with the glass) and leave the wire still attached
near the potentiostat
The glass portion needs to be put back in the saturated KCI tube

a. Itis also good to shoot some of the saturated KCl solution into the glass tube with

the large syringe that was used to put the buffer in the cell

Either leave the solution in the cell or remove it for a quicker start next time. Leave
everything neat and tidy
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E.2.7 Pictures of the Potentiostat Setup
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Figure E-3: Potentiostat front panel (‘on’ position).
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Figure E-4: Electrochemical cell (blue color from methyl viologen run).

132



