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Introduction

Education

University of Utah, PhD, 1998
o Physical and Analytical Chemistry

o Advisor Professor Henry White
> Thesis: Magnetohydrodynamic Flows at Microelectrodes

University of Washington, 2005
MBA, Technology Management



Introduction

Professional Career - 25 Years

1. Scientist — 1998
o Broadley-James, CombiMatrix, Nanomaterials Discovery (NDC)

2. Entrepreneur — 2008
o GloCal Energy, CyVolt Energy Systems, SMZ Research

3. Aerospace — 2014
o Cedar City, UT, San Antonio TX, Qingdao China

4. Current
o Adjunct Professor — SUU, Cedar City, UT

o Triumph Group — Park City, UT
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Magnetohydrodyamics
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COMBIMATRIX

Discover the possibilities

DNA Microarrays

4

4.‘6

— Revolutionary Technology
— Early Generation Technologies
— Physical Spotting of Nucleic Acids

— Photo-activated synthesis of
Nucleic Acids on a Chip

— Highly Successful Techniques and
Products

— Limited Flexibility

CombiMatrix’s NEXT Generation
Microarray

Any Genome

Multiple Genomes on One Array

Any Gene

Any Probe/Sequence

Any Oligo Length

Multiple Oligo Lengths on One Array



Single Spore Detection

Available online at www.sciencedirect.com

SCIENCE DIRECT® Blm
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Biosensors and Bioelectromes 20 (2004) 736742

www.elsevier.com/locate/bios

Immunoassays based on electrochemical detection
using microelectrode arrays

K. Dill*. D.D. Montgomery. A.L. Ghindilis. K.R. Schwarzkopf.
S.R. Ragsdale, A.V. Oleinikov

CombiMatrix Corporation, Harbour Pointe Tech Center, 6300 Harbour Heights Farkway, Suite 301, Mukilteo, WA 98275, US4
Available online 20 August 2004
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COMBIMATRIX

Discover the possibilities

Nanotechnology Product Vision

New Materials

naomaterials dscovery corp

*Synergy
«Capabilities Nanotechnology
Intellectual Property Workstation

AUGUST 2004- NDC AWARED $2.5 MM FROM US DOD TO DEVELOP UNIQUE FUEL CELLS

CBMX CHIPS WILL BE USED FOR RESEARCH




Electrochemical Synthesis

Washington University, St. Louis

Figure S1: Checkerboard patterned oxidation with the olefin substrate present.

Figure S2: Blow up of
figure S1




Outline

Biodiesel byproduct used directly in a fuel cell

Overview of biodiesel production

 Remediation and use of crude glycerin

* Alkaline anion-exchange membranes (AAEMs)

* Improved fuel cell performance of AAEM

*  Reduced fuel crossover, No cathode flooding

*  Energy density >5x DMFCs (direct methanol fuel cell)
*  Glycerol oxidation without forming CO,

Power generation with no carbon footprint



Biodiesel Production

Base-Catalyzed Transesterification Reaction

CH,-00C-R, CH,-00C-R, CH,-OH
| OH- | |
CH-OOC-R, + 3CH;OH —» CH;-POC-R, + CH-OH

| | |
CH,-O0C-R, CH,-OOC-R, CH,-OH
Triglyceride = Methanol Methyl Esters Glycerol

« Saturated glycerin market
* Cheap, abundant fuel source




Technical Background

Thermodynamic and Electrochemical Properties

SE
Alcohol Formula MW (g/mol) n E (V) (Wh/g) ED (Wh/mL)
Methanol CH,OH 31.04 6 1.21 6.1 4.8
Glycerol C,H,0, 9209 14 1.22 5.0 6.3
RT . [C*IDY°
Nernst Equation: AE =AE’ + ln[ 12

nF [4]"[BY’



Direct-Methanol Fuel Cell
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Direct-Methanol Fuel Cell
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Fuel Cell Experimental Setup




Fuel Cell Operation

S, -




PEM Fuel Cell = Methanol

Proton-Exchange Membrane (Acidic Conditions)

Anode Cathode
CH,OH + H,0 3/20,+ 6 H*
6 e 6e
CO, + 6 H* 3 H,0

Net Reaction: CH,OH + 3/20, —» CO, + 2H,0

DMECs Challenges:
Methanol Crossover and Cathode Flooding



AAEM Fuel Cell — Methanol

Alkaline Anion-Exchange Membrane (Basic Conditions)

e
Anode A Cathode
CH,OH + 6 OH" OH 3/20,+ 3H,0
6e <Ol 6e

€O, + 5H,0 Pl 6 OH-

Net Reaction: CH,OH + 3/20, —» CO, + 2H,0

AAEM Challenges:
lon Transport, Durability, and CO,



AAEM Challenges

AAEM Disadvantages and Known Issues:
Lower temperature stability compared to Nafion®
Lower ionic conductivity compared to Nafion®
Carbonates form from CO, in alkaline conditions

o Fixed charges (cations) on the main chain prevents
carbonate formation within the membrane

> 50% decease in performance due to ambient CO, in air

> Polyhydric alcohols do not form CO,



Glycerol Oxidation Products

Sequential oxidation of glycerol in alkaline media leads
to carboxylation of one or both terminal carbons
resulting in a partial electrooxidation reaction.

C,H,O0,+80H - C,H,O.+6H,0+8¢
This is an example of an 8-electron transfer reaction,

but there are dozens of alternative partial oxidation

pathways (involving as many as 10 electrons) that do
not result in carbon-carbon bond scission.



Glycerol Oxidation Pathways
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Single-Cell Test Fixture

Anode Cell Design Cathode Cell Design
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Membrane Electrode
Assembly (MEA)

e MEAs with an AAEM can use
supported and unsupported
catalysts deposited on carbon
electrodes.

Carbon-cloth electrode with
Pt/C catalyst and ionomer.

|

Membrane Electrode Assembly

e The anode and cathode are
separated by the AAEM.

* The MEA is fabricated by heat
pressing a low temperatures 65°C
and low pressure (200 psi).

Asperity Contact Homogeneous Contact



Polarization and Power Curves

Kinetic Losses (Activation Polarization)

Catalyst Optimization
* Fuel cell containing
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MEA Cross-Sectional Image

SEM Image of AAEM and catalyst configuration

Anode PtRu/C

Membrane

Cathode Pt/C




Experimental Results

Polarization and Power Curves for

AAEM Fuel Cell .
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Methanol vs. Glycerol:
Constant Load Discharge

Crude Glycerin (AAEM)

E (V)




Low Voltage DC/DC Step-Up Converter

Maximum output current vs. VBAT
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Physico-Chemical Properties

Complexity of AAEM System:
o Electro-osmotic Drag — v,

o Fixed charges and Mobile lons — Polymer Electrolyte — OH-
o  Cation Selection — K*, Na*, Li*

z,F

J. =-D.VC,—~_D.C V¢+C.v

RT
o Water Content — Cation Solvation
> Electro-osmotic Pressure — Ap,_,
o Partial Pressure — Vapor Pressure

ptot = Z piXi



Alcohol Permeability - Electro-
Osmotic Velocity

* The permeability of various alcohols were reported for cation and
anion exchange membranes.

* The permeability of alcohol is a function not only of the electro-
osmotic drag but is also a function of the vapor pressure of the fuel
solution, that is, the partial pressure of all the fuel components,
including any electrolyte added to the fuel, the ionic strength of the
fuel.

* Itis important to note that an additional force that must be
considered and adds further complexity to the electro-osmotic
velocity. For a thin diffuse layer, this effect is proportional to the
current density and the electro-osmotic velocity past a plane charged
surface is assumed for zero pressure gradients, since the electro-
osmotic flow to hydraulic flow scales to the inverse square of the
pore size.



AAEM Electrode Assemblies

Catalyst Mixture — (Ink)
* Catalyst Composition

* Pt-Ru/C — Loading, Carbon%, Metals Ratio
* lonomer%, Teflon%, Solvent, Catalyst
* Application Method — Airbrush Spray
* Substrate or Electrode — Carbon Cloth



Electrodeposition of catalyst structures

6 SEP 1084
#poo0*

SEM images of CNT composite polymers with catalyst particles
deposited (Images provided by SMZ Research)




Electrodeposition of catalyst structures

10 mM PtCl4, 0.1 M HCI
0.1 V vs. Ag/AgCl, 15 min.
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Partial Pressure & Raoult's Law

Substance Vapor Pressure (mmHg) Raoult's law gives an

Methanol 97 approximation to the vapor
Ethanol 43.7 pressure of mixtures of liquids.
2-Propanol 31.8
1-Propanol 18.0
Water 17.5 Piot = Z Pi X;
Propylene glycol <1 i
Glycerol <1 * pisthe mixture's vapor pressure
* jisone of the components of the
Ethylene glycol 0.03 mixture

* X.is the mole fraction of that

Raoult's Law is applicable only to _ o
component in the liquid mixture.

non-electrolytes. pressure



Summary

« AAEMs induce electroosmotic flow that opposes
fuel crossover & prevents cathode flooding.

 AAEMs allow higher fuel concentrations — increases
energy densities.

 AAEMs engender facile kinetics — increases
interfacial efficiencies

e Polyhydric alcohols can be extensively oxidized
without C-C cleavage.
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