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Michigan  State University  is  uniquely positioned  to  address  the  greatest  single  challenge 
facing our  global  community  in  the 21st  century:  the need  for  affordable  and  sustainable 
energy  to  power  the  planet.  Global  energy  demand  will  roughly  double  by  mid‐century 
owing to the rising standards of living of a growing world population. Supply and demand 
tensions created by this rapidly increasing energy use will have a profound impact on our 
Nation,  ranging  from  security  concerns  associated  with  competition  for  current  energy 
systems to environmental concerns about global climate change. The simultaneous goals of 
holding atmospheric CO2 levels to even twice their pre‐anthropogenic values and meeting 
an ever increasing energy demand will require invention, development and deployment of 
carbon‐neutral energy on a scale commensurate with, or larger than, the entire present‐day 
energy supply from all sources combined.  

MSU’s response to this global energy challenge is the Renewable Fuels for the Future (RF2) 
initiative. A renewable fuels cycle will transform the United States and global society in this 
century.  Michigan  State  University  can  drive  this  transformation  by  bringing  together 
scientific  leadership and  institutional capability under  the auspices of RF2  to produce the 
breakthroughs needed  to  create  a  future where  sunlight  converts  air  and water  into  the 
fuel that powers much of the world.  

The fuels cycle for  life on the planet couples photosynthesis to mitochondrial respiration. 
In  the photosynthetic process,  solar  light  is  captured and used  to rearrange  the bonds of 
water into oxygen and hydrogen, separated as four protons and electrons. In doing so, solar 
energy is stored. The protons and electrons from hydrogen are combined with CO2 to form 
of carbohydrate. When the carbohydrate is consumed, it is immediately broken down into 
CO2  and hydrogen,  again  in  the  form of  four  protons  and  electrons.  These  are  combined 
with oxygen in nature’s fuel cell, cytochrome c oxidase contained in mitochondria, thereby 
releasing  the  sun’s  energy  in  a  useful  and  controllable  form.  The  same  fuel  cycle  can  be 
technologically established  in one of  two ways. The carbohydrate‐rich biomass produced 
from photosynthesis may  be  collected,  deconstructed  and  converted  into  a  fungible  fuel. 
Alternatively, solar‐driven water splitting may be achieved by collecting solar light with a 
photovoltaic to generate a photovoltage, which can be harnessed by catalysts to split water 
into  oxygen  and  hydrogen.  This  is  effectively  what  occurs  in  photosynthesis,  and  it  is 
therefore often called artificial photosynthesis. The hydrogen  thus produced can be used 
(1)  as  a  fuel  by  direct  combustion  for  conversion  to  electricity  in  a  fuel  cell;  or  (2)  to 
generate  liquid  fuels  by  reduction  of  carbon  dioxide  or  nitrogen  with  the  hydrogen 
produced from water. 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Fuel Cell Fuels and Applications
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fastcompany.com

horizonfuelcell.com

automotiveillustrations.com



Challenge of Automotive Fuel Cells
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“...you need four significant technological breakthroughs. That makes it unlikely.”  
-Steven Chu, Technology Review

Hydrogen
Production

Petroleum (23%)
Natural Gas (76%)
Other (1%)

Hydrogen
Storage

lincolncomposites.com

~5 wt% hydrogen
@15,000 psi

Hydrogen
Distribution

64 U.S. stations as of 
April 2009

Fuel Cell 
Technology

Dimitrios PapageorgopoulosV.  Fuel Cells / Overview

658DOE Hydrogen Program FY 2010 Annual Progress Report

solubility.  Efforts continue to produce PFIA membranes of lower equivalent weight and higher 
conductivity under dry conditions.

Degradation Studies Reveal Pathways to Increased Durability

Improvements in durability of fuel cell systems will facilitate user acceptance of fuel cells to replace 
conventional power generation technology.  Argonne National Laboratory is investigating the role 
of electrocatalyst degradation in fuel cell durability, and has thus far highlighted the effect of catalyst 
particle size on degradation rates, revealing that performance of catalysts with small initial particle size 
moves toward that of larger particles during operation with cycling, as shown in Figure 3.6  Work at 
LANL has demonstrated the critical role of electrode processing on durability.  Electrodes formed by 
an ink-painting technique are strongly sensitive to the nature of the solvent used in the ink.  Electrodes 
prepared from glycerol-based inks demonstrated excellent durability (less than 30 mV loss at 0.8 A/cm2 
after 70,000 cycles, (exceeding the DOE target of 30,000 cycles), while electrodes prepared from water/
alcohol-based inks suffer from severe degradation.7

Metal Bipolar Plate Development Demonstrates Corrosion Resistance at Low Cost 

Since bipolar plate corrosion and high cost have a negative impact on fuel cell stack cost and 
durability, sub-program activities support development of novel materials and fabrication methods 
for bipolar plates.  TreadStone Technologies demonstrated coating approaches that allow for the 
development of low-cost, corrosion-resistant, metal bipolar plates, with an FY 2010 cost estimate well 
below $5/kW, achieving the FY 2010 target.8  The approach relies on the use of small, conductive, 
corrosion-resistant materials as conductive points to cover a small portion of metal surface, together 
with the use of non-conductive, corrosion-resistant materials to cover the majority of the surface of the 
metal plates.

6 Deborah Myers, “Polymer Electrolyte Fuel Cell Lifetime Limitations: The Role of Electrocatalyst Degradation,” 2010 DOE 
Hydrogen Program Review.  http://www.hydrogen.energy.gov/pdfs/review10/fc012_myers_2010_o_web.pdf
7 Rod Borup, “Durability Improvements through Degradation Mechanism Studies,” 2010 DOE Hydrogen Program Review.  
http://www.hydrogen.energy.gov/pdfs/review10/fc013_borup_2010_o_web.pdf
8 Conghua Wang, “Low Cost PEM Fuel Cell Metal Bipolar Plates,” 2010 DOE Hydrogen Program Review.  http://www.
hydrogen.energy.gov/pdfs/review10/fc023_wang_2010_o_web.pdf

FIGURE 3.  Cycling Degrades Performance of Catalysts with Small Initial Particle Size toward that of Larger Particles6

Cost

Durability



Opportunities for RF2
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• Fuel sources
– biohydrogen
– biogas
– alcohols
– sugars
– waste streams

• Electrochemical 
Conversion
– CO2 to fuels
– renewable fuels
– value added products

• Fuel Cell Technology
– electrocatalysis of 

biofuels
– non-precious 

electrocatalysis
◦ enzymatic
◦microbial
◦ biomimetic

– new materials
◦ electrolytes
◦ catalyst supports
◦mediators
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MSU Renewable Fuels Initiative!
Kickoff discussion 2013 
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Solid Polymer Electrode !
Applications in Organic Reductions!

Catholyte 
Organics 

Anolyte: 
Acidic Solution 

Catalyst 
deposited on 

membrane 

Pt Wire 

Catalyst Conversion 
(%) 

C.E.
% 

No Cat. 13.9 6.0 
Cu (1st Use) 47.0 20.2 
Cu (2nd Use) 53.9 23.2 
Cu (3rd Use) 13.0 5.6 

Pt 51.2 22.0 
Ru 48.49 28.6 

acetol

propylene glycol

J. Jackson
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Hydrogen-based electrobiocatalysis 
• Gas-intensive electrofuel fermentations 
!  Gas mass transfer is rate-limiting factor 
!  Improved bioreactor being developed 

21 
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ELECTRICITY 

Other substrates? 

ETHANOL 

PLANT BIOMASS 

ELECTRICITY 

ETHANOL 

GLYCERIN WASTEWATER 

Geobacter Geobacter 

Acetate,
formate,

lactate

Acetate,
formate,

lactate

CO2 CO2 

Clostridium  

Microbial Fuel Cell Pathways

Crops to fuels and electricity

Cellulomonas

G. Reguera
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Cofactor Regeneration in Bioelectrocatalysis

Malate
Alcohol
Glycerol

…

Oxaloacetate
Aldehyde

DHA
…
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e-
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NAD+

Substrate

Product
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Bioreactors

Biofuel Cells

Dehydrogenase-based electrochemical conversion



Flat Electrode
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NADH
NAD+

High%surface-area-
material-to-increase-
ac3ve-site-density

NADH
NAD+

Electrocatalyst+to+

decrease+ac-va-on+

energy

Catalyst

NADH
NAD+

ox
red

Electrode Modification for NADH oxidation

Flat Electrode

Flat Electrode
NADH

NAD+

Flat Electrode

Li, H.; Wen, H.; Calabrese Barton, S. Electroanalysis 2012, 24, 398.
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Azine: Methylene 
Green (MG)

Cyclic voltammograms on 0.85 mg cm-2 CNT-coated GC, 20 cycles, 50 mV/s, 0.4 mM TBO, 
0.01 M borate buffer pH 9.1, 0.1M NaNO3, 30 C

1. Karyakin, A. A.; Karyakina, E. E.; Schuhmann, W.; Schmidt, H. L. Electroanalysis 1999, 11, 553.
2. Zeng, J.; Wei, W.; Wu, L.; Liu, X.; Liu, K.; Li, Y. Journal of Electroanalytical Chemistry 2006, 595, 152.

Electrocatalyst Deposition
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NADH Oxidation in Batch Reactor
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Bioactivity of Electrogenerated NAD+
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Carbon Fiber / CNT Electrode 
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CNT 
fiber 

Fiber electrode 

Focused Ion Beam Cut Cross Section 

5 µm 1 µm 



Thickness & Capacitance 

•  Capacitance measured in 20 mM 
PBS solution with 0.1 M NaCl.  

•  The coating thickness was 
measured digitally by optical 
micrograph. 

•  Surface area conversion factor: 1.5 
µF/cm2 
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Biocatalyst*Test*System*

8*B. Gregg and A. Heller, J. Phys. Chem. 95, 5970 (1991).  

Carbon*support*

e- 

Redox*hydrogel*

Glucose*
oxidase*

Redox*polymer*–*the*mediator*

e- 

e- 

Redox potential: 
PVI-[Os(bpy)2Cl]2+/3+ 
0.23 V vs Ag/AgCl 

Glucose*

Glucono*lactone*

Electronically*conduc>ve*

Electrolyte*



CFME/CNT/Hydrogel Performance 

6.4 fold increase of current density  

50 mM glucose, 20 mM phosphate buffer solution, 0.1 M NaCl as 
supporting electrolyte, 37.5 ⁰C, 150 rpm stirring bar, nitrogen saturated. 

1 mV/s 

50 mV/s 

Redox polymer test 

Polarization curve 

Performance summary 
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Modeling of Multistep Bioelectrochemical 
oxidation

18

 Develop predictive and quantitative models for electrode performance.
 Evaluate system parameters (materials, kinetics, transport) to improve 

model accuracy.

pH C
Simulation of Multistep 
Electro-oxidation



Co-enzyme / co-factor:
NAD+ --- Nicotinamide Adenine 
Dinucleotide

NAD+ dependent Enzymes: 
ADH --- Alcohol  
Dehydrogenase

AlDH --- Formaldehyde 
Dehydrogenase

FDH --- Formate 
DehydrogenaseEnzymes are encapsulated within TBAB modified Nafion

Oxidation of CH3OH to CO2 on the surface of poly(methylene 
green) by the three-step enzymatic reaction

Model of Methanol Biofuel Cell
P. Kar, H. Wen, H. Li, S. D. Minteer, and S. C. Barton, J. Electrochem. Soc. 2011, 158, B580-B586.

P. Kar, H. Wen, H. Li, S. D. Minteer, and S. C. Barton, J. Electrochem. Soc. 2011, 158, B580-B586.



Comparison to Experimental Power Density

Addo, P. K.; Arechederra, R.; Minteer, S. Electroanalysis 2010, 
22, (7-8), 719

pH Experiment

P. Kar, H. Wen, H. Li, S. D. Minteer, and S. C. Barton, J. Electrochem. Soc. 
2011, 158, B580-B586.



Pyruvate Electrode

 2

cascades in the biofuel cell research area or metabolic pathways in the field of biochemistry and 
molecular biology. 

 Most fuel cells focus on the use of hydrogen, methane, or methanol as fuels, because of the 
simplicity of oxidation and the lack of a need to break a carbon-carbon bond. However, living cells 
oxidize complex fuels by breaking carbon-carbon bonds4. One of the processes responsible for 
metabolism of complex fuels in the living cell is the Krebs cycle. Krebs cycle enzymes exist in the 
mitochondria of a living cell and are responsible for the complete oxidation of pyruvate. Pyruvate is the 
main byproduct of metabolism of glucose and complex carbohydrates by the glycolytic metabolic 
pathway.  Therefore, the Minteer Research Group has developed a bioanode capable of completely 
oxidizing pyruvate for use in the first pyruvate/air enzymatic biofuel cell. A biofuel cell employs 
biocatalysts, such as: enzymes, to convert the chemical energy in a biofuel into electrical energy5. Biofuel 
cells contain two electrodes: a bioanode capable of oxidizing the fuel and a cathode capable of reducing 
oxygen from air to water. This new bioanode contains all of the enzymes of the Krebs cycle and is 
capable of complete oxidation of pyruvate as shown in Scheme 1. 

 One of the common problems with enzymatic biofuel cells has been the incomplete oxidation of 
complex biofuels that results in decreased fuel cell energy density6. Most biofuels have high energy 
density and are metabolized by a series of oxidoreductase enzymes that undergo individual two-electron 
oxidation reactions. For instance, glucose is the most common biofuel employed in a biofuel cell. The 
complete oxidation of glucose to carbon dioxide results in the production of 24 electrons. However, most 
glucose biofuel cell anodes consist of only the enzyme glucose oxidase, which can oxidize glucose to 
gluconolactone resulting in only the production of 2 electrons. Therefore, the energy density derived from 

Scheme 1. Enzyme cascade reaction of the complete oxidation of pyruvate in an enzymatic 
biofuel cell.1 

 

1133060

Applicant Name:  University of Utah      
Control Number:  0670-7020!!!!!!!!!!!!! !

!

Page 4 
!

Collaboration among the three research groups benefits from the research strengths of each 
group (enzyme cascade work of Minteer, materials design work of Atanassov, and 
electrochemical modeling work of Calabrese Barton).  

!
!

Figure 2. Enzyme cascade reaction of the complete oxidation of glycerol. 

Glycerol Electrode

D. Sokic-Lazic, and S. D. Minteer, Electrochemical and Solid State Letters 2009, 12, F26-F28.

R. L. Arechederra, and S. D. Minteer, Fuel Cells 2009, 9, 63-69.



State of the art platinum electrocatalysts
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• Commercial+catalysts+for+low+temperature+fuel+cells:+Pt+supported+on+

carbon+black1

Total+Pt+loading+0.1+to+0.2+mg/cm2-+(2015)

• For+an+80+kW+PEMFC,+Pt+costs%∼$3000+($1545+/+troy+ounce)2

• Pla-num+reserve+issues

1h"p://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/d7_80kwW_fc_system_cost_analysis_report_2010.pdf
2h"p://pla7numprice.org/A

32015%PEMFC%Stack%cost
%%%%%$21/kWnet,%$1711

Catalyst

Bipolar
Plates

Gaskets

Membrane

GDL

Misc.



Nitrogen
source

High Pressure
Pyrolysis

+

Metal'source

High pressure pyrolysis synthesis approach

Autogenic+pressure+due+to+N+precursor+evapora-on+&+

decomposi-on:

•+retains+N+precursor+++++•+increases+N+ac-vity

MNC catalyst
+

R.AKothandaraman,AV.ANallathambi,AK.AArtyushkovaAandAS.AC.ABarton,AApplied'Catalysis'B:'Environmental,A92,A209A(2009).

Porous/carbon
support

R. Kothandaraman et al, Appl. Catal. B, 92 209 (2009).
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Fuel cell characterization

• CathodeA:AAMNCAA1.4AmgAcm#2

• AnodeA:AA20A%APtA/ACAAA0.4AmgAcm#2A
• TcellA:AA80oC
• NafionA112
• 100%AHumidity
• FeedA:AAH2/O2A
• BackApressureA:A1AbarAgauge
• AreaA:A5Acm2(
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Fuel cell durability 

•  Feed$:$$H2/O2$$
•  Back$pressure$:$1$bar$gauge$
•  Area$:$5$cm2$$

$$

•  Cathode$:$$MNC$$1.3$mg$cm@2$

•  Anode$:$$20$%$Pt$/$C$$$0.4$mg$cm@2$$
•  Tcell$:$$80oC,$Nafion$112,$100%$Humidity$
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Modeling Proton Exchange Membrane Fuel Cells using combined Quantum and 
Classical Mechanical Simulations 

R. I. Cukier  
Dept Chemistry  

Michigan State University 
 

Proton Exchange Membrane Fuel Cells (PEMFCs) offer one route to more efficient 
and sustainable, while less polluting, forms of energy production. 

Focus on hydrocarbon based PEMFCs.  

Those fueled by methanol instead of hydrogen and based on membrane materials 
that are not fluorocarbon based. 

 

Fig. 1. (from from soultek.com) 
 
Schematic methanol Fuel Cell. 
Anodic input CH3OH Cathodic input 
O2. The polymer electrolyte membrane 
provides the medium for proton 
conduction from anode to cathode. The 
circuit being completed externally with 
electron flow to produce EMF.  
 
CH3OH+H22ĺ&22 +6H+ + 6e– (anode) 
3/2 O2+6H++6e– ĺ3H2O (cathode) 
CH3OH+3/2O2ĺ�&22 + 2H2O (overall) 
 
 

 

Direct Methanol Fuel Cells (DMFCs) are attractive because they are highly energy 
efficient and more environmentally sound. Use of a liquid fuel is convenient due 
to storage and transport advantages. A challenge, though, is the development of 
polymer membranes that are efficient proton conductors and also reduce their 
permeability to methanol, a source of loss of efficiency. This latter effect arising 
from the affinity of methanol for water that results in methanol transport from 
anode to cathode 

Our simulations will first focus on sulfonated poly(arylene ether ether nitrile) (m-
SPAEEN) based polymers, with structure  

 

 

[1] T. Ohkubo, Y. Iwadate, Y.S. Kim, N. Henson and Y.K. Choe, Understanding properties of 
copoly(arylene ether nitrile)s high-performance polymer electrolyte membranes for fuel cells 
from molecular dynamics simulations, Theor Chem Acc 130 (2011) 555-561. 

 

Our theoretical developments use efficient quantum mechanical treatments of 
multiple protons and a classical mechanical Molecular Dynamics force field for the 
heavy atoms.  

The method is available within CUKMODY, our protein MD code. 

 

Simulations of hydrocarbon membrane PEMFCs will be pursued to study the roles 
of polymer chain length and conformation, polymer backbone hydrophobicity, 
and water content in the hydrophilic regions, on proton transport and methanol 
transport (a source of inefficiency). The method should provide a powerful 
approach to evaluating proton transport in model PEMFCs. 

 

 

 

 

 

 

Fig. 8. Molecular structure of m-SPAEEN 
Sulfonated poly(arylene ether ether nitrile) 
(m-SPAEEN) copolymers. n/1-n provides 
the ratio of the polymer repeating unit; e.g. 
m-sPAEEN 60 denotes a 60:40 ratio. 
Figure taken from reference [1] 

– roles of polymer chain 
length and 
conformation, 

– backbone 
hydrophobicity, and 
water content in the 
hydrophilic regions

– proton transport and 
methanol transport

Simulations of hydrocarbon membrane PEMFCs
using combined Quantum and Classical Mechanical Simulations

R. Cukier

Our simulations will first focus on sulfonated poly(arylene ether ether nitrile) (m-
SPAEEN) based polymers, with structure  
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copoly(arylene ether nitrile)s high-performance polymer electrolyte membranes for fuel cells 
from molecular dynamics simulations, Theor Chem Acc 130 (2011) 555-561. 

 

Our theoretical developments use efficient quantum mechanical treatments of 
multiple protons and a classical mechanical Molecular Dynamics force field for the 
heavy atoms.  

The method is available within CUKMODY, our protein MD code. 

 

Simulations of hydrocarbon membrane PEMFCs will be pursued to study the roles 
of polymer chain length and conformation, polymer backbone hydrophobicity, 
and water content in the hydrophilic regions, on proton transport and methanol 
transport (a source of inefficiency). The method should provide a powerful 
approach to evaluating proton transport in model PEMFCs. 

 

 

 

 

 

 

Fig. 8. Molecular structure of m-SPAEEN 
Sulfonated poly(arylene ether ether nitrile) 
(m-SPAEEN) copolymers. n/1-n provides 
the ratio of the polymer repeating unit; e.g. 
m-sPAEEN 60 denotes a 60:40 ratio. 
Figure taken from reference [1] 


