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Abstract

Fuel cell is a device that can directly convert chemical energy into electrical energy.
For low-temperature fuel cells, catalysts are required. Fuel cells using Pt-based or other
non-biological materials as catalysts are known as conventional fuel cells. Inspired from
Nature, enzymes can be used as catalysts in fuel cells known as enzyme-based fuel cells.
The conventional and enzymatic fuel cells share the same underlying electrochemical
principles, while enzyme-based fuel cells have their intrinsic advantages and disadvantages
due to enzyme properties. The objective of this thesis is to investigate the current/voltage/
power/stability capabilities of enzyme-based membrane-less H, fuel cells in order to

design the enzymatic fuel cells with improved performance.

This thesis presents a facile, effective method for the construction of 3D porous
carbon electrodes. The 3D porous carbon electrodes are constructed by compacting
suitable carbon nanomaterials into discs. The 3D porous carbon electrodes, with large
roughness, high specific surface area, and optimized pore size distribution, are able to
increase the loading density of enzymes, that is, reaction sites per unit geometric electrode
area. The high loading density of enzymes can result in the high current/power density of
the enzyme-based membrane-less H, fuel cells. Moreover, the large enzyme loading can
bring about the improvement in fuel cell stability because current becomes limited by mass
transport of dissolved gases rather than enzyme immobilization so that neither inactivation
nor desorption of enzymes would influence the current output. Based on one type of 3D

porous carbon electrodes, the maximum power density of enzyme-based membrane-less



H, fuel cells has increased to the mW-cm™ level by at least one order of magnitude and

the half-life has also increased from several hours to one week.

This thesis presents a method for the increase in power density otherwise limited by
low cathodic currents due to meagre O, in non-explosive H,-rich Hy-air mixtures. The
power density of enzyme-based membrane-less H, fuel cells can be increased by re-
proportioning cathode/anode geometric area ratio to balance the cathodic and anodic

currents under such an unusual H,-air mixture.

This thesis also demonstrates that the 3D porous carbon electrode can improve the
apparent O, tolerance of anodic catalysts — hydrogenases, which are very important for the
fuel cell performance. The degrees of apparent O, tolerance for both O,-tolerant and O,-
sensitive [NiFe]-hydrogenases are greatly increased based on the 3D porous carbon
electrodes, so that even an O,-sensitive [NiFe]-hydrogenase can be used as an anodic
catalyst in the enzyme-based membrane-less H, fuel cell under a non-explosive Hj-rich

H,-air mixture.

This thesis presents a design of a test bed in which series and parallel connections
of sandwich-like electrode stacks can be varied. The fuel cell test bed has demonstrated
low-loss interconnects and efficient stack configuration. Operated under a non-explosive
H,-air mixture containing only 4.6% O, at 20 °C, the maximum volume power density of
the fuel cell test bed exceeds 2 mW-cm™3, capable of powering electronic gadgets, which is
a good demonstration of electricity that originates from the buried active sites of enzymes

and is transmitted by long-range electron hopping in accordance with Marcus theory.



Acknowledgements

I would like to thank my supervisor Professor Fraser Armstrong FRS for providing
me with the opportunity to work in his group and letting me conduct such an interesting
research into enzyme-based fuel cells. | am very grateful to him for giving me so much

help, advice and support throughout my doctoral study at Oxford University.

I would also like to thank the present and past members of the Armstrong Group
for many helpful discussions, especially Dr Sadagopan Krishnan, the past post-doctor in

the group, who helped me with fuel cell experiments when I began my research.

I want to thank the Supergen Fuel Cell Consortium which provides excellent
chances for the fellow researchers doing fuel cells or related areas to communicate and
discuss with each other. The works containing in this thesis are supported by the Supergen

project.

I also thank St. John’s College and Chemistry Department Oxford for providing me

with the travel grants for international conferences, which have benefited me a lot.

And finally, | want to express my deepest gratitude to my mother and father, who
love me, nurture me, and educate me throughout my whole life. | feel very lucky and
happy as my parents are never absent in every stage of my growth. Without their spiritual
and material supports, | could not complete my doctoral course. Therefore, | would like to

dedicate this thesis to them.






Symbols and Abbreviations

a Activity of species

ABTS 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonate)
AFC Alkaline fuel cell

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda

BOD Bilirubin oxidase from Myrothecium verrucaria
c (Bulk) reactant concentration
CMC Compacted mesoporous carbon
CNT Multi-walled carbon nanotube
CPC Compacted porous carbon

Ccv Cyclic voltammogram

EPR Electron paramagnetic resonance
FTIR Fourier-transform infrared

G Gibbs free energy

AG' Free energy of activation

GT Graphite

HOR Hydrogen oxidation reaction
Hyd-1 Hydrogenase-1 from E. Coli
Hyd-2 Hydrogenase-2 from E. Coli

] Current density

Jo Exchange current density

LDR Light dependent resistor

LED Light-emitting device

MBH Membrane-bound hydrogenase



MCFC Molten carbonate fuel cell

MEA Membrane electrode assembly
MFC Microbial fuel cell

n Number of moles of electrons
Ng Number of moles of gas
ocv Open circuit voltage

ORR Oxygen reduction reaction

p Pressure

PAFC Phosphoric acid fuel cell
PEM Proton exchange membrane
PGE Pyrolytic graphite edge
PTFE Polytetrafluoroethylene

S Entropy

SHE Standard hydrogen electrode
SOFC Solid oxide fuel cell

T Temperature

U Internal energy

\% Volume

W Work

W, Electrical work

WGS Water-gas shift reaction
YSZ Yttria-stabilized zirconia

Greek alphabets or number
o Transfer coefficient

Nact Activation overpotential
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N conc

Hohm

2D
3D

Concentration overpotential
Ohmic overpotential

Mean free paths

Two dimensional

Three dimensional

vii



viii



Abstract

Table of Contents

Acknowledgements

Symbols and Abbreviations

Chapter 1 Fuel cell principles and technologies

Abstract

1.1 Introduction

1.2 Thermodynamics of fuel cells
1.3 Kinetics of fuel cell reactions
1.4 Fuel cell mass transport

1.5 Fuel cell types

Chapter 2 Enzymes as fuel cell catalysts

Abstract

2.1

Enzymes for the HOR — hydrogenases

2.1.1 H, cycling by bacteria

2.1.2 Types, structures and redox states

of hydrogenases

11
17
20

29
30
31
32

34



2.1.3 Inhibition of hydrogenases

by small molecules 39
2.2  Enzymes for the ORR — multi-copper oxidases 44
2.3 Enzyme-based fuel cells 47
2.4 Outline of this thesis 53

Chapter 3 Improving the performance of enzyme-based membrane-

less H, fuel cell based on 3D compacted mesoporous

carbon electrodes 55
Abstract 56
3.1 Introduction 57

3.2 Surface area and pore size distribution of the 3D

CMC electrodes 60
3.3 Anodes and cathodes having the same

geometric areas 62

3.4  Anodes and cathodes having re-proportioned

geometric area 68
3.5 Conclusions 72
3.6 Methods 73

Chapter 4 A test bed for enzyme-based membrane-less

H, fuel cells 77



Abstract

4.1
4.2
4.3
4.4
45
4.6
4.7
4.8
4.9
4.10

Chapter 5

Introduction

Structure of the test bed

Characterizations of the 3D CPC electrodes
Effect of porous structures on catalytic activity
Optimizing enzyme quantities

Parallel connections

Series connection

Practical applications

Discussion

Methods

78
79
83
85
90
92
95
97
99
101
103

3D electrodes increase the apparent O,-tolerant degrees

of both O,-tolerant and O,-sensitive [NiFe]-

hydrogenases
Abstract
5.1 Introduction
5.2 Increasing the apparent O,-tolerance degree of Hyd-1
5.3  Effect of porous structures on the apparent
O, tolerance of Hyd-1
5.4  Effect of porous structures on the O,-reduction

activity of BOD

xi

107
108
109
110

116

118



9.5

5.6

5.7

5.8
5.9

Increasing the apparent O,-tolerance degree of an
O,-sensitive hydrogenases

Effect of porous structures on the apparent

O, tolerance of Hyd-2

Effect of electrode thickness on the apparent

O, tolerance of Hyd-2

Mechanisms

A proof-of-concept experiment — O,-sensitive
hydrogenase as anodic catalyst in the

membrane-less H, fuel cell

5.10 Conclusions

5.11 Methods

References

Xii

120

124

127

128

131
132
133

137



Chapter 1

Fuel Cell Principles and Technologies



Abstract

This chapter introduces the fundamental principles and technologies of fuel cells, including
basic fuel cell operation, thermodynamics, kinetics, charge transport, mass transport, and
an overview of the major fuel cell types. Based on such basic knowledge, we can then
understand how fuel cells work, how fuel cell performance is dictated, and how a good fuel

cell can be designed.



1.1 Introduction

Energy is the foundation of growth and development of the national economy, and every
breakthrough in energy science and technology has been exerting considerable and far-
reaching influence over the productivity, social changes, and human well-being throughout
history.>? On the other hand, the conventional production and utilization of energy are
closely connected to climate changes, global warming and air pollution caused by
greenhouse gases including CO, and atmospheric particulate matter released by the
combustion of fossil fuels which now provides >85% of the current global energy
demand.®* The conventional energy technologies cannot keep abreast of the efficient,
economic and sustainable demands for the future’s energy, thus it is necessary to develop

renewable, clean energy technologies as well as improve the energy efficiency.>”

Internal combustion engines have been long used for converting the chemical
energy stored in a fuel into useful mechanical or electrical energy. Described by the Carnot
cycle, the reversible efficiency of a combustion engine depends on the difference between
the operating maximum temperature and minimum temperature (that is, increasing the
operating temperature can enhance the efficiency), thus its efficiency is limited by the
operating temperature.®> Combustion engines will also produce noise, dust and harmful

substances such as carbon oxides, sulphur oxides and nitrogen oxides when they operate.

Fuel cells can directly convert chemical energy into electrical energy without
passing through the Carnot cycle, and the reversible efficiency of a fuel cell is given by the

ratio of the Gibbs free energy change to the enthalpy change of the fuel cell reaction.’



Compared to combustion engines, increasing the operating temperature would reduce the
reversible efficiency of fuel cells, but the fuel cell efficiency remains much higher than the
combustion engine efficiency when the operation temperature is below 700 °C.%*°
Moreover, the fuel cell can continue generating electricity with minimized emissions of the
above-mentioned harmful products as long as the fuel is supplied. For example, the only
product of a hydrogen fuel cell is water. Therefore, the fuel cell technology is considered
as a renewable, clean and efficient method for energy conversion and electricity generation.
To date, the most widely-used and the best fuel used in fuel cells is Hz.** As an energy
carrier, H, reacting with O, in the atmosphere can allow the chemical energy stored in H;

to be transformed into electrical energy, powering domestic appliances and automobiles.*?

In a hydrogen fuel cell, the reaction can be divided into two electrochemical half

reactions occurring at anode and cathode, respectively, shown as:

Anode: H, > 2H" + 2¢ (1.1)
Cathode: Y% 0, + 2H" + 2> H,0 (1.2)
Overall cell reaction: H, +% 0, 2 H,0 (1.3)

Based on catalysts, H, undergoes the oxidation reaction at the anode, producing protons
and free electrons; O, undergoes the reduction reaction at the cathode, consuming protons
and electrons and producing water. The two electrochemical half reactions are known as
the hydrogen oxidation reaction (HOR) and the oxygen reduction reaction (ORR),
respectively.® The protons produced at the anode transfer to the cathode through the

proton-conductivity, electron-insulate electrolyte, while the electrons flow to the cathode



through an external circuit, making the whole reaction achieve the balance of both
substances and charges and allowing external appliances to obtain electrical energy. In
other words, the chemical energy is passed from the fuel (H;) to the electrons (constituting
the electric current), which are forced to flow through external circuits to do useful work

by spatially separating the two half reactions by the electrolyte.

Figure 1.1. Schematic principles of operation of a hydrogen fuel cell: (1) reactant transport, (2)
electrochemical reactions, (3) proton and electronic conductions, and (4) product removal. (A = Anode, E =

Electrolyte, C = Cathode). Adapted from Reference 14.



Figure 1.1 shows the basic operation processes of the hydrogen fuel cell. There are
four major steps in producing electricity in the fuel cell: reactant transport, electrochemical

reactions, ionic/electronic conductions, and product removal.**

(1) Reactant transport: H,
and O, must be continuously supplied in order to generate electricity in the hydrogen fuel
cell. The consumption rates of the reactants will be very fast when the fuel cell runs at high
current outputs, thus the efficiency of reactant transport has an important effect on the
performance of the fuel cell. Such efficiency depends upon flow-domain structures as well
as physical, chemical and mechanical properties and geometries of electrodes, which need
considering and optimizing when designing a fuel cell.*>*? (2) Electrochemical reactions:
the current produced by the fuel cell has the positive correlation with the rate of the
electrochemical reactions; that is, faster electrochemical reactions lead to higher current
outputs. The electrochemical reactions occurring at the interface between electrodes and
electrolytes can be improved by using various kinds of catalysts.??° The kinetics of
electrochemical reactions will be further discussed in Section 1.3. (3) Electronic and ionic
conductions: electrons and ions must be transported from one electrode where they are
produced to the other where they are consumed in order to maintain the substance and
charge balance. lonic transport is more difficult and less efficient than electronic transport
for the reason that ions are much more massive than electrons. In many cases, ions flow
through the electrolyte via ‘hopping’” mechanisms.®** Because electrodes, electrolytes and
interconnectors in fuel cells have their intrinsic resistances, the electronic and ionic

transport will lead to voltage loss, called the ohmic 10ss (7onm).>*° To minimize the

resistance of ionic conduction, the electrolyte of the fuel cell should be as thin as possible



to shorten the travel distance of ions. (4) Product removal: if the product of a proton
exchange membrane (PEM) hydrogen fuel cell — water is not effectively removed,
“flooding” will occur and the electrochemical reaction rates will drop sharply.*®* However,
for enzyme-based fuel cells, the “flooding’ is not a problem as the enzymatic electrodes are
always dipped into agueous electrolyte solution. Both (1) and (4) share the same principles

of mass transport, which will be further discussed in Section 1.4.

1.2 Thermodynamics of fuel cells

The principles of thermodynamics provide the theoretical limits for the performance of fuel
cells and any practical fuel cells work below such thermodynamic limits.** The maximum
work output of a chemical reaction is related to the free-energy change of the reaction.*® As
most fuel cell reactions such as Equation 1.3 perform at constant temperature and pressure
instead of at constant temperature and volume, Gibbs free energy (G) is a more useful term
than Helmholtz free energy to describe the work potential of the system. The Gibbs free

energy is defined as:
G=U+pV-TS (1.4)

where U is the internal energy, p is pressure, V is volume, T is temperature, and S is

entropy of a system. Since G is a function of p and T, the variation of G (dG) gives:
dG=dU+pdV+Vdp-TdS-SdT (1.5)

Based on the first law of thermodynamics, the term dU gives:



dU =T dS - dw (1.6)

In the fuel cell, the work term (W) can be divided into mechanical work and electrical

work (W), thus dU gives:

dU=TdS— (pdV+dW.) (1.7)

Substituting Equation 1.7 into Equation 1.5, the change in Gibbs free energy gives:

dG=Vdp-SdT—dW. (1.8)

Under constant temperature and pressure, Equation 1.8 reduces to:

dG =-d W, (1.9)

For a fuel cell reaction using molar quantities, Equation 1.9 can be re-written as:

W, =-4G (1.10)

Therefore, the maximum W, that the fuel cell can provide is given by the negative of AG in

the process of constant temperature and pressure. The electrical work can be expressed as:

W, = nFE (1.11)

where n is the number of moles of electrons involved, E is the reversible voltage, and F is
Faraday’s constant. Combining Equations 1.10 and 1.11, the reversible voltage of the fuel

cell is related to the molar Gibbs free energy, shown as:

AG = —nFE (1.12)



According to the thermodynamic data under standard-state conditions (298K, 101325
Pa),* the 4G values of the cell reaction (Equation 1.3) in the hydrogen fuel cell are —237
kJ/mol for liquid water product and —229 kJ/mol for gas water product, thus the reversible
voltages of the fuel cell are calculated to be 1.23 V and 1.19 V, respectively, based on
Equation 1.12. This means that the highest cell voltage of a hydrogen fuel cell is 1.23 V or

1.19 V.

Thermodynamic variables such as temperature, pressure and gas concentrations

have considerable influence over the reversible voltage of fuel cells.*>*"3

(1) Temperature
factor: under a constant pressure, the relationship between 4G and temperature can be

written as:
(04G /8T), = — AS (1.13)
Combining Equations 1.12 and 1.13 yields:
(6E /0T), = AS | (nF) (1.14)

Equation 1.14 shows that the variation of the reversible cell voltage with temperature is
related to the entropy change of the cell reactions. If the A4S value of a cell reaction is
negative, then the reversible voltages of fuel cells decrease with increasing temperature.
Take the cell reaction of a hydrogen fuel cell (see Equation 1.3) as an example. According
to the thermodynamic data,* the A4S value of the reaction is —44.38 J/(mol K) for gas water
product or —163.16 J/(mol K) for liquid water product. Integrating Equation 1.14 gives the

variation of reversible voltage with temperature under constant pressure, written as:



Er =E°+ 4S8 (T-To) / (nF) (1.15)

Thus it can be calculated that the reversible cell voltage of the hydrogen fuel cell will
decrease 23 mV (for gas water product) as the temperature increases by 100 degrees.
Moreover, as enzyme-based fuel cells usually work at relatively low temperature (20 —
40 °C), their reversible cell voltages will decrease 17 mV (for liquid water product) as the

temperature increases by 20 degrees.

(2) Pressure factor: under a constant temperature, the relationship between the

Gibbs free energy and temperature is given as:

(0AG / op)t = AV (1.16)
Combining Equations 1.12 and 1.16 yields:

(OE / 0p)t = =4V | (nF) (1.17)

Equation 1.17 shows that the variation of reversible cell voltage with pressure correlates
with the volume change of the cell reaction: if the volume change of the reaction is
negative (i.e. the moles of product gases are fewer than the moles of reactant gases), such

as Equation 1.3, the reversible voltage will increase with pressure.

(3) Concentration factor: the Nernst equation describes the relationship between
the reversible voltages of fuel cell reactions and the activities (concentrations or gas
pressures) of reactants and products.*® In the hydrogen fuel cell, the Nernst equation for the

reaction (see Equation 1.3) can be written as:

10



_ 0 _ RT 4H,0
E=E 2FlnaHzag2 (1.18)

where a is the activity of species. Assuming H, and O, are ideal gases, their activities can
be replaced by their dimensionless partial pressures.®® As enzyme-based fuel cells always
operate below 100 °C, the liquid water is produced rather than the gas water. The activity

of liquid water is usually taken as 1.*® Thus Equation 1.18 can be re-written as:

E=E"— Zin—17 (1.19)

2F  pH,pg,

It can be found that increasing the partial pressures of the reactant gases will increase the
reversible voltage. For example, if a hydrogen fuel cell is pressurized to 4 atm H, and 6
atm air (the partial pressure of O, in air is 0.21) at 298 K, the reversible voltage will
increase by only 19 mV; if air is replaced by pure O, with other conditions unchanged,
then the reversible voltage will increase by 29 mV. The partial pressure of reactant gases
has a small effect on the reversible voltage (mathematically originating from the
logarithmic form of the pressure term), but low partial pressures (including using air

instead of O,) would lower the reaction kinetics.*>*°

1.3 Kinetics of fuel cell reactions

The kinetics of electrochemical reactions is concerned with electron transfer processes.™
Electrochemical reactions are heterogeneous processes because they involve the electron

transfer between electrodes and reactants adjacent to the electrodes.”® For example, both

11



the HOR and ORR in the hydrogen fuel cell (see Equations 1.1 and 1.2) only occur at the
interface between the electrode and the electrolyte. The current (number of electrons per
time) produced by an electrochemical reaction is a measure of the rate of the
electrochemical reaction (number of reactions per time).>® Therefore, raising the rates of

electrochemical reactions can increase the currents produced by fuel cells.

(i) (ii) (i)

Electrolyte Electrode Electrolyte Electrode Electrolyte Electrode
interface interface interface

e

Fermi level

Fermi level

Fermi level

Figure 1.2. Schematic of the relationship between the directions of electron transfer and applied electrode

potentials. Adapted from Reference 50.

Energy difference between electrons in an electrode and electroactive species in an
electrolyte is the driving force of the electron transfer.>® The electrode potential determines
the electron energy in an electrode characterized by the Fermi level, thus controlling the
direction of electron transfer and the electrochemical reaction.® Take the HOR (see
Equation 1.1) as an example: when the electrode potential is applied more positive than the

equilibrium potential of the HOR, the electrode will “pull’ electrons from H, and the

12



forward direction of the HOR (i.e. the formation of protons) will be favoured, as shown in
Figure 1.2(i); when the electrode potential is applied more negative than the equilibrium
potential of the HOR, the electrode will ‘push’ electrons towards protons and the HOR will
be biased towards the formation of H; (i.e. the reverse direction of the HOR), as shown in
Figure 1.2(ii); when the applied electrode potential is equal to the equilibrium potential, the
forward and reverse processes of the HOR will be balanced and no net electron transfer
will occur, as shown in Figure 1.2(iii). Such electron transfer processes also point out that
the net rate of an electrochemical reaction is given by the difference between the forward
and reverse reaction rates. At thermodynamic equilibrium, there is no net current, but both
the forward and reverse reactions are occurring at a rate measured by the exchange current

density (jo).>*

One of the most important relations between current density and potential in
electrochemical kinetics is the Butler-Volmer equation.”®>® One form of the Butler-Volmer

equation can be written as:*

J = jolexp (anZZact) — exp (_ w)] (1.20)

RT

where o, ranging from zero to one, is the transfer coefficient related to the symmetry of the
activation barrier (for a symmetric reaction, o = 0.5); 74 IS the activation overpotential,
representing a potential loss due to activation; j is the current density; jo is the exchange
current density; n is the number of electrons involved in the reaction; F is the Faraday
constant; R is the universal gas constant; and T is the thermodynamic temperature.

Equation 1.20 also shows that the net current density is given by the difference in current

13



density between the forward (the first term) and reverse (the second term) reactions. The
Butler-Volmer equation outlines the variation of the current density produced by a fuel cell
with the potential loss. For example, assuming the transfer coefficient a of a hydrogen fuel
cell reaction is 0.4 at 298 K, the activation loss required to increase the forward current
density to one order of magnitude as large as the exchange current density can be

calculated as:

Joexp (A0 (_“”F"act) =10 (1.21)
I I Y '
RT 8.314x298
Nact = —— In10 = === In10 = 0.074 V (1.22)

This activation loss can also decrease the reverse current density (jrey) to:

. . (1-a)nFngc .
Jrev = Jo €XP [_ %} = 0.031 j, (1.23)

The net current density gives:
j=10j, —0.031j, = 9.969 j, (1.24)

Thus an activation loss of 74 mV can increase the net current density approximately 10-
fold. Likewise, an activation loss required to cause two orders-of-magnitude increase in the
net current density is calculated to be 2 x 74 mV = 148 mV, showing that the lost potential
is the price to increase the current density produced by the fuel cell. Moreover, the
magnitude of the activation loss depends on the size of exchange current density. For

example, if jo of the hydrogen fuel cell reaction is 10 ® A-cm™, increasing the net current

density to 102 A-cm™ requires an activation loss of 4 x 74 mV = 296 mV; if j, of the

14



hydrogen fuel cell reaction is 10* A-cm™, then increasing the net current density to the
same level of 102 A-cm™only requires an activation loss of 2 x 74 mV = 148 mV; that s,

a higher exchange current density would cause less activation loss. Therefore, increasing jo

is important to improve the fuel cell performance.

According to the Butler-Volmer equation (see Equation 1.20), the second
exponential term (i.e. reverse reaction) could be neglected when the activation loss is large,

shown as:

anFnact)

j = joexp (2 (1.25)

This simplified equation reflects the irreversible reaction process in which the forward
direction of an electrochemical reaction dominates. From Equation 1.25, the activation loss

gives:
RT . RT .
Nace = ———1In jo + —In j (1.26)

Thus the transfer coefficient (o) and exchange current density (jo) values can be obtained
from the slope and intercept of a linear fit to a plot of 74 as a function of In j. This plot is

known as the Tafel plot and Equation 1.26 is more commonly shown as:
Nact = a + bj (2.27)
or

Nact = a + blogj (1.28)

15



which is known as the Tafel equation.®>® As fuel cells usually work at relatively high
current densities (high activation overvoltages), the kinetics of fuel cell reactions can be

approximated by the Tafel equation.

The reaction rate and experimental variables have the following relationship which

can be expressed as:>®
r o C*-exp(—12) (1.29)

where C" is the reactant concentration and E, is the activation energy for the forward
reaction. Therefore, to increase the forward-reaction rate and thus the net current density of
a fuel cell, we need (1) increase the reactant concentration: owing to the linear
relationship between the forward-reaction rate and the reactant concentration, increasing
the reactant concentration has a large impact on the fuel cell kinetics compared with its
minimal effect on the reversible voltage due to the logarithmic form of the Nernst equation
(see Section 1.2); (2) decrease the activation energy: as the activation energy appears
within an exponent, decreasing the activation energy for the forward reaction has a
exponential impact on the increase in the reaction rate; a suitable catalyst can substantially
decrease the activation barrier and thus massively increase the reaction rate measured by
current density; and (3) increase the temperature: temperature also has an exponential
effect on the reaction rate. Moreover, as the exchange current density (jo) is the forward (or
reverse) current density at equilibrium, jo has the same relationship to these variables.
Therefore, such three ways to increase the net current density of a fuel cell also applies in

the increase in the exchange current density. As mentioned above, increasing the exchange

16



current density is meaningful because it can reduce the activation loss and improve the

kinetic performance of fuel cells.

1.4 Fuel cell mass transport

Fuel cell mass transport, the process of supplying reactants (including fuels and oxidants)
and removing products, can be divided into the two transport modes: diffusion and
convection.®*"*® The diffusive transport dominated by the concentration gradients of
reactants and products takes place in porous electrodes (known as diffusion layer), while
the convective transport due to the bulk motion of fluids occurs in flow domain (outside
the diffusion layer).>*® Figure 1.3 shows a schematic diagram of the two mass-transport
modes at the porous anode and flow domain of a hydrogen fuel cell. At the flow domain,
gas flow at a given rate results in the convective mixing and good distribution of H,, so no
concentration gradients form. Cy, represents the bulk H, concentration. Within the porous
anode, the HOR results in the depletion of H, and thus form the concentration gradient
across the diffusion layer. Such concentration gradient triggers the diffusive transport of
H, from the boundary between the porous anode and the flow domain to the catalytic
reaction sites in the internal porous anode. The H; concentration profile in the diffusion
layer (Cy,) drops with the anode depth until it drops to zero. The current density
corresponding to this limiting case is termed ‘limiting current density’ (j.), which is the
highest current density the HOR can provide.® The diffusion layer thickness (do) is

established between Cy, = 0 and Cp,= Ch, -

17



Porous anode Flow domain

5 >
0 o . Distance

Figure 1.3. (Upper panel) Schematic diagram of the two mass-transport modes occurring at the porous anode
and flow domain in a hydrogen fuel cell. The black arrows represent the convective flow and the red arrows
represent the diffusive transport. (Lower panel) H, concentration profile (red line). Adapted from Reference

51.

The concentration gradient due to the reactant depletion in the diffusion layer can
result in the voltage loss in a fuel cell.*”*® Assuming a simplified electrochemical reaction

with a single reactant and the activity of a product taken as 1, the potential loss due to

18



concentration difference in the diffusion layer (7conc) based on the Nernst equation can be

written as:

Neone = (E® = Sl ) = (B°— Sin=) = & in & (1.30)

nF  Cg

where Cgr” is the bulk reactant concentration and Cr is the reactant concentration in the
diffusion layer. Moreover, the Cr" and Cr has the quantitative relationship to the limiting

current density (j.) and current density (j),>* expressed as:

Cr_q-_1 (1.31)

Cr JL
Substituting Equation 1.31 into Equation 1.30 yields:

RT j
Necone = 74 ln]_L (1-32)

nr JL—J

This equation indicates the concentration 10ss (7conc) Will dramatically increase at high
current density (i.e. j = j.) so that the potential can abruptly drop to zero. Raising j._ can
expand the window of the increase in j.°"®" As the limiting current density is directly

1

proportional to the bulk reactant concentration,®® maintaining a high value of Cg" is

important for the improvement of fuel cell performance.

Up to this point, the reversible voltage and various voltage losses in a fuel cell have

been analyzed. Thus the operating voltage of the fuel cell can be expressed as:

V =E —Nonm — Nact — Nconc (1-33)
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where #onm 1S the ohmic loss due to electronic and ionic conductions, #ac IS the activation

loss from reaction kinetics, and #¢onc 1S the concentration loss due to mass transport.

1.5 Fuel cell types

Fuel cells can be classified according to their electrolytes: alkaline fuel cell (AFC), molten
carbonate fuel cell (MCFC), phosphoric acid fuel cell (PAFC), proton exchange membrane
or polymer electrolyte membrane fuel cell (PEMFC), and solid oxide fuel cell (SOFC).%®
Moreover, fuel cells can be also classified according to their catalysts: conventional fuel
cell (using non-biological, synthetic catalysts), microbial fuel cell (MFC), and enzyme-

based fuel cell.*®

Although all fuel cell types have difference performance characteristics
with their respective advantages and disadvantages, they share the same electrochemical
principles, thus the designing or improvement of one type of fuel cells can be inspired by
other types. In the following paragraphs, the technology-specific aspects of major fuel cell
types are briefly introduced. (Note that conventional fuel cells are almost all covered by
those fuel cells classified according to the electrolytes, thus conventional fuel cells will not

be discussed separately, while enzyme-based fuel cell will be described in details in

Section 2.3.)

The alkaline fuel cell (AFC) is the first practical fuel cell technology developed by
Francis T. Bacon, and the AFCs were employed as an electricity generator and water
producer in the Apollo-series spacecrafts.®® The AFCs use aqueous alkaline solution (e.g.

potassium hydroxide) as an electrolyte, in which hydroxide ions (OH") is transmitted from
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the cathode to the anode.”® At the anode, OH reacts with H, to produce water and
electrons, and at the cathode, O, combines with water and electrons to produce hydroxide
ions. The OH™ ions act as the charge carriers in the AFCs. The anode and cathode reactions

of the AFCs using pure H, and pure O, are:

Anode: H, + 20H~ — 2H,0 + 2e~ (1.34)
Cathode: =0, + Hy0 +2¢™ — 20H~ (1.35)

It can be found that the water production at the anode is twice as much as the water
consumption at the cathode, thus excess water must be removed from the anode; otherwise,
the aqueous alkaline solution would become diluted and thus the fuel cell performance
would be adversely affected.”* The advantages of the AFCs include: (1) the current
densities produced from the HOR and ORR reactions in the alkaline electrolyte are much
higher than in the acidic electrolyte, thus non-platinum metals such as nickel can be
employed as catalysts in the AFCs so that the fuel cell cost could be lowered; in addition,
the aqueous alkaline electrolytes used in the AFCs are also inexpensive;’*"™ (2) the
operating voltages of the AFCs is relatively high: 0.8 — 0.95 V, resulting in high fuel cell
efficiency.”® On the other hand, the disadvantages of the AFCs are also obvious. Except
that water must be removed from the anode as mentioned above, the fuel and oxidant used
in the AFCs (i.e. H, and O,) must be purified to get rid of CO,.” The AFCs cannot
tolerate even a small amount of CO, present in air because the alkaline electrolyte can
react with CO, to form carbonate ions, leading to both the decreased concentration of

hydroxide ions in the electrolyte and the precipitation of carbonate ions due to their low
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solubility.”® The carbonate crystals can block the electrode pores, thus adversely
influencing the performance and lifetime of fuel cells.” Therefore, the AFCs cannot
directly use air as their oxidants but only pure H, and O, thus limiting their terrestrial

applications.

The molten carbonate fuel cell (MCFC) is a kind of medium/high-temperature fuel
cells which have been developed since the 1950s.%° The typical operating temperature of
the MCFC is 650 °C.#*% Compared to low-temperature fuel cells, the advantages of the
MCFCs are: (1) owing to relatively high operating temperature, not only hydrogen but also
reformed or impure carbon fuels can be directly used as fuels; moreover, carbon monoxide
becomes a fuel instead of a poison at such a high temperature;3*®® (2) because the HOR
and ORR reactions proceed very rapidly at the relatively high temperature, non-precious
metal catalyst can be used in the MCFCs:®’ (3) the heat released from the fuel cell system
can be used for cogeneration applications (i.e. combined heat and power), thus largely
increasing the efficiency.® In the MCFCs, the electrolyte is a molten mixture of alkali
carbonates (e.g. Li,CO3-K,CO3 or Li,CO3-Na,CO3) immobilized in a LiAlIO, porous
matrix.®%° At the anode, carbonate ions react with H, to produce CO, and water and
liberate electrons; at the cathode, O, combines with electrons and CO, to form carbonate
ion, which acts as a charge carrier in the MCFC. The anode catalysts are usually the Ni/Cr
or Ni/Al alloys and the cathode catalysts usually consist of Ni-based nickel oxide.** The

anode and cathode reactions of the MCFCs using H; as fuels are:

Anode: H, + C0;*~ — H,0 + CO, + 2e~ (1.36)
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Cathode: ~0; + €0, +2e™ — 053> (1.37)

It can be found that CO, is consumed at the cathode and is produced in the anode. To
maintain the recycling of CO; in the system, the waste stream containing CO, and H,O is
extracted from the anode and is then mixed with fresh reactants to the cathode.” Moreover,
the above-mentioned electrode reactions do not involve carbon monoxide. In fact, CO
makes its contribution to the electrode reactions by H, which is produced by the oxidation
of CO in the water-gas shift (WGS) reaction at the high temperature.®® To commercialize

the MCFCs, lifetime/stability issues due to corrosive, molten electrolytes need solving.**

The phosphoric acid fuel cell (PAFC) is a mature fuel cell technology and has been
already employed in commercialized fuel cell power plants.””®® The anode and cathode
reactions of the PAFCs using H, as fuels are shown in Equations 1.1-1.2. Liquid-state pure
or highly concentrated phosphoric acid (H3PO.) is used as an electrolyte.**'® Because the
H3POy, is in a solid state at room temperature (below 42 °C), the operating temperature of
the PAFCs is usually elevated to 180 — 200 °C.2%192 At the relatively low temperature
(compared with the MCFCs), platinum is needed as an electrode catalyst which is usually
immobilized onto high-surface-area activated carbon supports.*®*% The PAFCs can use
air as their cathode reactants because the Pt catalysts would not be poisoned by
atmospheric CO,, but Pt would become susceptible to CO and sulphides poisoning from
reformed or impure fuels and reactants (as the susceptibility depends on temperature, the Pt
catalysts in the PAFCs show a less degree of CO and sulphide poisoning than the Pt

catalysts in fuel cells with operating temperature below 100 °C).**"® Moreover, the
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evaporation of H3PO, tends to be fast at the operating temperature of the PAFCs, thus the

electrolyte needs replenishing during operation.**

The proton exchange membrane or polymer electrolyte membrane fuel cell
(PEMFC) employs solid-state polymer as an electrolyte. The most widely-used and
commercially-available PEMs are perfluorinated membranes, including the DuPont’s
Nafion membranes, the Dow Chemical’s Dow membranes, and the Asashi Chemical’s
Aciplex-S membranes.******* Compared to liquid-state electrolytes, the solid-state PEMs do
not require complex fuel cell operations but can make the electrolyte thickness as thin as
possible and thus largely increase the power density of fuel cells, which are suitable for
portable applications.'***** In the PEMFCs using H as fuels and air as oxidants, H, and
air reach the catalyst layers through the gas flow channels of bipolar plates and then the
diffusion layers of membrane electrode assemblies (MEASs).**® The anode and cathode
reactions are shown in Equations 1.1-1.2. As the proton conduction in the electrolyte
demands water, the humidification of the PEMs has an important effect on the ionic
conductivity, thus the reactant gases need pre-humidifying and the operating temperature
of the PEMFCs using classical membranes are kept below 100 °C.**"™° The low-
temperature operation has brought about at least three disadvantages: (1) the PEMFCs

become very sensitive to even trace CO and sulphides;"***?®

(2) liquid water as a product
can “flood’ the cathode and thus prevent fresh air from being able to react; (3) expensive
platinum catalysts have to be used. To minimize these problems, (1) Pt/Ru-based alloys or
composites have been developed to enhance the degree of CO and sulphide tolerance of the

catalysts; 1% (2) active water management need applying to effectively remove liquid
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water;**%% or more fundamentally, develop novel PEMs which can withstand high

temperature above 100 °C, thus leading to the improved CO and sulphide tolerance,
simplified water management, and enhanced reaction kinetics;**™*** (3) develop efficient
non-precious metal catalysts.’****! The core part of the PEMFCs is the MEA, comprising
of PEM, catalyst layer, sub-layer, and gas diffusion layer.}** The gas diffusion layer is
usually made of carbon paper treated by hydrophobic polytetrafluoroethylene (PTFE).***
%8 The sub-layer refers to a thin layer of activated carbon to level the gas diffusion
layer.**"1*® The platinum-based catalyst on the porous activated carbon support is coated
on the sub-layer, forming the catalyst layer.****®* The PEM-catalyst layer-sub-layer-gas
diffusion layer combination undergoes the hot pressing to form the sandwich structure —
the MEA.?***> Multiple MEAs with sealing rings and bipolar plates constitute a fuel cell
stack.”*®*" Though the PEMFCs use expensive polymer membranes and platinum
catalysts (though novel inexpensive and efficient catalysts and membranes are being
explored), which are sensitive to CO and sulphide and need water management, they have
exhibited very high power densities and fuel cell efficiencies at relatively low temperature,
and also showed excellent on-off cycling characteristics, all of which make the PEMFC a
promising technology as the vehicle power source.™*®**® Moreover, as the PEMFCs are
low-temperature fuel cells, those using bacteria or enzymes as catalysts (i.e. microbial and

enzyme-based fuel cells) often draw on the PEMFC principles and technologies.*®*¢

The solid oxide fuel cell (SOFC) is a type of all solid-state fuel cells and its most
common electrolyte is yttria-stabilized zirconia (YSZ).**® Zirconia (ZrO,) itself has no

ionic conductivity, but Zr** would be replaced by Y*' in the ZrO; lattice after doping yttria
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(Y,03), forming oxygen vacancies and thus being able to conduct O% ions.*®* Every two
doped Y** could constitute one oxygen vacancy and the maximum ionic conductivity of
the YSZ can be achieved when the doped Y03 is about 8% (mol) at 1000 °C.*®® Therefore,

the O%" ion acts as the charge carrier in the SOFC and the anode and cathode reactions are:
Anode: H, + 0>~ — H,0 + 2e~ (1.38)
Cathode: §02 + 2e” — 0% (1.39)

At the typical operating temperature of the SOFCs (800 — 1000 °C), O, is reduced to O*",
which is then transported from the cathode to the anode via the oxygen vacancies of the
YSZ; at the anode, H, is oxidized and combines with O® to produce water and release
electrons. In the SOFCs, the anode materials usually employ porous Ni-YSZ, in which Ni
acts as a catalyst, and the cathode materials typically use porous La;xSrxMnO3z (LSM),
providing catalytic activity and mechanical stability; the cathode-electrolyte-anode
combination undergoes co-pressing and co-sintering to constitute an entire electrode-
electrolyte assembly.*®**%® As mentioned above, the high operating temperature can result
in obvious advantages, such as cogeneration applications, viability to use non-precious
metal catalyst, and relatively high reaction kinetics, but the high temperature could also
lead to the material, sealing and fabrication issues.*®® Therefore, it is important to develop
novel materials which can decrease the operating temperature to 400 — 600 °C for the

SOFCs.170172

26



The microbial fuel cell (MFC) uses bacteria as catalysts to convert the chemical
energy stored in organic compounds such as different kinds of carbohydrates and complex
substrates from wastewater into electrical energy.'”**”™ The working principles of the
MFCs are: at the anode, bacteria decompose organic compounds under anaerobic
conditions to release electrons and protons; electron transfer from the microorganisms to
the anode is either direct (in mediator-less MFC) or facilitated by mediators (in mediator
MFC); protons are transmitted from the anode to the cathode through the PEMs, while
electrons flow from the anode to the cathode via an external circuit; at the cathode,
electrons combine with protons and O, (usually using air) to produce water by Pt-based
catalysts.'”®*"® It can be found that the MFCs and PEMFCs share the similar processes of
electricity generation except the anode reactions. The operating temperature of the MFCs
is generally much lower than that of the PEMFCs, ranging from 20 °C to 40 °C.}"%8 |n
the mediator MFCs, electron transfer from microorganisms to anodes depends on redox
mediators, such as thionine, methylene blue, and neutral red, in which act as electron relays
in the electron transfer chain.’®?*®* The disadvantages of the mediated electron transfer are
cost and toxicity of mediators as well as voltage loss of the MFCs.*®*> Owing to the
characterization of some electrochemically active bacteria, the mediator-less MFCs in
which electrons can be directly shuttled from bacteria to anodes are now feasible.*38°
Moreover, applying the MFC technology to the treatment of wastewater has drawn more

attention recently."***

In summary, all types of fuel cells have their respective advantages and

disadvantages in terms of cost, power density, and durability. The AFCs and PAFCs are
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the mature fuel cell technologies, but they have currently met key technological
bottlenecks (e.g. electrolytes) which prevent them from becoming competitive, alternative
power sources. The most rapid progress that has been made in recent years is the PEMFC
technology, which is suitable for portable and transport applications. The high-operating-
temperature fuel cell technologies — the MCFC and SOFC are suited for fuel cell power
plants due to their fuel flexibility, non-precious metal catalysts and high-quality waste heat
for cogeneration applications. The MFC technology is suitable for wastewater treatment
works and those practical applications of low-power requirement, such as wireless sensor
networks for ecological monitoring. Up to now, the basic principles and technologies of
fuel cells have been discussed. On the basis of such fuel cell fundamentals, fuel cells using
enzymes which can efficiently catalyze the HOR and ORR reactions will be described next

chapter.
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Chapter 2

Enzymes as Fuel Cell Catalysts
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Abstract

Enzymes can be employed as electrocatalysts for fuel cell reactions. In this chapter, the
structures and functions of hydrogenases (for the HOR) and multi-copper oxidases
exemplified by laccase and bilirubin oxidase (for the ORR) are introduced. Furthermore,
the advantages and disadvantages as well as the major types of enzyme-based fuel cells are

mentioned. Last, the outline of this thesis is presented.
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2.1 Enzymes for the HOR — hydrogenases

As mentioned in Section 1.5, fuel cells with the operating temperature below 300 °C need
Pt-based catalysts. It is well known that the disadvantages of using Pt as fuel cell catalysts
include cost, rare reserves, and susceptibility to CO and sulphide poisoning at relatively
low temperature. Therefore, it is highly desirable to discover and develop alternative,
renewable, and efficient catalysts. People always draw inspiration from Nature. As we
know, H, acts as an energy source for many bacteria, and enzymes known as hydrogenases
expressed by these bacteria take part in the hydrogen cycling — including both oxidation
and evolution of H,.'*? The active sites of these enzymes contain the abundant first-row
transition elements — Ni and Fe; this characteristic combined with their efficient
electrocatalytic activities of H, oxidation and production has been attracting scientists to
synthesizing complex molecules that can mimic the enzymatic H, cycling.’***% Moreover,
hydrogenases absorbed at pyrolytic graphite edge (PGE) electrodes show active catalytic
oxidation of H, at rates comparable to the electrodeposited Pt and exhibit much less
susceptibility to CO poisoning than Pt at room temperature.'*®*%" Therefore, it is very
interesting to apply hydrogenases to the HOR in a fuel cell. To acquire a fundamental
overview of hydrogenases, the following sub-sections will introduce hydrogen cycling in
microbial organisms — concerning with the origins of hydrogenases (Section 2.1.1),

types/structures/states of hydrogenases (Section 2.1.2), and inhibition of hydrogenase by
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small molecules such as O,, CO and sulphides, which are commonly found in soil and

reforming gases (Section 2.1.3).

2.1.1 H, cycling by bacteria

Bacteria in soil cannot directly use the atmospheric H, because the level of H; in the
Earth’s lower atmosphere is too low (~0.5 ppm).**® H, that can be taken up by bacteria
evolves from some biological processes in soil — for example, fermentative bacteria can
produce H, by the fermentation of carbohydrates, N,-fixing microorganisms in the root
nodules of plants can generate H, in the process of ammonia formation, and photosynthetic

bacteria such as cyanobacteria can produce H, through photosynthesis. %2

Bacteria make use of H, by coupling H, oxidation to the reduction reactions of
some molecules or ions, such as carbon dioxide, sulphate, and nitrate.?*® Figure 2.1 shows
a schematic representation of the microbial H, uptake in wet soil. The level of H;
decreases with decreasing soil depth whereas the O, level is the exact opposite, thus
forming the H,/O, concentration gradients in soil. This characteristic has made
hydrogenases expressed by the bacteria living at different soil depths adapt to different
levels of H, and O, and thus exhibit different affinity for H, and tolerance towards O in
order to survive.’® As shown in Figure 2.1, methanogens, sulphate-reducing bacteria, iron
(1-reducing bacteria, denitrifying bacteria, and aerobes such as Knallgas bacteria are
distributed in order from the depths to the surface of soil. The bacteria nearer to the soil

surface exhibit the lower H, threshold concentration (below which H, cannot be taken up
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by bacteria) and the higher affinity for H, due to the decreasing level of H, — for example,
the H, threshold concentration for methanogens is 70 ppm, the threshold for sulphate-
reducing bacteria is 10 ppm, and the threshold for Knallgas bacteria at the top decreases to
1 ppm.2**?%® Membrane-bound hydrogenases (MBHs) produced by Ralstonia eutropha
H16 (a kind of Knallgas bacteria) show a good catalytic activity of H, oxidation in the O,-
rich/H,-poor mixture, which arouses interest in terms of fuel cell applications.?”” In
addition to O,, the bacteria also need to adapt to the presence of CO, NO, and H,S
produced by microbial metabolism.?2*?%® In short, the H, cycling by bacteria has outlined

the variable hydrogenases which exhibit different catalytic bias and activities for H,

production and oxidation in different conditions.
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Figure 2.1. Schematic representation of the H, uptake in a wetland soil. The levels of H, in soil are indicated
by the thickness of the red vertical arrows. The reduction processes coupled to H, oxidation for the bacteria

distributed at different depth of soil are also provided. Adapted from Reference 203.

2.1.2 Types, structures and redox states of hydrogenases

Convergent evolution has created various hydrogenases which share no similarity of their
genetic sequence in the microbial world.?”® The minimum common unit in hydrogenases is
[Fe(CO)(CN)(RS)].?*° Hydrogenases can be classified into the three types according to the
metal composition of their active sites, that is, [NiFe]-, [FeFe]-, and [Fe]-hydrogenases.”*"
213

[NiFe]- and [FeFe]-hydrogenases show the opposite catalytic bias towards the inter-

conversion of H, and protons: [NiFe]-hydrogenases are more frequently involved in the
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oxidation of H, whereas [FeFe]-hydrogenases are usually associated with the production
of H,.2**2!> When external environments to which hydrogenases are exposed are taken to
unusual extremes, such typical catalytic bias of hydrogenases may change. For example, an
O,-tolerant [NiFe]-hydrogenase from E. coli turns out to be an efficient H, producer below
pH 4.2'® One subspecies of [NiFe]-hydrogenases is known as [NiFeSe]-hydrogenases in
which a selenocysteine coordinated to the Ni replaces one of the terminal cysteine residues
of the typical [NiFe]-hydrogenases.??*?®* The [NiFeSe]-hydrogenase from
Desulfomicrobium baculatim shows high catalytic activities for both the production and
oxidation of H; in the presence of 100% H, and also exhibit an O,-tolerant H,-production
activity in the presence of 1% 0,.?" The third type of hydrogenases — [Fe]-hydrogenases
which are the most recently discovered and are only found in methanogens catalyze the
reversible reduction of N°N'°-methenyltetrahydromethanopterin with H, to N NY-
methylenetetrahydromethanopterin and a proton as an important step towards the
conversion from carbon dioxide to methane rather than catalyze the direct inter-conversion
of H, and protons like [NiFe]- and [FeFe]-hydrogenases.*® This chapter focuses on
[NiFe]-hydrogenases that are more closely linked with the HOR, and their structures and

various redox states are briefly introduced as below.

The active site of a typical [NiFe]-hydrogenase contains one Ni, one Fe, four
cysteines, two CN~, and one CO.***?' As shown in Figure 2.2, two cysteine ligands
coordinate the Ni atom, and the other two cysteine ligands act as sulphur bridges between
the Fe atom and the Ni atom; in addition to the two bridging cysteines, the Fe atom is also

coordinated by one CO and two CN™ ligands. In organometallic chemistry, the 18-electron
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rule is often used to predict the stability of d-block organometallic compounds; that is,
transition metal complexes are expected to be stable if the total number of metal valence
electrons including those from ligands is 18.%%* The 18-electron rule should be applicable
to the active site of [NiFe]-hydrogenases, which belongs to a d-block organometallic
compound.?*? If the oxidation state of the Fe atom is +2 and the Ni atom is assigned as
either Ni' or Ni", or Ni'", none of these metals have 18 valence electrons, thus both the Fe
and Ni atoms become susceptible to attack by an additional ligand (X), such as hydroxide,

hydroperoxide, and sulphur.?2>%%

CN
cys—S 7 / X\ O

NI\ /Fe—-‘ CN
cys—S / \5% \
/ cys co

cys

Figure 2.2. A representation of the active site of a [NiFe]-hydrogenase from Desulfovibrio desulfuricans.

Adapted from Reference 219.

[NiFe]-hydrogenases contain three iron-sulphur (Fe-S) clusters known as electron
relay centres to connect the active sites buried within the protein matrix to the surface.”?
The three Fe-S clusters can be classified according to their distances to the active site: the
proximal cluster (closest to the active site), the medial cluster, and the distal cluster
(farthest from the active site).”** The distances between the active site and Fe-S clusters as
well as between the Fe-S clusters themselves are typically within 14 A: for example, the

active site and the proximal, medial, and distal Fe-S clusters of the [NiFe]-hydrogenase
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from Desulfovibrio fructosivorans are positioned 10.7 A, 9.6 A, and 8.4 A apart,
respectively.?® Such distances allow for efficient electron transfer from the active site to
the protein surface by electron tunnelling and meanwhile do not limit the rate of
catalysis.?® The structures of Fe-S clusters have an important effect on the property of
[NiFe]-hydrogenases. For example, both O,-tolerant and Oj-sensitive [NiFe]-
hydrogenases share the same structures of the medial [3Fe-4S] and the distal [4Fe-4S]
clusters, but the structural difference of their proximal clusters, [4Fe-3S] for the O,-
tolerant hydrogenases and [4Fe-4S] for the O,-sensitive hydrogenases, has decided
whether or not they are able to catalyze the H, oxidation in the presence of 0,.2*"?* This

will be further discussed in Section 2.1.3.

H, and proton are the substrate and product for H, oxidation, respectively, thus it is
very important to understand how H, and protons diffuse towards and from the deeply
buried active sites of [NiFe]-hydrogenases. The hydrophobic gas channel between the
protein surface and the active site has been revealed by the crystal structure of the xenon-
bound [NiFe]-hydrogenase from Desulfovibrio fructosovorans: that is, several small
channels at the protein surface combine to form one channel capable of reaching the active
site.”®® The molecular dynamics simulation has shown the gas channel ends near the Ni
atom of the active site and that H, can reach the distance of <4 A from the active site.”* In
addition to H,, other gas molecules such as O, and CO can also access to the active site
via such gas channels.?®? The size and chemical environment of gas channels have a

significant influence over the diffusion rates of gases and the enzymes’ susceptibility to O,

and CO inhibition. For example, narrowing the gas channel of the mutants of a [NiFe]-
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hydrogenase led to the decrease in the diffusion rates of CO and H, towards and from the

active site by up to two orders of magnitude;?*®

increasing the size of the gas channel made
the mutants become O, sensitive;?** and replacing small hydrophobic residues in the gas
channel with methionines resulted in the improvement of O, tolerance of the mutated
[NiFe]-hydrogenases.?** For the proton transport between the protein surface and the active
site, the crystallographic data have yet to be available, but several possible proton
pathways involving histidine and glutamate residues have been proposed by theoretical
studies.***" In one proposition, the proton pathway is suggested to be a hydrogen bonding
network between the active site and the Mg" cation coordinated by histidine and glutamate

residues as well as water molecules in the C-terminus region of the large subunit of a

[NiFe]-hydrogenase.?*

In the active site of a [NiFe]-hydrogenase, the iron atom usually stays in the Fe"
state, while the oxidation state of the Ni atom is variable, ranging from Ni' to Ni" and Ni'",

thus leading to the different redox states of the [NiFe]-hydrogenase.?*®**° The

paramagnetic Ni'and Ni'"' can be characterized by electron paramagnetic resonance (EPR),

while the diamagnetic, EPR-silent Ni" state can be characterized by Fourier-transform
infrared (FTIR) based on the shifts of CO and CN vibrations.?**%** Figure 2.3 summarizes
the inter-conversions of the typical redox states of the [NiFe]-hydrogenases. The enzymes
have three active states: Ni-Sl, Ni-C, and Ni-R. The Ni-SI state corresponds to the EPR-

silent Ni"' species which can be oxidized to the Ni"'-hydride species known as the Ni-C

state.?* The Ni-C state is sensitive to light and could lose the hydride by illumination,

forming the Ni-L state (Ni' species) which is stable only at low temperature (200 K).2*

38



0,
\ I
§%
[0 . €&—— | Sulphide
<2 Ni-Sl —>| Inhibited
Ni-A
slow
h
. v .
Ni-C Ni-L
02
—
. %k
Ni-B | €<— l co
fast H €< co
—> Ni-R —| Inhibited
* The anaerobic, high potential conditions

Figure 2.3. A schematic representation of the different redox states of a [NiFe]-hydrogenase and its reactions

with common inhibitors. Adapted from References 212 and 246.

Reduction of the Ni-C state gives the Ni-R state corresponding to the Ni'-hydride
species.?*! The reaction of [NiFe]-hydrogenases with O, leads to two inactive states: Ni-A
(Unready) and Ni-B (Ready).?’” The Ni-B state can be also formed at high-potential,
anaerobic conditions.*® It has been suggested that the Ni-A state contains a bridging
peroxide ligand while the Ni-B state contains a bridging hydroxyl ligand in the active
site.*® The oxidation states of the Ni atoms in both the Ni-A and Ni-B states are +3, while

the obvious difference between the Ni-A and Ni-B states lies in their recovery rate to the
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active state: the reactivation rate of the Ni-A state is orders of magnitude slower than the
reactivation of the Ni-B state.”*’ The reaction of the [NiFe]-hydrogenases with O, will be
further discussed in Section 2.1.3. Moreover, the electrochemical experiments have proved
that the reaction of [NiFe]-hydrogenases with CO is completely reversible.”>® The reaction
of [NiFe]-hydrogenases with sulphide is also reversible, but the Ni-A state containing
oxygenated sulphur species would be generated if the sulphide-bound enzymes are

exposed to 0,241

2.1.3 Inhibition of hydrogenases by small molecules

The common inhibitors of hydrogenases are small molecules, such as CO, sulphide, and
O, which exist as microbial metabolites in soil. In different living environments, bacteria
have evolved different degrees of tolerance towards to the inhibitors. Therefore,
hydrogenases produced by different bacteria exhibit various degrees of inhibition by these
small molecules (e.g. reversible or irreversible), which can be studied by electrochemical
methods and other characterization techniques. Understanding how hydrogenases undergo
the inhibition by such molecules is important in terms of an effort to use hydrogenases as
electrocatalysts of the HOR because these molecules can be also found in reforming gases

and other impure fuels supplied to fuel cells.

As mentioned in Section 2.1.2, CO is a reversible inhibitor of hydrogenases for H,
oxidation by binding the Ni atom of the enzymes to form a CO-inhibited state (see Figure

2.3). O,-tolerant [NiFe]-hydrogenases exhibit only weak CO inhibition.?*>?** A cyanide
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anion is isoelectronic with CO and also acts as a reversible inhibitor of hydrogenases. The
electrochemical, EPR, and FTIR measurements have recently revealed that the Ni-B state
will be generated when [NiFe]-hydrogenases are reacted with CN™ so that the enzymes can

be easily reactivated.?®

Moreover, sulphide such as H,S acts as a reversible inhibitor of
0,-sensitive [NiFe]-hydrogenases.”* The crystallographic data have proved the presence
of an exogenous sulphide bridging the Ni and Fe atoms in the active site of the [NiFe]-
hydrogenase from Desulfovibrio vulgaris.®® Liberation of H,S has been observed during
the reactivation of hydrogenases from Desulfovibrio vulgaris under the atmosphere of pure
H,, thereby suggesting the reversible inhibition by H,S for the O,-sensitive [NiFe]-
hydrogenases.”’ It is suggested that the sulphide-inhibited state of the [NiFe]-hydrogenase
contains an S*~ or HS™ bridging ligand.** As mentioned in Section 2.1.2, the sulphide-
inhibited state will be converted into the Ni-A state when the sulphide-bound O,-sensitive
[NiFe]-hydrogenases are exposed to O,. On the other hand, O,-tolerant [NiFe]-

hydrogenases do not react with sulphide.?*°
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Figure 2.4. A schematic representation of the reactions of a [NiFe]-hydrogenase with O, and H,. The
catalytic cycling of H, oxidation for the active enzyme is indicated in a red circle. There are two pathways to
the formation of aerobically inactive states: the Ni-A and Ni-B states. Which pathway is dominated is
determined by the number of additional electrons immediately available from the Fe-S clusters to the active
site when the enzyme is attacked by O,. The cycling of the active state and the inactive Ni-A state is
indicated in a purple circle and the cycling of the active state and the inactive Ni-B state is indicated in a blue

circle. Adapted from Reference 259.
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O, is a potent inhibitor of hydrogenases which are either inactivated or
permanently damaged by 0,.*° The active sites (known as H-clusters) of [FeFe]-
hydrogenases undergo permanent damage in the presence of even trace O, because O, first
binds the di-iron domain of the H-cluster and then the reactive products of O, reduction
cause irreversible damage to the [4Fe-4S] cluster of the H-cluster.”®® On the other hand,
[NiFe]-hydrogenases undergo largely reversible inhibition by O, and will form a
combination of two inactive states — the Ni-A (Unready) and Ni-B (Ready) when they are
attacked by O, (see Figure 2.3). The formation ratio of Ni-A to Ni-B during the reaction of
[NiFe]-hydrogenases with O, has determined whether or not the hydrogenases can retain
the catalytic H,-oxidation activity in the presence of O,, i.e. O,-sensitive or O,-tolerant
hydrogenases.”® The O,-tolerant characteristic of a [NiFe]-hydrogenase is an indispensible
condition for applying this alternative electrocatalyst to the HOR in a fuel cell.”** Some
O,-tolerant [NiFe]-hydrogenases have been characterized so far, including MBHs from

0

Aquifex aerolicus,®® Escherichia coli,®®* Ralstonia metallidurans,®®® and Ralstonia

eutropha.?*

To understand how the O, tolerance of a [NiFe]-hydrogenase is formed, the
process of catalytic cycle = inactivation cycle - catalytic cycle can be considered in the
three distinct stages: access, reaction, and recovery.?'% %% 262 Figure 2.4 shows a schematic
representation of catalytic cycling of H, oxidation and aerobic inactivation cycles. (1)
‘Access’ refers to how quickly O, can reach the active site; as mentioned in Section 2.1.2,
the size of gas channels has a big effect on the access of H; to the active site. (2) ‘Reaction’

involves the binding of O, at the active site, which leads to the formation of either the Ni-
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A state containing a peroxide bridging ligand or the Ni-B state containing a hydroxide
bridging ligand. If a [NiFe]-hydrogenase exhibits the O,-tolerance, its Ni-B state must
vastly outnumber the Ni-A state. As shown in Figure 2.4, the fast delivery of sufficient
electrons to the active site can ensure the formation of the Ni-B state. In other words, if O,
attacks the active Ni-SI state, three additional electrons are required to reduce O, to
hydroxide as the Ni-Sl state (Ni") is one electron more reduced than the Ni-B state (Ni'""),
as depicted in the blue cycle (see Figure 2.4); if O, attacks the active Ni-C state, two

additional electrons are required as the Ni-C state (Ni'"

-hydride) is two electrons more
reduced than Ni-B; if O, attacks the active Ni-R state, one additional electron is required
as the Ni-R state (Ni'-hydride) is three electrons more reduced than Ni-B. All these
additional electrons must be supplied by electron sources close to the active site. Crystal
structures of the O,-tolerant [NiFe]-hydrogenases from Ralstonia eutropha,
Hydrogenovibrio marinus and Escherichia coli have revealed that the unusual proximal
[4Fe-3S] cluster has an important influence over the O, tolerance.??2%%%2 This proximal
[4Fe-3S] cluster in the O,-tolerant hydrogenases is coordinated by six cysteine residues
rather than the proximal [4Fe-4S] cluster coordinated by four cysteine residues in O;-
sensitive hydrogenases. The EPR data have shown that the proximal [4Fe-3S] cluster can
undergo two sequential redox transitions: [4Fe-3S]*" « [4Fe-3S]** « [4Fe-3S]*", thus
indicating that such proximal cluster can deliver up to two electrons to the active site when

264

O, attacks the enzymes.” Moreover, the medial [3Fe-4S] cluster can provide the third
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electron for the active site.™ (3) ‘Recovery’ is concerned with both kinetics the and

thermodynamics of the reductive activation of the inactive states back to the active state.
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As shown in Figure 2.4, the Ni-B state recovers rapidly while the Ni-A state recovers very
slowly. Furthermore, a more reducing potential has a stronger external driving force to
provide sufficient electrons rapidly for the inactive states. In short, the intrinsic O,
tolerance of [NiFe]-hydrogenases depends on the ‘limited’ access of O, and the
predominance of the formation of the Ni-B state upon the reaction with O, (Ni-B can
allow for the fast recovery). In Chapter 5, a non-biological method is presented to be able

to substantially increase the degree of the apparent O, tolerance of [NiFe]-hydrogenases.

2.2 Enzymes for the ORR — multi-copper oxidases

Compared to the HOR, the ORR is sluggish and causes the large activation overpotential
loss at the cathode because the four-electron reduction of O, to H,O is complex and
involves many individual steps.?®®?®" Moreover, most fuel cells use air rather than pure O,
as their oxidant.** As discussed in Section 1.3, the kinetics operating on air that comprises
of 21% O, is approximately only one fifth of the kinetics running on pure O,. Therefore, it
is very important to develop efficient catalysts that are able to decrease the activation
barrier as well as the overpotential of the ORR. To date, many catalysts with high
electrocatalytic activity for the ORR have been made, including those Pt-based and metal-

free nanostructures.22%°

Learning from Nature, the “blue’ copper oxidases known as multi-copper oxidases
that can be found in many plants and fungi have been proved to be able to efficiently

catalyze the four-electron reduction of O, at relatively small overpotentials.?’*?"> Among

45



the multi-copper oxidases, laccase and bilirubin oxidase (BOD) are more frequently used
as the ORR catalysts in enzyme-based fuel cells.?”*%'" The crystal structures of laccase and
BOD are similar.2’®?" Figure 2.5 shows the crystal structure of BOD from Myrothecium
verrucaria as well as the schematic representation of the electron transfer from the
electrode to the active site and the ORR occurring at the active site provided the BOD is
attached to an electrode. The Type 1 Cu atom is located close to the protein surface and is
suggested to act as an immediate electron acceptor from the extrinsic environment.?* The
crystallographic data have revealed the Type 1 Cu atom of the BOD is surrounded by a
hydrophilic environment including two non-coordinating amino acids: asparagine and
threonine, serving as ‘anchors’ in terms of the attachment of the enzyme to the electrode.?”
Such anchoring allows for the fast, direct electron transfer from the electrode to the BOD
because the distance between the Type 1 Cu atom and the electrode is minimized. For
laccases, the residues around the Type 1 Cu atom are hydrophobic, thus electrodes are
often modified with aromatic functionalities to improve the binding of enzymes and the
electron tunneling.?®* The active site of the BOD is the trinuclear Cu cluster known as the
Type 2/Type 3 Cu site composed of an apical Type 2 Cu atom and a Type 3 Cu pair. The
distance between the active site and the Type 1 Cu atom is within 14 A, allowing for fast,
intramolecular electron tunneling.??®?”® Through the Type 1 Cu site as an electron relay,
four electrons tunnel from the electrode to the Type 2/Type 3 Cu site, where the ORR

occurs. The reactants (i.e. O, and protons) and the product (i.e. H,O) enter and leave the

active site of the BOD via two channels: one channel terminates close to the Type 2 Cu
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atom and the other terminates at the Type 3 Cu pair.?”® In laccases, there are also two

channels for the mass transport of reactants and products.?®?

Type 2/Type 3 Cu site

Type 1 Cu atom

Figure 2.5. A schematic representation of the attachment of BOD to an electrode. The crystal structure of
BOD from Myrothecium verrucaria (Protein data bank code: 2XLL) is created using PyMOL.: the protein
superstructure is indicated in blue and the copper atoms are indicated as red spheres. Electron tunnelling from

the electrode to the trinuclear Type 2/Type 3 Cu cluster (active site) through the Type 1 Cu atom is depicted
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in red arrows. The reduction of O, to H,O occurs at the active site, and the reactant and product pathways

are indicated in green arrows.

As the ORR electrocatalysts in enzyme-based fuel cells, BODs have the distinct
advantages over laccases because the pH window of laccases is narrow (pH 3-5) and

283-286 |1eta and co-workers

laccases are inhibited by halide ions, such as F~ and CI” ions.
first proposed using BOD as an electrocatalyst for the ORR in a biofuel cell, but they used
a mediator - 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) in the
electrocatalytic reduction of 0,.%%” Heller and Mano have developed a method of wiring
BOD to the electrode surface by electron-conducting redox hydrogels exemplified by the
Os redox polymer.?®2% The redox hydrogels allow for the good electronic contact
between the enzyme and the electrode.”®* However, as mentioned in Section 1.5, such a
mediated electron transfer based on redox mediators including the ABTS and Os polymer
has the obvious disadvantages: cost, toxicity, operational complexity, and voltage loss. In
this thesis, the mediator-free HOR and ORR are realized by embedding hydrogenase and
BOD into 3D porous carbon electrodes (Chapters 3-4). The rough internal surface of the
3D electrodes results in good electronic contact between the electrode and electron

entry/exit sites (relay centres) of the enzymes, that is, [Fe-S] clusters for hydrogenase and

Type 1 Cu atom for BOD.

2.3 Enzyme-based fuel cells
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Enzyme-based fuel cells are operated based on the same underlying electrochemical
principles as other types of fuel cells, while the intrinsic characters of enzyme-based fuel
cells distinct from other types due to enzymes as electrocatalysts must be considered in the
design of enzyme-based fuel cells.**?%® Using enzymes as fuel cell catalysts has the
advantages and disadvantages.?®” Advantages: (1) Owing to high selectivity of enzymes for
their substrates, fuels and oxidants do not need separating by expensive, ionic-conductivity
membranes and they can be supplied to fuel cells as mixtures, thereby decreasing the cost

of construction and simplifying and miniaturizing fuel cell setups.*®

(2) Many redox
enzymes attached to electrodes catalyze electrochemical reactions in the vicinity of the
equilibrium potentials for substrate redox couples, resulting in the minimal overpotential
requirement that is needed to drive the reactions at useful rates.?*® For example,
hydrogenase-2 (Hyd-2), a [NiFe]-hydrogenase from Escherichia coli, catalyzes the
reversible inter-conversion of H, and protons at the equilibrium potential for the 2H*/H,
redox couple, while another [NiFe]-hydrogenase from the same bacterium (hydrogenase-1,
Hyd-1) requires an overpotential of about 0.05 V to drive the H, oxidation;>* for the
catalysis of the ORR, the BOD requires an overpotential which is about 0.3 V smaller than

272

the overpotential requirement of Pt(111) electrocatalysts.”"= (3) Enzymes are renewable,

environmentally-friendly catalysts and can be used in a disposable and biodegradable

devices.>®

(4) Enzyme-based fuel cells enjoy a high level of fuel flexibility: because they
are not ‘poisoned’ by the formation of undesirable intermediates such as CO during the
multiple-step oxidation of complex fuels, enzyme-based fuel cells can use some organic

compounds such as sugars as their fuels.*? Disadvantages: (1) The current/power density
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produced by an enzyme-based fuel cell is low.®® The turnover frequency of an enzyme is
high — for example, some hydrogenases oxidize H, at exceeding 10* s*, comparable to Pt
on a per active-site basis.?*> However, enzymes are so large (e.g. the maximum molecular
diameters of Hyd-1 and BOD are 110 and 70 A, respectively?®>%’®) that the current density
(current per unit area) becomes low. (2) Enzymes are fragile and very sensitive to the
outside ambient conditions such as pH and temperature, thus limiting the stability of

enzyme-based fuel cells.®*

(3) Though many enzymes have their intrinsic electron relay
chains that connect the deeply-buried active sites with the protein surface, such as [NiFe]-
hydrogenases and BOD, there still exist some enzymes that lack such efficient electron
transfer, thereby resulting in poor electronic contact between enzymes and electrodes.>* (4)
The isolation and purification of enzymes are usually time-consuming. For example, it
takes over one week to obtain hydrogenase-1 by the processes of bacteria growth and the
isolation and purification of the membrane-bound hydrogenases. For those commercially-

available enzymes such as BOD, the contained contaminants may impair activity, thus the

enzyme needs further purification before use.

To minimize the above-mentioned disadvantages, some effective methods have
been presented: (1) high-specific-surface-area porous electrodes are used to substantially
increase the loading density of enzymes, thus capable of raising catalytic current
densities; 3% (2) immobilization of enzymes on electrodes can improve both the stability

of enzyme-based fuel cells and the electron contact between the enzymes and the

electrodes.’®>% The methods of enzyme immobilization include physical adsorption to
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electrodes, covalent attachment to electrodes, and entrapment in a polymer gel by

encapsulation methods exemplified by the sol-gel technique.**

In the following paragraphs, the major types of enzyme-based fuel cells classified
according to the fuel difference are briefly reviewed. It can be found that the majority of
researches into enzyme-based fuel cells focus on the improvement of fuel cell performance,
particularly power density and stability, based upon various electrodes and methods for the

enzyme immobilization.

Sugar fuel cells — Monosaccharides exemplified by glucose and fructose are
frequently used as fuels in enzyme-based sugar fuel cells. Almost all glucose fuel cells use
glucose dehydrogenases as anode catalysts and laccase or BOD as cathode catalysts, and
dispense with membranes. To achieve good electronic coupling of enzymes to electrodes,
many enzyme-based glucose fuel cells employ mediators, such as the redox Os
polymers, 3931 vitamin K3,3"*!® and ABTS.*"® In these works, control experiments have
been conducted to prove that the power densities of enzymatic glucose fuel cells based on
mediated electron transfer were higher than the power densities of their counterparts
without mediators. However, the fuel cell performance depends on the stability of
mediators, the leakage of which would lead to the sharp decrease in the lifetime of fuel

cells >

Moreover, some enzymatic glucose fuel cells employ high-electrical-conductivity
carbonaceous nanostructures such as carbon nanotubes and graphene, on which enzymes
are immobilized, to be able to improve the electron contact between enzymes and
electrodes, thereby dispensing with mediators.?* 3?2 The enzyme-based mediator-free

fructose fuel cells are achieved by immobilizing fructose dehydrogenases in the matrices of
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high-sorption carbon nanoparticles KetjenBlack (KB) — single-walled carbon nanotubes —

32% or multi-walled carbon nanotubes — cellulose composite.*** In an

chitosan composite
enzymatic mediator-free disaccharide fuel cells, the cellobiose dehydrogenase-gold
nanoparticle anode and the BOD-gold nanoparticle cathode are placed into human
physiological fluids such as blood and plasma, and the fuel cell can generate the maximum

power density of 3 uW-cm™2 with the half life of up to 2 hours.?®

One glucose dehydrogenase can only extract 2 electrons from a single molecule of
glucose by oxidizing glucose to hydrogen peroxide and glucono delta-lactone, thus the
chemical energy stored in the fuel is not fully exploited and the accumulation of hydrogen
peroxide may also have a deleterious effect on the glucose dehydrogenase.*?® Therefore,
multi-enzyme cascades are used for deep or complete oxidation of biofuels.**’ Zhu and co-
workers used a three-enzyme cascade to extract 4 electrons from a single glucose and
demonstrated that the glucose fuel cell based on the deep oxidation of glucose produced
the power that was 32% higher than the power generated by the one-dehydrongease-based
glucose fuel cell.*® They have recently published a result that nearly 24 electrons per
glucose unit of a polysaccharide — maltodextrin are extracted by a synthetic catabolic
pathways comprising 13 enzymes.*® Minteer and co-workers achieved the complete
oxidation of glucose to CO- by a six-enzyme cascade in a glucose fuel cell.** They also

extracted 4 electrons from a single molecule of sucrose by a three-enzyme cascade.*

One of the potential applications for enzyme-based sugar fuel cells is serving as an
implantable power source in living organisms.**? Implantable enzymatic glucose fuel cells

should be able to generate electrical power for implant devices such as in vivo biosensors

52



and pacemakers using physiologically-produced glucose as the fuel and O, dissolved in
physiological fluids as the oxidant. 3**33* Katz and co-workers have implanted enzymatic

335 clams,>* lobsters,**’ and rat

glucose fuel cells into several living animals, such as snails,
muscle tissues.**®* The multiple implanted biofuel cells connected in series can power an

electrical watch or a micro-pacemaker.®’

Alcohol fuel cell — Enzyme-based methanol fuel cells usually employed a three-
NAD"-dependent-enzyme cascade to completely oxidize methanol to carbon dioxide
occurring either in solution or within a modified Nafion matrix electropolymerized on the
surface of carbon electrode; the latter, i.e. the methanol fuel cell based on the polymer
encapsulation, showed an improved stability.***3*° Enzymatic ethanol fuel cells typically
used a single enzyme system to oxidize ethanol to acetaldehyde or a two-enzyme system to
oxidize ethanol to acetate within a polymer matrix for enzyme immobilization.®*"
344 Glycerol can be also used as the fuel by enzyme-based fuel cells in which a two-enzyme
system is employed to partially oxidize glycerol or a three-enzyme cascade to completely

oxidize the fuel 34>34

Hydrogen fuel cell — Armstrong and co-workers demonstrated the first enzyme-

based H, fuel cell.>*

Operated on 3% H; in air, this membrane-less fuel cell generated the
maximum power density of 5 pW-cm 2 employing an O,-tolerant [NiFe]-hydrogenase as
an anodic catalyst and laccase as a cathodic catalyst. Further characterization found that
such Hj,-weak/air-rich mixture could completely inactivate the hydrogenase that was

unable to recover spontaneously under low-load conditions.>*® Another enzymatic

membrane-less H, fuel cell running on a H,-rich/air-weak mixture (i.e. 80% H,-20% air)
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produced a maximum power density of 100 pW-cm 2 with a half-life of 8 hours, based on
the covalent attachment of [NiFe]-hydrogenase and BOD to multi-walled carbon nanotubes

on anode and cathode, respectively.3*

2.4  Outline of this thesis

As mentioned in the last paragraph, the power densities of enzyme-based membrane-less
H, fuel cells designed to date are still low, at the pW-cm™2 level, limited by the low current
densities at the electrodes, especially the cathodes; moreover, the lifetime of enzyme-based
membrane-less H, fuel cells is also comparatively low, with the hour-level half-life.
Therefore, in terms of niche, practical applications, it is necessary to substantially increase
the power density to the mW-cm™ or even mW-cm™ level and extend the half-time to the

level of days for enzyme-based membrane-less H, fuel cells.

This thesis contains my independent works during my doctoral study at the
Inorganic Chemistry Laboratory under the supervision of Professor Fraser A. Armstrong,
on the improvement in the performance of enzyme-based membrane-less H, fuel cells,
specifically, enhancing the current/voltage/power/stability capabilities of the fuel cells.
First, | present a facile, effective method for the construction of three-dimensional (3D)
porous carbon electrodes; based upon such 3D electrodes with the re-proportioned cathode/
anode geometric area ratios, the enzyme-based membrane-less H, fuel cell has achieved
the maximum power density exceeding 1.5 mW-cm™ and its half-time has been extended
to over one week under a non-explosive H;-air condition (Chapter 3). Next, | construct a

fuel cell test bed, in which parallel and series connections of sandwich-like electrode stacks
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can be varied; the effects of electrode microstructures, enzyme concentrations, parallel and
series stacking on the current/voltage/power capabilities of the fuel cells have been
investigated; such fuel cell test bed running on a non-explosive H,-air mixture achieves the
maximum volumetric power density of over 2 mW-cm™ with the open circuit voltage
(OCV) of over 2V, capable of powering some electronic gadgets such as clock and light-
emitting device (LED); the test bed has also exhibited a good working stability (Chapter 4).
Last, in addition to the substantial increase in the current/power/stability of the for
enzyme-based membrane-less H, fuel cell, I find out that the 3D porous carbon electrodes
can also largely increase the degree of apparent O,-tolerance of hydrogenases, which has a
major impact on the fuel cell performance, and also analyze the mechanism for such
increase; as a proof-of-concept experiment, an O,-sensitive hydrogenase is able to work as
an anodic catalyst in an enzyme-based membrane-less H, fuel cell based on the 3D porous
carbon electrodes (Chapter 5). The work described in Chapter 3 has been published (L. Xu
and F. A. Armstrong, Energy & Environmental Science, 2013, 6, 2166-2171), while the

works in Chapters 4-5 are in manuscript preparation.
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Chapter 3

Improving the performance of enzyme-
based membrane-less H, fuel cell based on
3D compacted mesoporous carbon

electrodes
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Abstract

The performance of an enzymatic fuel cell is usually characterized by power density and
stability.”®” For enzyme-based membrane-less H, fuel cells that have been established so
far, the power densities are limited by comparatively low current density at the electrodes
as well as unbalanced anodic/cathodic currents due to the explosive limits of H; in
air.>*"3*% In addition, the lifetime of these fuel cells is also relatively short.3* In this
chapter, an enzyme-based membrane-less H, fuel cell exhibits the significantly improved
performance based on the 3D compacted mesoporous carbon (CMC) electrodes with re-
proportioned cathode/anode areas. The CMC electrodes can allow for the large increase in
the loading of enzymes, thereby substantially raising the electrocatalytic current densities
at both anode and cathode. The current densities at the anode and cathode of the same
geometric area can achieve 4.60 + 0.32 mA-cm ™~ and 1.23 + 0.12 mA-cm 2, respectively,
and the open circuit voltage (OCV) of the fuel cell is 1.07 V under the quiescent condition
in the 78% H,/22% air mixture at 25°C. Moreover, the cathode/anode geometric area ratio
is re-proportioned to balance the cathodic and anodic currents, partly making up for the O,
starvation at the cathode in the H,-rich/air-weak atmosphere and thus further increasing the
power density. The maximum power density of the fuel cell with the geometric area ratio

of cathode to anode of 3:1 is 1.67 + 0.24 mW-cm™2, one or two orders of magnitude higher
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than other enzyme-based membrane-less H, fuel cells. Furthermore, 90% of the power is
retained after continuously working for 24 hours and more than half of the power can be

retained after the one-week continuous work, showing a good stability of the fuel cell.
3.1 Introduction

Regarding the increase in current density on electrodes, let us recall the methods given in
Section 1.3: (1) increasing the reactant concentration, (2) decreasing the activation energy,
and (3) increasing the temperature. Compared to conventional fuel cells, these methods do
not have desired effects on enzymatic fuel cells. First, each enzyme has a characteristic
Michaelis-Menten constant (Kn) for a given substrate and saturation will occur as the
substrate concentration increases.*®® Therefore, increasing the reactant (substrate)
concentration has a limited effect on the increase in current density for enzymatic fuel cells.
However, for enzyme-based H, fuel cells, the problem is not concerned with too much
substrates and thus ‘saturation’ but is with regard to ‘starvation’. Specifically, (i) enzyme
electrodes are not “dry’ but immersed in aqueous solutions, but the solubility of either H,
or O, in water is very low at ambient conditions; (ii) the electrodes of enzymatic H, fuel
cells should not be rotated or stirred because the power requirement for rotation or stirring
far exceeds the power produced by the fuel cell, thus the rates of electrochemical reactions
are further limited by the poor mass transport; (iii) the mixture of H, and O, or air has very
wide explosive limits — H in O, is 4.8 — 95.2% v/v and H, in air is 4.9 — 76.5% v/v.**
Lojou and co-workers used the PEM to separate anode and cathode so that this enzymatic

membrane H; fuel cell can be supplied with 100% H, and 100% O, to the corresponding

compartments and achieved the maximum power density of 0.3 mW-cm .32 However, for
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the membrane-less H; fuel cell, because H, and O, or air are mixed together in the
membrane-less condition, their concentrations must be controlled outside the explosive
limits, resulting in the need to use mixtures that are either H,-weak/O, (air)-rich or H;-
rich/O, (air)-weak. Both of the extreme conditions result in unbalanced anode/cathode
currents and even ‘strangle’ the fuel cell. As mentioned in Section 2.3, the H,-weak H,-air
mixture could completely inactivate hydrogenases under low-load conditions. At the H-
rich extreme, such as 80% H,-20% air, the cathodic kinetics is sharply decreased to merely
4% of the kinetics in 100% O, because 20% air only contains about 4% O,. This severe
O, starvation has an adverse effect on the further increase in the cathodic current density.
In short, the kinetics-related problems of enzyme-based membrane-less H, fuel cells lie in
meagre, unbalanced substrates and poor mass transport of substrates. Secondly, enzymes
are inherently efficient catalysts, but the ‘footprints’ of enzymes are so large that the
electrode surface is not effectively exploited, thus the current/power densities of enzymatic
fuel cells are not comparable to those produced by their conventional counterparts. Thirdly,
enzymes are fragile proteins which are very sensitive to temperature, thus increasing

temperature provides a very limited increase potential for the current/power density.

On the basis of the above-mentioned analyses, one effective way of increasing the
current density (generally normalized by geometric electrode area) is to increase reaction
sites per unit geometric electrode area, partly making up for the large footprints of enzyme
molecules on electrode surface and the low reaction kinetics due to meagre, unbalanced
substrates, poor mass transport, and low temperature. For an electrode with a highly rough

surface, the real electrode surface area could be orders of magnitude larger than its

59



geometric electrode area.®*® Therefore, increasing the roughness of an electrode can
increase the real electrode surface area and thus accommodate more enzymes (i.e. more
reaction sites) per unit geometric electrode area. The ratio of real electrode surface area to
geometric electrode area, termed roughness factor>! or electrode area ratio,**® reflects the
roughness of an electrode and the order of the increase in real electrode surface area.
Electrodes with a high specific surface area usually have a large roughness.*****® Electrode
materials with a high specific surface area such as carbon®®*® and gold®*=** micro/nano-
structures and carbon matrices®®**®® have been used in enzymatic sugar fuel cells to
increase catalytic current densities and improve stability and electronic contact. The
extreme case is a ‘3D’ electrode able to accommodate a high density of immobilized
macromolecules while providing free access for the small fuel and oxidant molecules. A
rough internal surface also leads to a high probability of there being good electronic
contact between the electrode material and electron entry/exit points in the enzymes. Here,
a facile, effective method for the construction of 3D porous carbon electrodes is presented.
This kind of 3D electrodes is constructed easily by compacting powder forms of certain
carbon micro/nano-materials (mesoporous carbon for this chapter) into discs using

reasonable pressures in a hydraulic press (see Figure 3.1).

Based on the 3D compacted mesoporous carbon (CMC) electrodes, the
performance of enzyme-based membrane-less H, fuel cell has been improved by
physically incorporating O,-tolerant [NiFe]-hydrogenase-1 from Escherichia coli (Hyd-1)
and bilirubin oxidase (BOD) from Myrothecium verrucaria into the CMC electrodes

(anode and cathode, respectively) and scaling the relative sizes of anode and cathode to
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compensate for low O, levels and balance electrocatalytic activities. The fuel cell achieves
the maximum power density of 1.67 + 0.24 mW-cm2 with a half-time of one week, using

H, mixed with a small proportion of air (containing only 4.6% O,).

Figure 3.1. The photograph of a hydraulic press and a pellet die for the construction of 3D porous carbon

electrodes.

3.2 Surface area and pore size distribution of the 3D CMC electrodes

Surface area and pore size distribution are important properties of fuel cell electrodes.
Electrodes with a higher specific surface area (i.e. larger roughness) allow for more
reaction sites per unit geometric electrode area. As far as mass transport is concerned, the

pore size distribution of the fuel cell electrodes is a more critical parameter for mass
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transport within the electrode than the porosity itself.**” Furthermore, for enzyme-based
fuel cells, the pore sizes of electrodes must be large enough to accommodate

macromolecule enzymes. Figure 3.2 shows the nitrogen adsorption-desorption isotherm of
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size distribution for the 3D CMC electrode.
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the 3D CMC electrode. This N, adsorption-desorption isotherm exhibits the hysteresis
loop associated with capillary condensation occurring in mesopores, which is the
characteristic feature of the Type IV curve.*® Based on the Brunauer-Emmett-Teller (BET)
method, the specific surface area of the 3D CMC electrode is calculated to be 105 m?.g~*.
Such value can be considered as a high specific surface area for electrodes of fuel cells and
other electrochemical energy conversion devices.***® Figures 3.2(ii)-(iii) show the
relative and cumulative pore size distributions of the 3D CMC electrode based on the
Barrett-Joyner-Halenda (BJH) model. The pore volume of the 3D CMC electrode is 0.33
cm®.g™* and the porosity is 15%. The volume of those pores having diameters larger than
10 nm is 0.25 cm®-g*, constituting 76% of the total pore volume of the 3D CMC electrode.
As mentioned in Section 2.3, the maximum molecular diameters of Hyd-1 and BOD are 11
nm and 7 nm, respectively. Therefore, about three quarters of the pores of the 3D CMC

electrode are large enough to be permeable to and accommodate Hyd-1 and BOD.

3.3 Anodes and cathodes having the same geometric areas

In the membrane-less fuel cell setup, the Hyd-1-modified CMC anode and the BOD-
modified CMC cathode are positioned in a face-to-face, coaxial manner at a distance of 5
mm, as shown in Figure 3.3. Both the anode and the cathode have the same geometric area
(0.2 cm?) and the thickness of 0.90 mm. Figure 3.4 shows cyclic voltammograms (CVs) of
the Hyd-1-modified CMC anode and the BOD-modified CMC cathode having the same

geometric area (0.2 cm?®) under various, quiescent conditions at 25°C and pH 6.0. The
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Figure 3.3. A schematic representation of how the Hyd-1-modified anode and the BOD-modified CMC
cathode are positioned in the fuel cell. 1A and 1C mean that the anodic and cathodic geometric areas are the
same. The depths to which the electrodes were shaved to expose the internal population of enzyme molecules

are indicated in red colour.

black CVs are obtained with the Hyd-1-modified CMC anode and the BOD-modified
CMC cathode having the same thickness (0.90 mm) under membrane-less, quiescent
conditions in a 78% H,/22% air mixture. Under the large excess of H, over O, the current
density at the anode is much higher than that measured at the cathode. Hyd-1 undergoes
O,-inhibition at high potential, but the enzyme can reactivate rapidly from the Ni-B state.
The maximum current densities of the Hyd-1-modified CMC anode and the BOD-modified
CMC cathode attain average values of 4.60 + 0.32 mA.cm? and 1.23 + 0.12

mA-cm 2, respectively (standard deviations for five separate experiments, the same below).
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In the absence of the modified enzymes (red solid) or without the gas substrates (red dash),

there are no catalytic currents, as shown in Figure 3.4.

i
1

Current density (mA cm?)
N

08 -04 00 04 08 12
Applied potential (V vs SHE)

Figure 3.4. CVs of a Hyd-1-modified CMC anode and a BOD-modified CMC cathode having a thickness of
0.90 mm (black), whereas those obtained after shaving off the upper half of the already-modified electrodes
with a scalpel, resulting in electrodes with a thickness of 0.45 mm, are shown in blue. These voltammograms
were recorded under a 78% H,/22% air atmosphere. For the blank voltammograms, those under a 78% H,/22%
air atmosphere without the modified enzymes are shown in red solid while those under 100% N, atmosphere
with the modified enzymes shown in red dash. All the voltammograms were recorded under membrane-less,

quiescent conditions at 25°C (scan rate: 1 mV-s™) in 0.1 M sodium phosphate buffer (pH 6.0).

The integrated (average) rates are estimated for each enzyme based on the total

amounts applied to each electrode (0.8 nmole Hyd-1 based on RMM = 100 kDa and 1.6
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nmole BOD based on RMM = 50 kDa) as given in Section 3.6. For Hyd-1, a calculation
based on a current density of 4.60 mA-cm™, an electrode area of 0.2 cm? and 0.8 nmole
Hyd-1 applied to the electrode gave an average rate of 6 molecules H,-s™*. For BOD, a
calculation based on a current density of 1.23 mA-cm™, an electrode area of 0.2 cm® and
1.6 nmole BOD applied to the electrode gave an average rate of 0.4 molecule O,-s™.
These values are well below the expected turnover frequencies, because (i) they are an
average for all enzyme molecules, including those deeply buried below the electrode
surface, (ii) the quiescent condition without rotating or stirring results in poor mass
transport, (iii) the value for BOD (measured at only 4.6% O;) will be in any case be only a
small fraction of the maximum rate, and moreover, O, diffuses much more slowly than H,,

which will be discussed in detail in Chapter 5.

To establish that the enzymes permeated well into the internal CMC electrodes, the
enzyme-modified CMC electrodes were shaved to 50% thickness (0.45 mm) thus exposing
the catalyst that had permeated to this depth (see Figure 3.3). The resulting CVs (blue in
Figure 3.4) retained 40-50% of the original electrocatalytic current densities, thus
confirming that the enzymes permeate deeply into interior CMC electrodes. The
penetration is important, not only for the practical purposes of greatly enhancing catalyst
loading, but also for providing the internal porous channels of the electrodes for the mass
transport of reactants and products because enzyme penetration indicates that the porous

channels in the CMC electrodes are interconnected and open to surface.
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Figure 3.5. CVs of the Hyd-1-modified mesoporous carbon-deposited anode (black) and the BOD-modified
mesoporous carbon-deposited cathode (red) under a 78% H,/22% air mixture. Other conditions: temperature

25°C, scan rate: 1 mV-s, 0.1 M sodium phosphate buffer (pH 6.0).

A non-CMC electrode is constructed by grinding a pyrolytic graphite ‘edge’ (PGE)
electrode into graphitized mesoporous carbon nanopowder. The mass of mesoporous
carbon deposited on the PGE electrode is approximately one tenth of the mass of
mesoporous carbon for the typical CMC electrode (i.e. geometric area: 0.2 cm?, thickness:
0.90 mm), thus the real electrode surface area and pore volume of the mesoporous carbon-
deposited electrode are 10% of the real electrode surface area and pore volume of the CMC
electrode. Figure 3.5 shows the CVs of the Hyd-1-modified mesoporous carbon-deposited

anode and the BOD-modified mesoporous carbon-deposited cathode under a 78% H»/22%
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air mixture. Compared to the CMC electrode, the anodic and cathodic current densities for
the mesoporous carbon-deposited electrodes were decreased to 0.75+0.09 mA-cm™2 and
0.15+0.02 mA-cm™, respectively. In other words, the anodic current density decreases by
84% and the cathodic current density decreases by 88% when the CMC electrodes are
replaced by the mesoporous carbon-deposited electrodes, further indicating that the large
loading density of enzymes due to large surface area and pore volume of electrodes leads

to the increase in current density at the electrodes.
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Figure 3.6. Dependence of power density on the cell voltage of the enzymatic membrane-less H, fuel cell
composed of Hyd-1-modified CMC anode and BOD-modified CMC cathode, each having the same
geometric area (0.2 cm?) and the same thickness (0.90 mm). Experimental conditions: 78% H,/22% air,

temperature: 25°C, 0.1 M sodium phosphate buffer (pH 6.0).
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Figure 3.6 shows the dependence of power density on the cell voltage of the
enzymatic membrane-less H, fuel cell composed of the Hyd-1-modified CMC anode and
the BOD-modified CMC cathode of the same geometric area (0.2 cm?) and the same
thickness (0.90 mm) under the quiescent condition in a 78% H,-22% air mixture at 25°C
and pH 6.0. The open circuit voltage (OCV) of the fuel cell is 1.068+0.002 V and the
maximum power density is 0.664 + 0.076 mW-cm 2, which is at least six times as high as

the maximum power density produced by other enzyme-based membrane-less H, fuel cells.

3.4 Anodes and cathodes having re-proportioned geometric area

Owing to meagre O, in the non-explosive H,-rich Hj-air mixture, the power density of
enzymatic membrane-less H, fuel cells is severely limited by the cathodic current. One
effective way of minimizing this problem is to re-proportion the cathode/anode geometric
area ratio to balance the cathodic and anodic currents under the H-rich/air-weak condition.
This prediction was evaluated using the CMC cathodes having two (2C) and three times
(3C) the geometric area of the original (1C) (the resulting fuel cells are denoted 1A/1C,

1A/2C, 1A/3C in increasing order of cathode size), as shown in Figure 3.7.

Figure 3.8(i) shows the CVs of the BOD-modified 1C, 2C, and 3C electrodes under
a quiescent 78% H,/22% air mixture at 25°C. The current at the cathode increases with the
increase in the cathode area, although the current does not double in magnitude for the 2C,

nor does it triple for the 3C: the non-linear scaling most likely reflects the increased
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contribution of edge effects with the smaller electrode and the spherical rather than linear
mass transport of reactants to microelectrodes. Power density curves for the 1A/2C and
1A/3C fuel cells are shown in Figure 3.8(ii). Operated under a 78% H,/22% air mixture at
25°C, the power densities of the 1A/2C and 1A/3C fuel cells attain maxima of 1.17 £ 0.15
mW-cmZ and 1.67 + 0.24 mW-cm ™, respectively. These values, achieving the mw-cm™
level, are much higher than the 1A/1C fuel cell (see Figure 3.6) and at least an order of

magnitude higher than previous membrane-less enzymatic H, fuel cells.

(1 (i)
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Figure 3.7. Schematic representations of the Hyd-1-modified CMC anodes and the BOD-modified CMC

cathodes having the re-proportioned geometric areas in the 1A/2C and 1A/3C fuel cells.
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Figure 3.8. (i) CVs of the BOD-modified 1C (black), 2C (red), and 3C (blue) cathodes under quiescent
conditions of a 78% H,/22% air mixture at 25°C (scan rate: 1 mV-s™). Electrode dimensions are as shown in
Figure 3.7. The electrolyte is 0.1 M sodium phosphate buffer at pH 6.0. (ii) Dependence of power density on
the cell voltage of the 1A/1C (black), 1A/2C (red) and 1A/3C (blue) fuel cells. Experimental conditions: 78%

H,/22% air, temperature: 25°C, 0.1 M sodium phosphate buffer (pH 6.0).
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Figure 3.9. Dependence of relative stability of power (%) on time for the 1A/3C fuel cell at an applied
constant potential of 0.8 V under a quiescent, 78% H,/22% air mixture at 25°C in 0.1 M sodium phosphate

buffer, pH 6.0.

The power output of the 1A/3C fuel cell was monitored at a constant potential of
0.8 V over a continuous period of one week, as shown in Figure 3.9. Good prospects for
stability are demonstrated by the fact that 90% of the power was retained after
continuously working for 24 h and 54% of the power was retained after 7 days of non-stop
operation. The half-time of the enzymatic membrane-less fuel cell is thus extended to one
week. It is worth mentioning that this stability is achieved without the assistance of
covalent coupling or polymer encapsulation, just by the physical adsorption of enzymes to
the 3D CMC electrodes. This improved stability of the fuel cell is due to the 3D structure
of the CMC electrodes and large loading density of enzymes: (i) enzyme molecules that are

located at deeper levels are less likely to desorb, and (ii) the current becomes limited by the
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mass transport of dissolved gases instead of the loading of enzymes so that either
inactivation or desorption of enzymes would not have the major effect on the current
output. This phenomenon can be also observed in conventional fuel cells using Pt-based
catalysts: catalyst desorption also occurs in conventional fuel cells, but the loading of Pt is

so large that instability is not a problem during normal operation.>

3.5 Conclusions

This chapter exhibits that the power density and lifetime of enzyme-based membrane-less
H, fuel cells have been substantially increased based on a type of 3D porous carbon
electrodes, which can be constructed by compacting graphitized mesoporous carbon
nanopowder in a hydraulic press. Owing to the large roughness and the 3D structure
(depths) of the electrodes, the CMC electrodes can largely increase the loading density of
enzymes (i.e. reaction sites per unit geometric electrode area). Such large enzyme loading
brings about at least two advantages: (1) both the anodic and cathodic current densities are
substantially increased, and (2) the apparent stability of the fuel cell is remarkably
improved. Moreover, because of the unusual Hj-rich H,-air mixture due to the wide
explosive limits for aerobic H, mixtures, the power densities of the enzyme-based
membrane-less H, fuel cells are severely limited by the cathodic electrocatalytic activity.
The power density of the fuel cell can be further increased by re-proportioning the
cathode/anode geometric area ratio to balance the cathodic and anodic currents under the
non-explosive Hj-rich/air-weak mixture. Based on the 3D CMC anodes and cathodes

having re-proportioned geometric areas, the maximum power density of the enzyme-based
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membrane-less H, fuel cell achieves the mW-cm™ level and the half-time is extended to
one week in the Hj-rich Hj-air mixture containing merely 4.6% O,, which have
demonstrated the best performance to date in enzyme-based membrane-less H, fuel cells.
The methods presented in this chapter should be also meaningful to other types of
enzymatic fuel cells which meet the same or similar challenges in an effort to improve the

fuel cell performance.

3.6 Methods

Materials: Graphitized mesoporous carbon nanopowder was purchased from Sigma-
Aldrich and used without further purification. Hyd-1 from Escherichia coli was isolated
and purified as described previously.?®* Bilirubin oxidase from Myrothecium verrucaria
was purchased from Amano Enzyme Inc and further purified by hydrophobic interaction
chromatography with a HiTrap Phenyl HP hydrophobic column (GE Healthcare). Sodium
dihydrogen orthophosphate and di-sodium hydrogen orthophosphate were purchased from
Fisher Scientific and used to prepare the sodium phosphate buffer solution. The pyrolytic
graphite ‘edge’ (PGE) electrode bases were made of pyrolytic graphite blocks (Momentive
Performance Materials Ltd) and used as the mechanical support and electrical conduction
for the CMC electrodes. Conductive silver paint (Agar Scientific) was used to glue the
CMC pellet to the PGE electrode base. All aqueous solutions were prepared using

deionized water from a Milli-Q water system (18 MQ-cm).
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Instrumentation: Electrochemical measurements were performed on an Ivium potentiostat
(CompactStat, Ivium technologies) in a membrane-less fuel cell setup as described

49 All potentials were adjusted to the standard hydrogen electrode (SHE) using

previously
the relationship Espe = Eagiager + 0.206 V at 25°C. Power measurements were obtained by
varying the applied load and recording the potential in each case (Keithley 195A digital
voltmeter). The distance between the anode and the cathode was fixed at 5 mm. The ratios
of H, to air were controlled by two mass flow controllers (Sierra instruments). A
Sorptomatic 1990 instrument (CE Instruments) was used to acquire N adsorption-

desorption isotherms at 77K. The BET surface area was calculated from the linear portion

of the BET plot. The pore size distribution plots were obtained using the BJH model.

Fabrication of the CMC electrodes and other electrodes: A quantity (50 mg) of
graphitized mesoporous carbon nanopowder was placed in a pellet die (Specac) and
subjected to a pressure of 0.2 tonnes using a hydraulic press (Specac). The CMC electrode
disc was then cut to size for the required geometric area and attached to the PGE electrode
base using conductive silver paint. After the paint was dry, 20 L of Hyd-1 (4 mg-mL™)
and 20 pL of BOD (4 mg-mL™) for 1C or 40 pL of BOD for 2C or 60 pL of BOD for 3C
were applied to the CMC electrodes to form the Hyd-1-modified CMC anode and the
BOD-modified CMC cathode respectively. The enzyme-modified CMC electrode was
subsequently placed in a cold room (4°C) for 2 h to allow sufficient permeation of
enzymes into the electrodes before starting the electrochemical characterization and fuel

cell tests. To prepare carbon-deposited electrodes, a PGE electrode base was ground into
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graphitized mesoporous carbon nanopowder contained in a weighing boat (the nanopowder
adheres so strongly to the PGE electrode by physical adsorption that it is not removed even
by a high-pressure torrent of water). After the electrode was rinsed with deionized water,
20 pL of Hyd-1 (4 mg-mL™) or 20 pL of BOD (4 mg-mL™) were dropped onto the carbon-
deposited electrode, which was subsequently placed in a cold room (4°C) for 2 h before the
electrochemical experiments. The ‘shaved’ electrodes were prepared by cutting across the
modified CMC electrodes cleanly with a scalpel, using a vernier calliper to control the

thickness.
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Chapter 4

A test bed for enzyme-based membrane-

less H, fuel cells
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Abstract

In this chapter, a test bed in which series and parallel connections of sandwich-like
electrode stacks can be varied is constructed for investigating the current/voltage/power/
stability/parallel-series-connection capabilities of enzyme-based membrane-less H, fuel
cells running on a non-explosive H;-air mixture. Based on the method for the construction
of 3D porous carbon electrodes introduced in Chapter 3, three 3D compacted porous
carbon (CPC) electrodes with varied specific surface areas and pore size distributions are
constructed by compacting powder forms of graphite (GT), multi-walled carbon nanotube
(CNT), or the mixture of the two carbon allotropes in this chapter. The characterizations of
the 3D CPC electrodes exhibit how the electrode microstructures influence catalytic
current outputs. Moreover, the effects of parallel and series connections on the
current/voltage/power output characteristics are studied in the fuel cell test bed. Operating
under a 78% H,-22% air mixture at 20°C, the maximum volume power density of the fuel
cell test bed exceeds 2 mW-cm™ at the cell voltage of 1.22 V, capable of powering some

electronic gadgets with a good working stability.
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4.1 Introduction

As discussed in Chapter 1, the open circuit voltage (OCV) of a single fuel cell is 1 V or
lower and the cell voltage is typically 50-70% of the OCV when the power output of the
fuel cell reaches its maximum. Generally, the output voltage of a single fuel cell is 0.6-0.8
V under external loads, while the majority of the applications require more than 1 V.
Moreover, though the current density has been largely increased due to the 3D porous
carbon electrodes (Chapter 3), the current output of a single fuel cell is still limited in
terms of practical applications. To elevate the currents and voltages of enzyme-based
membrane-less H, fuel cells, multiple single cells need connecting in parallel and series
into a fuel cell stack to achieve a required voltage and current output. In a parallel
connection, the total current is the summation of the currents flowing through each
component, while the voltage across each component is the same; in a series connection,
the total voltage is the summation of the voltages across each component, while the current

through each component is the same.*"*

There are very few publications on the parallel and series connections of enzymatic
fuel cells, while many microbial fuel cells (MFCs) involve the study of parallel and series
connections. Therefore, the MFCs are referred in terms of the designs of the effective fuel
cell stacking. The main stacking configurations of scaled-up microbial fuel cells are shown
in Figure 4.1. The major four types are: (1) Simply connecting individual cells by external
wires (see Figure 4.1(i)).*"**" This stacking arrangement is relatively straightforward to
construct and operate, but the setup volumes of fuel cell stacks and the ohmic resistances

of electrical interconnects between the component cells are relatively large (the resistance
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should be reduced by using as short, high-conductivity external wires as possible). (2)
Planar-bipolar Stacking.>"®>" There are two ways of planar-bipolar arrangements — anodes
and cathodes are supported on either side of bipolar plates (see Figure 4.1(ii)) and ionic-
conductivity membranes (see Figure 4.1(iii)). The functions of bipolar stacking include
separating the fuel and oxidant and conducting electrons between adjacent cells (for plates)
or ions between anode/cathode compartments (for membranes). Bipolar plates are
generally made of graphite or non-toxic metal. Graphite is chemically stable and highly
electrical conductive, but the processing cost of graphite is expensive and the brittle
characteristic of graphite also adds to the difficulties of construction, whereas non-toxic
and inexpensive metal materials, such as aluminium, stainless steel, and nickel, have
higher electrical conductivity and are easier to process than graphite. The advantage of
using metal as bipolar pate materials is the minimized ohmic loss, while the disadvantage
lies in the relatively poor corrosion resistance, which influences the long-term working
stability of fuel cells (but for enzymatic fuel cells, the stability-limiting factor is the
relatively short active ‘lifetime’ of enzymes, thus making the disadvantage less severe). (3)
Tubular cell stacks (see Figure 4.1(iv)).®%** In tubular stacking, fuels flow through the
inside of the tube and oxidants through the outside of the tube, and vice versa. The
advantage of tubular cells is the good sealing and structural integrity of the cells (for
enzymatic fuel cells, because of high specificity of enzymes, fuels and oxidants need not
be separated, thus making the sealing between fuels and oxidants unnecessary), while its
disadvantages are notable, that is, complicated construction processing and relatively large

ohmic resistance. According to the advantages and disadvantages of the above-mentioned
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stacking arrangements of MFCs combined with the characteristics of enzymatic fuel cells,
a ‘monopolar’ stacking is presented in this chapter, in which double-coated anode/cathode
stacks are alternatively arranged in a single compartment. This stacking-arrangement test
bed for membrane-less enzyme hydrogen fuel cells can miniaturize the volume of cell
setup, minimize ohmic fuel cell losses, and make enzyme-modified enzymes work under

the optimized conditions.

In Chapter 3, it has been demonstrated that the 3D CMC electrodes can
substantially increase the power densities of enzyme-based membrane-less H, fuel cells by
raising the loading density of enzymes on the electrodes. The large enzyme loading at the
3D CMC electrode can also improve the apparent stability of the fuel cell because the
electrode act as a buffer against inactivation or desorption when the current is largely
determined by mass transport of dissolved gases. In this chapter, the ‘compacting’ method
is applied to construct new 3D compacted porous carbon (CPC) electrodes, in which the
pore sizes are not limited to the mesoporous dimension. The effect of porous structures of
the 3D CPC electrodes on the catalytic currents is studied in the fuel cell test bed.
Moreover, the current/voltage/power capabilities of parallel and series connections are
investigated in the test bed. Based on the compacted 60% GT-40% CNT electrodes, the
fuel cell test bed running in a 78% H,-22% air (~4.6% O,) atmosphere has achieved the
maximum volume power density of 2.09 + 0.03 mW-cm™ at the cell voltage of 1.22 V,
capable of powering some electronic gadgets such as clock and light-emitting devices

(LEDs) with the good working stability.
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Figure 4.1. Schematic diagrams of (i) connecting individual cells by external wires, (ii) planar-bipolar plate

stacking, (iii) bipolar stacking by ionically-conductivity membranes, and (iv) tubular cell stacking. (A =

anode, C = cathode, m = membrane, €™ = electron)
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4.2  Structure of the test bed

(i) Test bed (ii) Unit cell
A C
Al 1x1
Divider
(iii) Parallel connections
A C A C A C
m W il |
2x2 3x3 4x4

(iv) Series connection of two 4x4 cells

LI ==

Figure 4.2. (i) Photograph of the test-bed electrode stacks (CE = counter electrode, RE = reference electrode).

The schemes for the unit cell (1x1) (ii), the parallel stacks (2x2, 3x3, 4x4) (iii), and the series stack (iv). The

colour representations: red — metal plates, black — 3D CPC electrodes, yellow — divider.
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As shown in Figure 4.2(i), the test bed consists of 16 rectangular metal plates (1.5 cm x 5
cm) with a narrow gap of 0.5 cm. The 3D CPC electrodes can be attached to either side of
the plate by conductive glue. So the plate serves as both electrode supporter and current
collector and connector. To describe the structure and functions of the test bed, it is divided
into three parts: unit cell, parallel connections, and series connection. The unit cell
(denoted as 1x1), with the volume of 3.75 cm®, contains one anodic plate and one cathodic
plate (see Figure 4.2(ii)). As discussed in the last chapter, because the power density of an
enzyme-based membrane-less hydrogen fuel cell is limited by the low cathodic current
density due to meagre O, and slow O diffusion in a non-explosive H,-rich H,-air mixture,
the cathode/anode geometric area ratio needs re-proportioning to balance the cathodic and
anodic currents. The geometric area ratio of cathode to anode can reach up to 5:1 in each
unit cell of this test bed. In parallel connections, 2, 3, 4 anodic plates and 2, 3, 4 cathodic
plates can form fuel cells (denoted as 2x2, 3x3, 4x4) containing the 3, 5, 7 unit cells,
respectively (see Figure 4.2(iii)). N anodic plates and n cathodic plates generally make up n
fuel cells, while the same number of plates in this test bed can form 2n-1 cells, showing
that the alternatively-arranged, double-sided electrode stacks can constitute more fuel cells
per unit volume (when n>1) and thus utilize space more effectively. To achieve series
connection in the test bed, a divider needs applying to separate the electrolyte solution (see
Figure 4.2(iv)). Note that it is the solution rather than the whole test bed that is separated,;
in other words, the upper part of the inner test bed still communicates. The reasons for this
design are — separating the electrolyte solution allows both sides of the divider to become

ionic insulation and thereby makes the series connection feasible, while leaving space in
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the upper part is for the need of Hyd-1 activation. The reductively activation of Hyd-1 is
controlled by a three-electrode system in which the reference and counter electrodes are set
up at one side of the divider in the test bed (see Figure 4.2(i)). Before the activation of
Hyd-1, the solution level must be raised to overflow the divider and thus the electrolyte
solution at each side of the divider become interconnected so that the three-electrode
system can cover both sides of the divider. After the Hyd-1 activation, the solution level is
lowered to form two individual cell stacks without sharing the electrolyte, ready for the
series connection. To some extent, this kind of divider functions like a ‘weir’ in hydraulic
engineering. In this chapter, volume power density is used to gauge the power output of the
test bed. Compared to the power density that is usually normalized to geometric electrode
area, the volumetric terms are more important for miniaturized fuel cells because we can
learn how big a device is required for a certain amount of power. The volume power

density is normalized with respect to the volume of the unit cell.

4.3 Characterizations of the 3D CPC electrodes

The 3D CPC electrodes are made by compacting powder forms of GT, CNT, or the
mixture of the two carbon allotropes with various ratios. Thickness is an important
characteristic of 3D electrodes. For the 3D CPC electrodes, thickness is dependent on mass
under a fixed pressure. As shown in Figure 4.3, there is a good linear relationship between
the thickness and the mass of the 3D CPC electrodes under the pressure of 0.5 tonnes.

These plots can be used to control the thickness of a 3D CPC electrode and get the
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electrode with a required thickness. In this chapter, the thickness of the 3D CPC electrodes

is selected as 0.3 mm. The reasons are given in Section 5.7.
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Figure 4.3. Dependence of electrode thickness on electrode mass of (i) the compacted 100% CNT electrode,
(ii) the compacted 60% GT-40% CNT electrode, and (iii) compacted 100% GT electrode, under the pressure

of 0.5 tonnes.
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Figure 4.4. N, adsorption-desorption isotherms (i) and the corresponding pore size distribution curves (ii &
iii) of the compacted 100% GT, 60% GT-40% CNT, 100% CNT electrodes. The inset in (i) shows the

zoomed-in isotherms (P/P%: 0-0.2), giving a clear Point B.



Figure 4.4(i) shows the typical N, adsorption-desorption isotherms of the
compacted 100% GT, 60% GT-40% CNT and 100% CNT electrodes. The three
physisorption isotherms exhibit the characteristic feature of the Type IV curve, that is, the
hysteresis loop related to capillary condensation occurring in mesopores (pore diameter: 2-
50 nm).**® Both of the isotherms of the compacted 100% CNT and 60% GT-40% CNT
electrodes have Point B (see the inset of Figure 4.4(i)), at which the almost linear middle
section of the isotherm starts.*®® The Point B is indicative of a transition from monolayer
coverage to multilayer adsorption.*® The absence of this point on the adsorption-
desorption isotherm of the compacted 100% GT electrode shows the weak absorbate-
absorbent interaction compared with the absorbate-absorbate interactions and a
considerable overlap between monolayer and multilayer adsorption.**®3% Using the BET
method, the specific surface areas of the compacted 100% GT, 60% GT-40% CNT and 100%
CNT electrodes are calculated to be 15.6 m?-g™, 154 m?.g™* and 256 m?.g™*, respectively.
Electrodes with larger specific surface area are possible to immobilize more catalysts and

thus provide more reaction sites per unit geometric electrode area.

Furthermore, an effective fuel cell electrode also requires a relatively high porosity,
necessary for the good mass transport of substrates and products, and moreover, in terms
of enzymatic fuel cells, pore sizes should be large enough to be permeable to and
accommodate macromolecular enzymes. Figures 4.4(ii)-(iii) show the relative and
cumulative pore size distributions of three 3D CPC electrodes based on the BJH model.
The pore volumes/porosity of the compacted 100% GT, 60% GT-40% CNT and 100%

CNT electrodes are 0.052 cm®-g%/6.2%, 0.56 cm®g/29% and 1.2 cm®-g '/39%,
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respectively. The volumes of those pores having sizes larger than 10 nm are 0.034 cm®-g*,
0.42 cm®-g~* and 1.0 cm®-g™, making up 65%, 75% and 85% of the total pore volumes of
the compacted 100% GT, 60% GT-40% CNT and 100% CNT electrodes, respectively. As
mentioned in Sections 2.3 and 3.2, the pore size of 10 nm is the minimum requirement for
the permeation and immobilization of enzymes in the internal porous channels of the
electrodes. Therefore, most of the pores of the CPC electrodes have met this requirement.
As both the specific surface area and the pore volumes of the compacted 60% GT-40%
CNT and 100% CNT electrodes are one order of magnitude larger than that of the
compacted 100% GT electrode, the enzyme loadings of the compacted 60% GT-40% CNT
and 100% CNT electrodes are much larger than the enzyme loading of the compacted 100%
GT electrode, and meanwhile, the mass transports of dissolved gases and products in the
compacted 60% GT-40% CNT and 100% CNT electrodes are also much more efficient
than in the compacted 100% GT electrode, which should result in significantly higher
current densities in the compacted 60% GT-40% CNT and 100% CNT electrodes (as
confirmed in Section 4.4). Mesopore volumes of the compacted 100% GT, 60% GT-40%
CNT and 100% CNT electrodes constitute 100%, 90% and 90% of the total pore volume,
consistent with the Type IV isotherms (given by mesoporous absorbents); for the
remaining 10% of pore volume in both the compacted 60% GT-40% CNT and 100% CNT
electrodes, 9% has diameters greater than 50 nm (i.e. macropores) and 1% less than 2 nm

(i.e. micropores).
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4.4  Effect of porous structures on catalytic activity
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Figure 4.5. CVs of the Hyd-1-modified 3D CPC anodes (i) in 100% H, and the BOD-modified 3D CPC

cathodes (iii) in 100% air with the three ratios between GT and CNT (i.e. 60% GT-40% CNT, 80% GT-20%

CNT, and 100% GT). The average volume current densities measured at +0.206 V vs. SHE for the anodes (ii)

and at +0.306 V vs. SHE for the cathodes (iv) as a function of the mass ratios of CNT to GT (i.e. 100% CNT,

80% CNT-20% GT, 60% CNT-40% GT, 40% CNT-60% GT, 20% CNT-80% GT, and 100% GT). Other

conditions: operated in the membrane-less, quiescent unit cell of the test bed, 0.1 M sodium phosphate buffer,

pH 6.0, 20°C, scan rate: 1 mV s,
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Since adjusting the ratios between GT and CNT can vary the specific surface area, pore
volume, and pore size distribution of the 3D CPC electrodes, how do the varied surface
structures of the electrodes affect the current density? Figure 4.5(i) shows CVs of the Hyd-
1-modified 3D CPC anodes with the three ratios between GT and CNT (i.e. 100% GT, 80%
GT-20% CNT, 60% GT-40% CNT) under membrane-less, quiescent conditions and Figure
4.5(ii) shows the average anodic current densities as a function of the mass ratios of CNT
to GT. Measured at +0.206 V vs. SHE, the volume current densities at the compacted 100%
GT, 80% GT-20% CNT, 60% GT-40% CNT, 40% GT-60% CNT, 20% GT-80% CNT,
and 100% CNT anodes are 0.160 + 0.005 mA-cm 2, 0.339 + 0.045 mA-cm™>, 0.483 +
0.005 mA-cm™®, 0.493 + 0.013 mA-cm™, 0.520 + 0.021 mA-cm™, and 0.565 + 0.008
mA-cm3, respectively. The catalytic activity at the anodes increases with the mass ratio of

CNT to GT while such increase becomes small over 60% GT-40% CNT.

Moreover, Figure 4.5(iii) shows CVs of the BOD-modified 3D CPC cathodes
comprised of 100% GT, 80% GT-20% CNT, 60% GT-40% CNT and Figure 4.5(iv) shows
the average cathodic current densities vs. the CNT/GT ratio. The volume current densities
(at +0.206 V vs. SHE) at the compacted 100% GT, 80% GT-20% CNT, 60% GT-40%
CNT, 40% GT-60% CNT, 20% GT-80% CNT, and 100% CNT cathodes are —0.440 *
0.005 mA-cm™, -0.613 + 0.021 mA.cm™®, -0.717 + 0.005 mA-cm™>, —0.744+ 0.021
mA-cm™, —0.752 + 0.040 mA-cm>, and —-0.765 + 0.021 mA-cm, respectively. As
expected, the cathodic current densities increase as the increase in the ratios of CNT to GT,
the same trend as the anodic currents. This is because the 3D CPC electrodes with larger

specific surface areas and pore volumes can accommodate and immobilize more
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macromolecular enzymes (i.e. higher density of catalytic reaction sites) and allow for more
efficient mass transport, thus leading to faster electrochemical reaction rates and higher
current densities. Though the compacted 100% CNT electrode has the best performance,
the compacted 60% GT-40% CNT electrode is selected as the working electrode for this
test bed in view of the balance between effectiveness and efficiency (cost control).
Specifically, the unit price of multi-walled carbon nanotube is at least two orders of
magnitude higher than that of graphite according to Sigma-Aldrich, thus the cost of the
compacted 100% CNT electrode is about 2.5 times as high as the cost of the compacted 60%
GT-40% CNT electrode, while the catalytic activities increase by only 17% for the anodes
and 7% for the cathodes from the compacted 60% GT-40% CNT electrode to the
compacted 100% CNT electrode. The view of cost control is important for practical

applications of fuel cells.

4.5 Optimizing enzyme quantities

As the catalysts in enzymatic fuel cells, the population density of enzymes immobilized at
electrodes has considerable influence over the catalytic activity: the more enzymes, the
more reaction sites, thus the higher current outputs. Owing to the limitations of mass
transport and electrode carrying capacity, however, the current would not continue
increasing but reach a saturation plateau when the enzyme quantities increase to a certain
level. Further increasing the enzyme quantities beyond this level would bring about not

only the enzyme waste but also ‘enzyme jams’ in the internal porous channels of electrodes,
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thereby possible to hinder the mass transport of substrates and products to/from enzymes.
Therefore, optimizing enzyme quantities is important for the performance of catalytic
reactions occurring at the enzyme-modified electrodes. As Hyd-1 and BOD are applied to
the 3D CPC electrodes by letting the enzymes naturally permeate into the electrodes and
immobilize at the rough surface of the electrodes by physical adsorption (see Section 4.10),
the enzyme concentrations directly control the enzyme quantities accommodated and

immobilized at the electrodes.

Figure 4.6(i) shows CVs of the compacted 60% GT-40% CNT anodes modified by
Hyd-1 with various concentrations and Figure 4.6(ii) shows the average anodic current
densities as a function of the Hyd-1 concentrations. The volume current densities
(measured at +0.206 V vs. SHE) are 0.234 + 0.015 mA-cm™, 0.349 + 0.024 mA-cm™3,
0.424 + 0.027 mA.cm™, 0.483 + 0.005 mA-cm 2, and 0.480 + 0.019 mA.cm™> when the
Hyd-1 concentrations are 0.5 mg-ml™, 1 mg-ml™, 2 mg-ml™, 4 mg-ml™, and 6 mg-ml™,
respectively. The anodic current density reaches a constant plateau at 4 mg-ml™ of Hyd-1,
showing that the enzymatic carrying capacity of the compacted 60% GT-40% CNT
electrodes approaches the saturation at such concentration. Thus 4 mg-ml™ is selected as
the working concentrations of Hyd-1. Moreover, Figures 4.6(iii) shows CVs of the
compacted 60% GT-40% CNT cathodes modified by the various concentrations of BOD
and Figure 4.6(iv) shows the average cathodic current densities versus the BOD
concentrations. The cathodic current densities (measured at +0.306 V vs. SHE) are —0.632
+0.005 mA-cm ™, -0.693 + 0.011 mA-cm ™, -0.717 + 0.005 mA-cm, and —0.731 + 0.008

mA-cm~® when the BOD concentrations are 1.5 mg-ml™, 3 mg-ml™, 6 mg-ml™ and 12
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mg-ml™, respectively. The cathodic current densities increase with the concentrations of
BOD until the constant value beyond 6 mg-ml™, showing that the enzyme accommodation
capacity approaches saturation at this concentration. Likewise, 6 mg-ml~ is selected as the

working concentration of BOD.
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Figure 4.6. CVs of the compacted 60% GT-40% CNT electrodes modified by the various concentrations of
Hyd-1 in 100% H, (i) and BOD in 100% air (iii). The average volume current densities measured at +0.206
V vs. SHE for the anodes (ii) and at +0.306 V vs. SHE for the cathodes (iv) as a function of the
corresponding enzyme concentrations. Other conditions: operated in the membrane-less, quiescent unit cell

of the test bed, 0.1 M sodium phosphate buffer, pH 6.0, 20°C, scan rate: 1 mV s,
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4.6 Parallel connections
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Figure 4.7. CVs of the Hyd-1-modified compacted 60% GT-40% CNT anodes and the BOD-modified 60%
GT-40% CNT cathodes in the unit cell (1x1) and the parallel stacks (2x2, 3x3 and 4x4) under membrane-less,
quiescent conditions in a 78% H,-22% air mixture at 20°C. Other conditions: 0.1 M sodium phosphate buffer,

pH 6.0, scan rate: 1 mV s,

The unit cells in the test bed can be connected in parallel to increase the current outputs.
Figure 4.7 shows CVs of the Hyd-1-modified compacted 60% GT-40% CNT anodes and
the BOD-modified 60% GT-40% CNT cathodes in the unit cell (1x1) and the parallel

stacks (2x2, 3x3 and 4x4) under membrane-less, quiescent conditions in a 78% H,-22% air
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(~4.6% O3) mixture at 20 °C. The catalytic current densities at both the anodes and the
cathodes increase as more cells are connected in parallel. Furthermore, the cathode/anode
area ratio in each unit cell is re-proportioned to be 5:1 to offset the large excess of H, over
O3, thus the cathodic and anodic current densities in both the unit cell and the parallel
stacks are balanced to be of the same order of magnitude under the H-rich atmosphere.
This is highly beneficial to the substantial increase in the power density otherwise limited

by the low O, level.

Based on the Hyd-1-modified compacted 60% GT-40% CNT anodes and the BOD-
modified compacted 60% GT-40% CNT cathodes, the volume power density curves of the
unit cell and the parallel stacks are shown in Figure 4.8. The OCVs of the 1x1, 2x2, 3x3
and 4x4 cells are 1.041 V, 1.041 V, 1.045 V and 1.048 V, respectively. The volume power
densities of the 1x1, 2x2, 3x3 and 4x4 cells attain maxima of 0.16 + 0.01 mW-cm™>, 0.48 +
0.01 mW-cm™3, 0.79 + 0.02 mW-cm ™3, and 1.10 + 0.02 mW-cm 2, respectively. The OCVs
of the parallel stacks 2x2, 3x3 and 4x4 are almost the same as that of the unit cell 1x1,
while the maximum power density of the 2x2 cell is 3 times as high as that of the 1x1 cell
and the maximum power densities of the 3x3 and 4x4 cells are nearly 5 and 7 times as high
as the maximum power density of the unit cell, respectively, showing that the maximum
volume power densities of the parallel stacks are the summation of those of their
constituent unit cells. The changes in the OCVs and volume power densities of the parallel

stacks are consistent with the characteristics of parallel circuits.>”*
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Figure 4.8. Volume power density curves of the unit cell (1x1) and the parallel stacks (2x2, 3x3, 4x4). All
the curves were recorded in the test bed using the compacted 60% GT-40% CNT electrodes under a 78% H -

22% air atmosphere at 20°C. Other conditions: 0.1 M sodium phosphate buffer, pH 6.0.

4.7  Series connection

In the test bed, the two parallel stacks 4x4 can be connected in series to double the cell
voltage. Figure 4.9 shows the dependence of volume power density on the cell voltage of
this series stack and its component in the 78% H,-22% air mixture at 20 °C, using the
compacted 60% GT-40% CNT electrodes. The OCV of the series stack are 2.090 V, twice
as large as the OCV of a single 4x4 cell (i.e. 1.048 V). The maximum volume power

density of the series stack is 2.09 + 0.03 mW-cm™® (at the cell voltage of 1.22 V), almost
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twice as high as the maximum volume power density of a 4x4 cell (i.e. 1.10 = 0.02

mW-cm™3), showing minimized ohmic fuel cell losses of the series stack.
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Figure 4.9. Volume power density curves of a single 4x4 cell and the series stack in which two 4x4 cells are
connected in series. All the curves were recorded in the test bed using the compacted 60% GT-40% CNT
electrodes under a 78% H,-22% air atmosphere at 20°C. Other conditions: 0.1 M sodium phosphate buffer,

pH 6.0.
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4.8 Practical applications

Figure 4.10. Photographs of the working test bed powering (i) five red LEDs and a clock (the LEDs and
clock are connected in parallel to the test bed) and (ii) four green LEDs (which are also connected in parallel
to the test bed). Working conditions: the test bed with the parallel and series connections, in which the two
parallel stacks (4x4) cells are connected in series; the compacted 60% GT-40% CNT electrodes, a 78% H,-

22% air mixture at 20°C, 0.1 M sodium phosphate buffer at pH 6.0.
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With the elevated voltage and current, the demonstration experiments have been conducted
to show that the test bed, in which the two 4x4 cells are connected in series, are capable of
powering electronics from a non-explosive 78% H,-22% air mixture at 20 °C. Figure
4.10(i) shows that five red light-emitting diodes (LED) and a clock are powered by the fuel
cell test bed, a demonstration of electricity that originates from the buried active sites of
enzymes and is transmitted by long-range electron hopping. This test bed can even power
four green LEDs, which require higher voltage, as shown in Figure 4.10(ii). To test the
sustainability of the test bed, LEDs were switched on and off while the clock kept being
connected to the test bed. The test bed could work normally without interruption, showing

that it can withstand the sudden change of current and voltage.

0 . r ' T . '
0 2 4 6 8
Time (h)

Figure 4.11. Dependence of stability of reciprocal of resistance of the LDR (%) with time (h = hours) for a
red LED powered by the test bed (two 4x4 cells in series) using the compacted 60% GT-40% CNT electrodes

under a 78% H,-22% air atmosphere at 20°C. Other conditions: 0.1 M sodium phosphate buffer, pH 6.0.
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Furthermore, a photoresistor or light dependent resistor (LDR) is used as a probe to
monitor the change in light intensity of a red LED, reflecting the working stability of the
fuel cell test bed. Because resistance in the LDR decreases with the increase in light
intensity, the reciprocal of resistance can be used to reflect the light-emitting intensity.*®
Figure 4.11 shows the dependence of stability of the reciprocal of resistance (light intensity)

on time. The light intensity of the LED powered by the test bed does not decay after

continuously working for 8 hours, demonstrating the stably-working test bed.

4.9 Discussion

The fuel cell test bed has demonstrated low-loss interconnects between its components and
efficient stack configuration. To achieve these, the test-bed design should meet the
following requirements: (1) Minimize ohmic fuel cell losses. As mentioned in Section 1.1,
the ohmic losses are caused by ionic and electronic resistance and can be minimized by
making the travel distance of ions and electrons as short as possible (also meeting the
miniaturization of fuel cell setup) and using high-conductivity, non-toxic, and inexpensive
materials. One feasible way around this aim is to use stainless-steel plates, both sides of
which can carry the 3D CPC electrodes (the anodic and cathodic plates are alternatively
arranged), and to stack those plates in rows with a narrow gap, as presented in this chapter.
(2) Make each unit cell identical. The large difference in fuel cell performance between the
component unit cells can adversely influence the power output of a stack, especially

important for the series stack, in which the stack current depends on the component with
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the lowest current. Although it is almost impossible to keep the performance of each unit
cell exactly the same, making it close to each other is feasible. One method introduced here
is integrating the electrode stacks into a single compartment, in which the electrolyte
solution (for parallel connections) and the gas concentrations (for both parallel and series
connections) are the same for those stacks. (3) Enhance mass transport under the quiescent
condition. Here “‘quiescent’ means that neither rotating nor stirring is applied in the test bed
because the power requirement for the rotating or stirring far exceeds the power produced
by an enzymatic fuel cell. Without rotating or stirring, however, the current will be
severely restricted by the poor mass transport of substrates and products to/from enzymes.
One way of alleviating this problem without additional power consumption is to set gas
inlets down at the bottom of the test bed. The effervescence can agitate the electrolyte
solution and the solution containing bubbles of gaseous substrates (i.e. the Hj-air mixture)
laps against the enzyme-modified electrodes, thereby enhancing the mass transport.
Though the mass transport limitation still exists, the ‘bubbling’ is a contributing factor in

the relatively high current/power densities in this test bed.

Adjusting the ratios between GT and CNT can vary the specific surface area, pore
volume, and pore size distribution of the 3D CPC electrodes. The effect of varied surface
structures of the electrodes on the current/power density originates from the difference in
enzyme loading and mass transport of substrates and products in the internal porous
channels of the electrodes. The 3D CPC electrodes, together with the 3D CMC electrodes
described in Chapter 3, have demonstrated that electrodes with higher specific surface area,

larger pore volume, and availability of >10 nm pore sizes allow for higher density of
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catalytic reaction sites and more efficient mass transport, thereby leading to higher

current/power densities.

4.10 Methods

Materials: Graphite and multi-walled carbon nanotube were purchased from Sigma-
Aldrich and used without further purification. Hyd-1 from Escherichia coli was isolated
and purified as described previously.?®* Bilirubin oxidase from Myrothecium verrucaria
was purchased from Amano Enzyme Inc and further purified by hydrophobic interaction
chromatography with a HiTrap Phenyl HP hydrophobic column (GE Healthcare). Sodium
dihydrogen orthophosphate and disodium hydrogen orthophosphate were purchased from
Fisher Scientific and used to prepare the sodium phosphate buffer solution. The PGE
electrode bases were made of pyrolytic graphite blocks (Momentive Performance Materials
Ltd). Conductive silver paint (Agar Scientific) was used to glue the 3D CPC electrodes to
the plates of the test bed. All aqueous solutions were prepared using deionized water from

a Milli-Q water system (18 MQ-cm).

Construction of the test bed: The fuel cell test bed consists of one compartment made of
polycarbonate with a partial divider also made of polycarbonate. A reference electrode
Ag/AgCI and a counter electrode Pt mesh are set at the left side. The main part of the test

bed consists of 16 stainless-steel plates as the supporters for the 3D CPC electrodes and as
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current collectors (see Figure 4.2(i)). The 3D CPC electrodes are glued to both sides of the
plates by conductive silver paint. The exposed metal area not covered by the 3D CPC
electrodes on the plates is painted to insulate against the electrolyte solution. The top edges
of the plates are bent and can be fixed to the ceiling of the test bed by screws and nuts,
which also function as the current connectors. This also allows for the convenient
dismantling of the plates. The anodic and cathodic plates are fixed in an alternative way.
The gas inlet is positioned in the centre of each unit cell for the good gas distribution.

There are 14 gas inlets corresponding to the 14 unit cells.

Fabrication of the 3D CPC electrodes: A certain quantity of GT, CNT, or the mixtures of
the two carbon allotropes was placed in a pellet die (Specac) and subjected to a pressure of
0.5 tonnes using a hydraulic press (Specac). As shown in Figure 4.3, different quantities of
GT, CNT, or the mixtures are required for a certain thickness of the 3D CPC electrodes.
For the typical thickness of 0.3 mm, (1) the compacted 100% GT electrode needs 47 mg of
GT; (2) the compacted 60% GT-40% CNT electrode needs 12 mg of GT and 8 mg of CNT;
(3) the compacted 100% CNT electrode needs 11 mg of CNT. The CPC discs were then
cut to size for the required geometric area and attached to the test-bed plates using
conductive silver paint. After the paint was dry, 30 pL of Hyd-1 (or Hyd-2) (4 mg-mL™)
was applied to the 3D CPC anode and a multiple of 30 pL (in proportion to the area ratio
of cathode to anode) of BOD (6 mg-mL™) was applied to the 3D CPC cathode. The
enzyme-modified CPC electrodes were subsequently placed in a cold room (4 °C) for 1 h

to allow sufficient permeation of enzymes into the electrodes before starting the
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electrochemical characterization and fuel cell tests. For the 2D carbon electrode, 5 pL of
the enzyme solution (Hyd-1/Hyd-2: 4 mg-mL™, BOD: 6 mg-mL™) was pipetted onto the
surface of the PGE electrode, which was subsequently placed in a cold room (4 °C) for 1 h

and rinsed with deionized water before the electrochemical experiments.

Instrumentation: Electrochemical measurements were performed on an Ivium potentiostat
(CompactStat, Ivium Technologies) in the fuel cell test bed. All potentials were adjusted to
the standard hydrogen electrode (SHE) using the relationship Esne = E agiagel + 0.206 V at
25 °C. Power measurements were obtained by varying the applied load and recording the
potential in each case (Keithley 195A digital voltmeter). The ratios of H, to air were
controlled by two mass flow controllers (Sierra Instruments). A Sorptomatic 1990
instrucment (CE Instruments) was used to acquire N, adsorption-desorption isotherms at
77 K. The BET surface area was calculated from the linear part of the BET plot. The pore
size distribution plots were obtained by using the BJH model. The light intensity of the red
LED is monitored by a cadmium sulphide (CdS) light dependent resistor connected to a

digital multimeter.

107



108



Chapter 5

3D electrodes increase the apparent O,-
tolerance degrees of both O,-tolerant and

O,-sensitive [NiFe]-hydrogenases
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Abstract

The degree of O, tolerance of [NiFe]-hydrogenases has a significant effect on the fuel cell
performance.?!%#2%% This chapter shows that, in addition to the substantial increase in the
power density and lifetime of an enzyme-based membrane-less H, fuel cell, the 3D CPC
electrodes are also able to largely increase the degrees of apparent O, tolerance of [NiFe]-
hydrogenases, including both O,-tolerant and O,-sensitive [NiFe]-hydrogenases
exemplified by Hyd-1 and Hyd-2, respectively. The O,-tolerance degrees of the O,-
tolerant Hyd-1 and O,-sensitive Hyd-2, both of which are immobilized at the 2D and 3D
electrodes with varied porous structures, are studied by the cyclic voltammetry and
chronoamperometry techniques. The electrochemical characterizations exhibit that the 3D
CPC electrodes can indeed substantially increase the apparent O,-tolerance degrees for
both Hyd-1 and Hyd-2, allowing the inherently O,-tolerant enzyme (Hyd-1) to own a
much higher O,-tolerance degree and making the inherently O,-sensitive enzyme (Hyd-2)
be able to oxidize H; in the presence of O,. Such interesting results originate from the
porous structures of the 3D CPC electrodes. The effusion occurs inside the porous
structures of the 3D electrodes. Because the rate of effusion of H; is four times as high as
that of O, the H, and O, undergo a separation in the porous channel according to the
Graham’s law of effusion. In other words, the porous structure of 3D CPC electrode acts as
a sieve to sift H, from O, so the enzymes permeated to the depths of the electrode would
not be exposed to O, and thus retain their active states. Based on the compacted 100%
CNT electrode, the O;-sensitive Hyd-2 is able to work as the anodic catalyst in a

membrane-less fuel cell in a non-explosive H,-rich Hj-air mixture.
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5.1 Introduction

In Chapters 3-4, one focus is on how to increase the low cathodic currents that severely
limit the power density of an enzyme-based membrane-less H, fuel cell. On the other hand,
the O,-tolerance degree of the anodic catalyst — [NiFe]-hydrogenase also has considerable
influence over the fuel cell performance. 192234 AJl hydrogenases that have been
characterized to date are inactivated or permanently damaged by O, or/and high
potential. 2*%?** Even for the inherently O,-tolerant [NiFe]-hydrogenases, such as Hyd-1,
the activity of H, oxidation would still suffer from almost complete inactivation when the
enzymes immobilized at the PGE electrode were exposed to O, at high potentials.®*® The
inactivation of hydrogenases by O, regardless of reversible or irreversible inhibition, can
severely impair the anodic current magnitude and the stability of the fuel cell. Therefore, as
far as the fuel cell performance is concerned, it is very important to improve the O,

tolerance of the [NiFe]-hydrogenases.

Let us recall how an inherently O,-tolerant [NiFe]-hydrogenase retains its Hy-
oxidation activity in the presence of O,. As described in Section 2.1.3, the O, tolerance of
the [NiFe]-hydrogenase originates from (i) the ‘restricted” access of O, to the active site
via gas channels, (ii) the availability of additional electron sources close to the active site,
and (iii) the fast recovery to the active states. The (iii) is usually the result of the (ii)
because the fast delivery of sufficient electrons to the active site can ensure the formation
of the Ni-B state which can recover rapidly. Therefore, the first two aspects play key roles

in the inherent O,-tolerance ability of [NiFe]-hydrogenases. Using the molecular biology
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techniques, the improved O,-tolerance degrees of hydrogenase mutants with more electron

sources closed to the active site or optimized sizes of gas channels could be obtained.

Are there any feasible non-biological methods for the improvement in the O,-
tolerance degrees of hydrogenases? Hydrogenases are immobilized onto the internal
porous channels of the 3D electrodes, which can be considered as ‘big’ gas channels
compared to ‘small’ gas channels within the protein matrix. So it is possible to use this ‘big’
gas channels to control the access of O, to the enzymes. This chapter demonstrates that the
3D CPC electrodes can do this job! The porous structures of the 3D CPC electrodes allow
the effusion of H, and O, to occur in the *big’ gas channel. The O is ‘screened’ out due to
the much slower effusion rates than H; so that quite a few of hydrogenases permeated and
immobilized deeply in the 3D electrode are not exposed to O, but Hy, thus the integrated
or apparent O,-tolerance degrees of the hydrogenases are increased. Based on the
compacted 100% CNT electrode, a membrane-less fuel cell using the O,-sensitive Hyd-2

as an anodic catalyst can produce power under the H,-rich Hj-air mixture.

5.2 Increasing the apparent O,-tolerance degree of Hyd-1

It can be observed that the CV shapes of Hyd-1 at the 3D CPC electrodes (in Chapters 3-4)
are slightly different from the CV shapes of the same enzyme at the 2D PGE electrodes (in

Refs. 254 and 265). The difference is obvious when Hyd-1 undergoes O, inhibition at high
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(i) Hyd-1 at the 3D electrode in the 89% H2-11% air mixture (ii) Hyd-1 at the 2D electrode in the 89% H:-11% air mixture
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Figure 5.1. CVs of Hyd-1 at the compacted 60% GT-40% CNT electrode in the 89% H,-11% air mixture (i),
the PGE electrode in the 89% H,-11% air mixture (ii), the compacted 60% GT-40% CNT electrode in the 78%
H,-22% air mixture (iii), and the PGE electrode in the 78% H,-22% air mixture (iv). The current density is
normalized to geometric base area of the corresponding electrodes (PGE: 0.03 cm?, CPC: 0.2 cm?). The
insets show the first derivative plots (di/dE vs. E) of the reductive sweep (towards more negative potentials)
of the corresponding voltammograms. Egyicn is determined by the minimum of the derivative,** marked by a

vertical red bar. Other conditions: 0.1 M sodium phosphate buffer at pH 6.0 and 20°C, scan rate: 1 mV s

potentials: Hyd-1 at the 2D electrodes suffers from more severe aerobic inactivation than
the 3D electrodes in the presence of air, as shown in Figure 5.1. What information can we

get from such difference? Here, the term Eswitwcn IS used to characterize the CVs of Hyd-1 at
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the 3D and 2D electrodes. The Eswiten Value is a potential determined by the minimum of
the first derivative (di/dE) of the reductive direction (towards more negative potentials) of
the corresponding CV scan,?*? as shown in the insets of Figure 5.1. Eswiten is dependent on
the experimental conditions, such as pH, temperature, and scan rate.?** Though the origin
of Egwiten 1S still unknown, it is a useful index of the O,-tolerance degree for [NiFe]-
hydrogenases (relating to the ease of reactivating the oxidized, inactive ready state Ni-B): a
higher value of Egyitcn Shows a less thermodynamically-favoured state of Ni-B and a higher
degree of O, tolerance under the same experimental conditions.?*?*® From Figure 5.1, the
Eswitch Value of Hyd-1 at the 3D compacted 60% GT-40% CNT electrode is +0.111 V vs.
SHE and Esitch of Hyd-1 at the 2D PGE electrode is +0.037 V vs. SHE under the 89% H,-
11% air mixture, and the Egwiten Values of Hyd-1 at the 3D and 2D electrodes are +0.102 V
and +0.025 V vs. SHE under the 78% H»-22% air mixture, respectively. The same enzyme
Hyd-1 under the same conditions exhibits a higher Eswicn value at the 3D electrode,
showing a higher degree of O, tolerance at the 3D electrode than the 2D electrode.
Therefore, in addition to the substantial increase in the power density and the significant
improvement in the stability of fuel cells, the 3D porous structures of electrodes can also
bring about the third advantage: weakening the negative influence of hydrogenase aerobic
inactivation during prolonged air exposure and increasing the degree of apparent O,
tolerance of hydrogenases. The improvement in the apparent O, tolerance of Hyd-1 is
important for the sustainability of enzyme-based hydrogen fuel cells for the reason that

even for the O,-tolerant Hyd-1, the activity of H, oxidation at the 2D electrode would still
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suffer from almost complete inactivation when the enzymes are exposed to air at high

potentials (see Figure 5.1).

The effect of prolonged O, exposure on the H, oxidation activity of Hyd-1 at the
3D and 2D electrodes is conducted to understand how the active sites of Hyd-1 at the two
electrodes react to the O, attack on a longer scale of time. Figure 5.2 shows the
chronoamperograms of Hyd-1 at the 3D compacted 60% GT-40% CNT electrode and the
2D PGE electrode recorded at a high potential +0.206 V vs. SHE (more positive than
Eswitcn) With the periodic rise and fall of H;, levels in Hj-air mixtures. Because lower
potentials have a stronger external driving force to provide enough electrons rapidly for the
active site when it is attacked by O, and to reactivate Ni-B, to study the level of
spontaneous recovery from aerobic inactivation of Hyd-1 at the 3D and 2D electrodes, the
high potential +0.206 V which is not effective in driving this recovery is applied (a harsh
condition for Hyd-1). The H, concentrations in the non-explosive Hj-air mixtures vary
every 1200 s (20 min), and the sequence is 100% —> 89% —> 100% —> 78% —> 100%. From
Figure 5.2, it can be found: (1) for Hyd-1 at the 3D electrode, 58% and 42% of currents are
retained in 89% H,-11% air and 78% H,-22% air mixtures, respectively, whereas only 7.5%
and 3.5% of currents are retained for Hyd-1 at the 2D electrode, showing that Hyd-1 at the
3D electrode can maintain much higher activity of H, oxidation in the presence of air than
the 2D electrode; (2) after the H, concentration returns to 100%, the current at the 3D
electrode recovers to the previous anaerobic level in 360 s and 400 s from the 89% H,-11%
air and 78% H»-22% air mixtures, respectively, while the current at the 2D electrode

cannot recover to the original level in 1200 s, showing that Hyd-1 at the 3D electrode
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(i) Hyd-1 at the 3D compacted 60% GT-40% CNT electrode
at +0.206 V vs. SHE
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Figure 5.2. Chronoamperograms of Hyd-1 at the compacted 60% GT-40% CNT electrode (i) and the PGE
electrode (ii) recorded at +0.206 V vs. SHE (ks = kilosecond). The H,-air mixtures with different ratios are
periodically (every 1200 s) applied, as indicated in red (100% H, - 89% H,-11% air = 100% H, = 78%

H,-22% air > 100% H,). Other conditions: 0.1 M sodium phosphate buffer at pH 6.0 and 20°C.
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sustains a higher level of fast, spontaneous recovery of aerobically generated states than
the 2D electrode; (3) 100% of the current is retained at the 3D electrode over an extended
period of time (6000 s), while Hyd-1 at the 2D electrode loses 3% of its activity in 1200 s
alone, showing that the enzyme is more sustainable at the 3D electrode than the 2D
electrode. Therefore, it can be concluded that 3D porous structures can increase the
apparent O,-tolerant degree of Hyd-1 and partly “protect’ its H,-oxidation activity from
prolonged exposure to air, thus leading to the significant improvement in the sustainability

and stability of fuel cells.

Hyd-1 at the 3D compacted 60% GT-40% CNT electrode
at -0.094 V vs. SHE
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Figure 5.3. Chronoamperograms of Hyd-1 at the compacted 60% GT-40% CNT electrode recorded at
—0.094 V vs. SHE (ks = kilosecond). The H,-air mixtures with different ratios are periodically (every 1200 s)
applied, as indicated in red (100% H, = 89% H,-11% air = 100% H, 2> 78% H,-22% air > 100% H,).

Other conditions: 0.1 M sodium phosphate buffer at pH 6.0 and 20°C.
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Figure 5.3 shows the chronoamperogram of Hyd-1 at the 3D compacted 60% GT-
40% CNT recorded at a relatively low potential -0.094 V vs. SHE (more negative than
Eswitch)- As expected, Hyd-1 at a lower potential exhibits the improved O, tolerance: (1) 76%
of the initial current is retained in the 89% H;-11% air mixture and 65% of the current is
retained in the 78% H,-11% air mixture, sustaining higher activity of H, oxidation than at
a higher potential; (2) upon returning to 100% H,, the currents recover to the initial levels
in 85 s from the 89% H,-11% air and in 90 s from the 78% H,-11% air, showing a much
faster spontaneous recovery of the Hy-oxidation activity of Hyd-1 exposed to air at the

lower potential than at the higher.

5.3 Effect of porous structures on the apparent O, tolerance of Hyd-1

In Chapter 4, it has been discussed that the pore volume and pore size distribution of the
compacted 100% GT electrode are different from those of the compacted 60% GT-40%
CNT electrode. To study the effect of porous structures of the 3D electrodes on the H-
oxidation activity of Hyd-1 in the presence of O,, the chronoamperogram of Hyd-1 at the
3D compacted 100% GT electrode recorded at +0.206 V vs. SHE is conducted, as shown
in Figure 5.4 (the chronoamperogram of Hyd-1 at the 3D compacted 60% GT-40% CNT
electrode at the same potential, as indicated in blue, is overlaid for the comparison of the

two porous structures). It can be found that 47% of the initial current in the 89% H,-11%
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air mixture and 32% of the current in the 78% H,-22% air mixtures are retained for Hyd-1

at the compacted 100% GT electrode, compared to 58% and 42% of the currents retained
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Figure 5.4. Chronoamperograms of Hyd-1 at the compacted 100% GT electrode (black) and the compacted
60% GT-40% CNT electrode (blue) recorded at +0.206 V vs. SHE (ks = kilosecond). The H,-air mixtures
with different ratios are periodically (every 1200 s) applied, as indicated in red (100% H, = 89% H,-11%

air > 100% H, > 78% H;-22% air > 100% H,). Other conditions: 0.1 M sodium phosphate buffer at pH

6.0 and 20°C.

at the compacted 60% GT-40% CNT electrode, respectively. The degree of apparent O,
tolerance of Hyd-1 at the compacted 100% GT electrode is lower than at the compacted 60%
GT-40% CNT electrode, consistent with the order of their pore volumes. Moreover, after
the H, concentration returns to 100%, the current at the compacted 100% GT electrode

recovers to its initial level in 620 s from the 89% H;-11% air atmosphere and in 730 s from
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78% H»-22% air, while the recovery time at the compacted 60% GT-40% CNT electrode
is 360 s and 400 s, respectively. Therefore, the porous structures with large pore volumes
can allow Hyd-1 to maintain the high activity of H, oxidation under the aerobic conditions

and enhance the apparent O, tolerance of Hyd-1.

5.4  Effect of the porous structure on the O,-reduction activity of BOD

To understand how the porous structure influences O,-reduction activity of BOD, the
chronoamperograms (recorded at +0.606 V vs. SHE) of BOD at the compacted 60% GT-40%
CNT and compacted 100% GT electrodes are conducted in the periodical fall of H; levels
(or the rise of O, levels) in the Hy-air mixtures, as shown in Figure 5.5. The sequence of
varied H, concentrations is 100% - 89% —> 78% —-> 50% —> 0%. The chronoamperogram
curves of BOD at the two 3D electrodes are very similar. For the compacted 60% GT-40%
CNT electrode, the currents increase to 14%, 25% and 54% of the steady-state level in 100%
air when the air percentages in the H,-air mixtures are 11%, 22% and 50%, respectively,
and for the compacted 100% GT electrode, the currents increase to 16%, 28% and 57% of
the steady-state level in 100% air when the air proportions are 11%, 22% and 50%,
respectively, showing that BOD at the compacted 100% GT electrode maintains almost the
same percentage of the currents as the compacted 60% GT-40% CNT electrode in the same

level of air.
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Figure 5.5. Chronoamperograms of BOD at the compacted 100% GT electrode (black) and the compacted 60%
GT-40% CNT electrode (blue) recorded at +0.606 V vs. SHE (ks = kilosecond). The H,-air mixtures with
different ratios are periodically (every 600 s) applied, as indicated in red (100% H, = 89% H,-11% air >
78% H,-22% air = 50% H,-50% air = 100% air). Other conditions: 0.1 M sodium phosphate buffer at pH

6.0 and 20°C.

Figure 5.6 shows the chronoamperograms of BOD at the 3D compacted 100% GT
electrode recorded at +0.606 V vs. SHE with the periodic rise and fall of air levels in H;-
air mixtures. The air proportions in the H,-air mixtures vary every 600 s in the order of 0%
-2 11% > 22% > 50% > 100% > 50% > 22% > 11% -> 0%. At the same proportions
of air in the H,-air mixtures, the levels of currents in the two opposite directions of varying
the Hy/air ratios are the same, showing the good reversibility of O,-reduction activity of

BOD.
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Figure 5.6. Chronoamperograms of BOD at the compacted 100% GT electrode recorded at +0.606 V vs.
SHE (ks = kilosecond). The H,-air mixtures with different ratios are periodically (every 600 s) applied, as
indicated in red (100% H, = 89% H,-11% air > 78% H,-22% air > 50% H,-50% air > 100% air - 50%
H,-50% air > 78% H,-22% air > 89% H,-11% air > 100% H,). Other conditions: 0.1 M sodium

phosphate buffer at pH 6.0 and 20°C.

5.5 Increasing the apparent O,-tolerance degree of an O,-sensitive

hydrogenase

Since the 3D CPC electrodes can enhance O,-tolerance degree of Hyd-1, consider an
extreme case: can these electrodes also increase the degree of O, tolerance of O,-sensitive
enzymes and allow them to work under aerobic conditions? An O,-sensitive enzyme —

Hyd-2 is used to test this hypothesis. Figure 5.7(i) shows CVs of Hyd-2 at the 2D PGE
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(i) Hyd-2 at the 2D PGE electrode
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Figure 5.7. CVs of Hyd-2 at the PGE electrode (i) and the compacted 100% CNT electrode (ii) in the 100%
H, (black), 89%H,-11% air (red) and 78% H,-22% air (blue) mixtures. The current density is normalized to
geometric base area of the corresponding electrodes (PGE: 0.03 cm? CPC: 0.2 cm?). The Egyiren Values are

indicated by vertical bars. Other conditions: 0.1 M sodium phosphate buffer at pH 6.0 and 20°C, scan rate: 1
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electrode in the 100% H,, 89% H,-11% air and 78% H,-22% air mixtures. Compared to
the anaerobic condition, Hyd-2 at the 2D electrode shows negligible H-oxidation activity
and the onset potential of H, oxidation is shifted 112 mV more positive under the 89% H,-
11% air mixture, whereas it simply shows no H,-oxidation activity under the 78% H;-22%
air mixture. Figure 5.7(ii) shows CVs of Hyd-2 at the 3D compacted 100% CNT electrode
in the 100% H,, 89% H;-11% air and 78% H;-22% air mixtures. Under the aerobic
conditions, Hyd-2 at the 3D electrode can still maintain substantial H,-oxidation activity
and the onset for H, oxidation are shifted to more positive potentials by merely 13mV in
89% H,-11% air and 23 mV in 78% H,-22% air compared with the onset potential in 100%

Hs.

Figure 5.8 shows the potential windows for H,-oxidation activity of Hyd-2 at the
2D and 3D electrodes. The lower boundary of a potential window for activity is defined by
the onset potential of H, oxidation and the upper boundary is by Eswien.2®* Under both
anaerobic and aerobic conditions, Hyd-2 at the 3D electrode has a wider potential window
for H,-oxidation activity than the 2D electrode. Specifically, the potential window for H,-
oxidation activity of Hyd-2 at the 2D electrode narrows considerably to 106 mV in 89%
H»-11% air from 237 mV in 100% H, and disappears altogether in 78% H,-22% air,
whereas, for Hyd-2 at the 3D electrode, the potential window for H,-oxidation activity is
reduced from 343 mV under the anaerobic condition to 287 mV (89% H,-11% air) and
267 mV (78% H,-22% air). By comparison with the narrow or extinct potential window at
the 2D electrode, the wide potential window for H,-oxidation activity of Hyd-2 exposed to

air shows that the 3D electrode can thermodynamically keep the O,-sensitive enzyme
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active in H, oxidation under aerobic conditions. On the other hand, the current density of
H, oxidation at the Hyd-2-modified 3D electrode sustains the scale of mA cm™ in the
presence of air, while that at the 2D electrode is as tiny as a few pA cm? in 89% H,-11%
air and becomes nought in 78% H,-22% air, showing that the 3D electrode can kinetically
permit Hyd-2 to work as an anodic catalyst in a membrane-less enzyme hydrogen fuel cell

running on a non-explosive Hj-air mixture.

Potential windows for H: oxidation activity of Hyd-2

2D,100% H,

3D,100% H,

2D,89% H,-11% air

3D,89% H,-11% air
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Figure 5.8. Potential windows for H,-oxidation activity of Hyd-2 at different electrodes and H,-air mixtures.
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5.6 Effect of porous structures on the apparent O, tolerance of Hyd-2
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Figure 5.9. Chronoamperograms of Hyd-2 at the compacted 100% CNT (black) and 60% GT-40% CNT
(blue) electrodes recorded at +0.006 V vs. SHE. The H,-air mixtures with different ratios are periodically
(every 1200 s) applied, as indicated in red (100% H, - 89% H,-11% air > 100% H, > 78% H,-22% air

- 100% H,). Other conditions: 0.1 M sodium phosphate buffer at pH 6.0 and 20°C.

Hyd-2 at different 3D CPC electrodes exhibits different levels of apparent O, tolerance.
Figure 5.9 shows the chronoamperograms of Hyd-2 at the compacted 100% CNT and 60%
GT-40% CNT electrodes recorded at +0.006 V vs. SHE (above their Egyicn Values, see
Figure 5.8). Under the aerobic conditions, more currents are retained at the compacted 100%

CNT electrode than the compacted 60% GT-40% CNT electrode, showing that Hyd-2 at
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the former can maintain higher H,-oxidation activity than the latter in the presence of air.
Moreover, Hyd-2 at the compacted 60% GT-40% CNT electrodes shows a “steep’ decrease
in H, oxidation current in the presence of air, whereas Hyd-2 at the compacted 100% CNT
electrode attains relatively steady currents (or slow decrease) under the aerobic conditions,
showing that the H,-oxidation activity of Hyd-2 at the compacted 100% CNT electrode
achieves an improved balance between the rates of aerobic inactivation and re-activation.
As the compacted 100% CNT electrode has the larger pore volume than the compacted 60%
GT-40% CNT electrode, the levels of apparent O, tolerance of Hyd-2 at the two electrodes
are consistent with their pore volumes. Upon returning to 100% H,, the H-oxidation
currents recover to 98% and 90% of the original values in 1200 s for Hyd-2 at the
compacted 100% CNT and 60% GT-40% CNT electrodes, respectively, but neither of

them return to the initial levels like Hyd-1 (see Figure 5.2(i)).

To understand whether part of Hyd-2 at the 3D CPC electrodes loses its ability of
spontaneous recovery from O, inactivation at relatively high potentials, the
chronoamperograms of Hyd-2 at the compacted 60% GT-40% CNT electrodes recorded at
+0.006 V vs. SHE were conducted, as shown in Figure 5.10. The 78% H,-22% air mixture
was introduced after one-hour 100% H, exposure and lasted 18 hours. Hyd-2 shows a
continual decrease in H,-oxidation current in the presence of air (the spontaneous recovery
cannot resist the aerobic inactivation), and the current can reach a much lower steady-state
level and recover to about 60% of the initial value after returning to 100% H, for 5 hours.
The control experiment without introducing O, during the chronoamperometry was

conducted and shows that the current can retain 100% of the initial value after 24 hours
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(confirming again the good stability of catalytic currents based on the 3D CPC electrodes).
Therefore, the H,-oxidation activity of Hyd-2 will be impaired when exposed to air and the
3D CPC electrodes cannot prevent this process but “postpone’ it. The irreversible activity
loss of Hyd-2 during exposure to O is probably due to permanent damage of Fe-S clusters

or the oxidation of sulphur atoms of cysteine residues close to the active site.?*%%

Exposed to 100% H, for 24 h
Exposed to 78% H_-22% air for 18 h
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Figure 5.10. Chronoamperograms of Hyd-2 at the compacted 60% GT-40% CNT electrodes exposed to 100%
H, for 24 h (black) and to 100% H, (1 h) > 78% H,-22% air (18 h) = 100% H, (5 h) (red), recorded at

+0.006 V vs. SHE. Other conditions: 0.1 M sodium phosphate buffer at pH 6.0 and 20°C.
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5.7  Effect of electrode thickness on the apparent O, tolerance of Hyd-2
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Figure 5.11. Chronoamperograms of Hyd-2 at the compacted 100% CNT having the thickness of 0.3 mm
(black) and the thickness of 0.2 mm (blue) recorded at +0.006 V vs. SHE. The H,-air mixtures with different
ratios are periodically (every 1200 s) applied, as indicated in red (100% H, = 89% H,-11% air = 100% H,

- 78% H;,-22% air > 100% H,). Other conditions: 0.1 M sodium phosphate buffer at pH 6.0 and 20°C.

As a characteristic of the 3D CPC electrodes, the thickness also plays a role in the apparent
O;-tolerance degree of Hyd-2. Figure 5.11 shows the chronoamperograms of Hyd-2 at the
0.2-mm and 0.3-mm compacted 100% CNT electrodes recorded at +0.006 V vs. SHE.
Hyd-2 at the thicker electrode maintains the higher activity of H, oxidation under the
aerobic conditions than the O,-sensitive enzyme at the thinner electrode. Moreover, when

the H, concentration returns to 100%, the spontaneous recovery of aerobically generated
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states at the 0.3-mm electrode is slightly faster than at the 0.2-mm electrode, and the H-
oxidation current of Hyd-2 at the thinner electrode recovers to 95% of the original value in
1200 s compared to 97% at the thicker electrode, showing that the thicker electrode can
better protect the catalytic activity of Hyd-2 in the presence of air. However, the 3D CPC
electrodes with the thickness larger than 0.3 mm are prone to crumble away and become

unstable, so the thickness is selected as 0.3 mm.

5.8 Mechanisms

Why can the 3D porous electrodes increase the apparent O, tolerance of Hyd-1 and Hyd-2?
This is because effusion occurs inside the porous structure of the 3D electrodes. In the H,-
air mixtures, the main constituents are H,, N, and O,. The mean free paths (1) for H,, N>
and O, at 293 K and 101325 Pa are calculated to be 100 nm, 64 nm and 70 nm,

respectively, according to:**

_ RT
V2md2LP

A (5.1)

where d is the collision diameter of a gas (H.: 2.71 A, N,: 3.70 A, 0O, 3.55
A).*® Furthermore, as shown in Figures 4.4(ii)-(iii), the volumes of the pores having
diameters smaller than 70 nm make up >95%, 100%, and 100% of the total pore volumes
of the compacted 100% CNT, 60% GT-40% CNT, and 100% GT electrodes, respectively

(because N is an inert gas, only the mean free paths for H, and O, are considered).
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Effusion occurs when the pore size is smaller than the mean free path of a gas molecule, so
the pore size distributions of the 3D CPC electrodes fulfil the effusion condition for H, and

387
0,.

According to Graham’s law of effusion, the rate of effusion of a gas is inversely

387 Therefore, H, effuses 4 times as

proportional to the square root of its molecular weight.
fast as O, which results in more H, molecules passing through effusion orifices per unit
time. As a H,-air mixture effuses through many pores, the proportion of H, will gradually
increase. The 3D structure allows for effusion in depth and thus permits the H,-air mixture
to undergo such effusions enough frequencies to separate H, from O, thus Hyd-1 and
Hyd-2 permeated to that depth and below are only exposed to H,. In other words, the 3D
porous structure ‘sieves’ the Hj-air mixture and sifts out H, from O, so that a fairly large
number of hydrogenases immobilized in the internal electrode are not subject to aerobic

inactivation, thereby leading to the substantial increase in the degree of apparent O,

tolerance of Hyd-1 and Hyd-2 compared to the 2D electrode (see Figures 5.1, 5.2 and 5.7).

Moreover, the volumes of those pores having diameters between 10 nm and 70 nm
are 0.959 cm*-g~* and 0.422 cm®-g™* for the compacted 100% CNT and 60% GT-40% CNT
electrodes, respectively (see Figures 4.4(ii)-(iii)). Within the range of the pore sizes of 10 -
70 nm, the 3D CPC electrode with a larger pore volume has more effusion pores through
which the Hj-air mixture can pass, thus resulting in a higher level of the separation of H,
and O,. Therefore, the compacted 100% CNT electrode can allow Hyd-2 to sustain the
higher activity of H, oxidation in the presence of air and to maintain the higher degree of

apparent O tolerance than the compacted 60% GT-40% CNT electrodes (see Figure 5.9).
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Similarly, increasing the thickness of the 3D porous electrode can increase effusion pores
and thus increase apparent O, tolerance of hydrogenases. Hyd-2 at the compacted 100%
CNT electrode with a thickness of 0.3 mm maintains the higher activity of H, oxidation
under aerobic conditions than at the same type of electrode with a thickness of 0.2 mm (see
Figure 5.11). On the other hand, the dimensions of the 3D CPC electrodes are after all
limited, thus slow O, can finally reach the depths of the electrodes, leading to more and
more Hyd-2 inactivation under prolonged exposure to air (see Figure 5.10). Since O is
‘screened’ out, the porous structures of the 3D CPC electrodes have the minimal effect on
the change in the O,-reduction current, thereby the chronoamperogram curves of BOD at
the compacted 100% GT and 60% GT-40% CNT electrodes are very similar (see Figure

5.5).

In summary, to increase the degree of apparent O, tolerance of hydrogenases, the
3D porous electrodes must meet one necessary condition: their pore sizes distributed
between 10 nm and 70 nm. 10 nm is the minimum size for pores to be permeable to and
accommodate macromolecular hydrogenases, while 70 nm is the maximum size for H, and
O, to effuse through pores at ambient conditions. On the basis of such pores, increasing
pore volume and electrode thickness (as long as it does not crumble away) can further
improve the apparent O, tolerance of hydrogenases and the activity of H, oxidation under

aerobic conditions.
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5.9 A proof-of-concept experiment — O,-sensitive hydrogenase as

anodic catalyst in the membrane-less H, fuel cell
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Figure 5.12. Dependence of volume power density on the cell voltage (i) and dependence of stability of
power (%) with time at an applied constant potential of 0.75 V (ii) of the unit cell composed of the Hyd-2-
modified compacted 100% CNT anode and the BOD-modified compacted 100% CNT cathode under an 89%

H,-11% air mixture at 20°C. Other conditions: 0.1 M sodium phosphate buffer, pH 6.0.
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A proof-of-concept experiment in using the O,-sensitive hydrogenase Hyd-2 as the anode
catalyst has been conducted in the unit cell of the test bed under membrane-less, quiescent
conditions in an 89% H,-11% air mixture at 20 °C. Figure 5.12(i) shows the dependence of
volume power density on the cell voltage of the unit cell composed of the Hyd-2-modified
compacted 100% CNT anodes and the BOD-modified compacted 100% CNT cathodes.
The OCV of this Hyd-2 fuel cell is 1.114 V, noticeably larger than that of the Hyd-1 fuel
cell due to the more negative onset potential of Hyd-2. The maximum volume power
density is 0.09 mW cm™ (at the cell voltage of 0.72 V). Figure 5.12(ii) shows the
dependence of stability of power with time for the Hyd-2 fuel cell at an applied constant
potential of 0.75 V under the 89% H,-11% air mixture at 20 °C. After continuously
working for 6 hours, about 55% of the power was retained. Though the membrane-less fuel
cell using Hyd-2 as the anode catalyst is inferior to its Hyd-1 counterpart, it is still
interesting for an O,-sensitive hydrogenase to work as an anode catalyst in a membrane-

less fuel cell under aerobic conditions, simply based on the 3D CPC electrodes.

5.10 Conclusions

Owing to the pore size distribution of 10-70 nm, the 3D CPC electrode can separate H,
from O, in its inner porous channels, thus enhancing the apparent O, tolerance of [NiFe]-
hydrogenases. The improved O, tolerance of [NiFe]-hydrogenases in turn sustains the

increased current/power density and lifetime due to the 3D CPC electrode. Moreover, by
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adjusting the pore size distribution, other gas inhibitors may be also screened out by the 3D
CPC electrodes, thus capable of increasing the apparent enzyme tolerance towards those
molecules. Furthermore, the enhanced apparent O, tolerance of [NiFe]-hydrogenases due
to the 3D CPC electrode can expand the ‘repertoire’ in terms of fuel cell catalysts. At least,

Hyd-2 can produce larger OCV than Hyd-1.

5.11 Methods

Materials: Graphite and multi-walled carbon nanotube were purchased from Sigma-
Aldrich and used without further purification. Hyd-1 and Hyd-2 from Escherichia coli was
isolated and purified as described previously.?®® Bilirubin oxidase from Myrothecium
verrucaria was purchased from Amano Enzyme Inc and further purified by hydrophobic
interaction chromatography with a HiTrap Phenyl HP hydrophobic column (GE
Healthcare). Sodium dihydrogen orthophosphate and disodium hydrogen orthophosphate
were purchased from Fisher Scientific and used to prepare the sodium phosphate buffer
solution. The PGE electrode bases were made of pyrolytic graphite blocks (Momentive
Performance Materials Ltd). Conductive silver paint (Agar Scientific) was used to glue the
3D CPC electrodes to the plates of the test bed. All aqueous solutions were prepared using

deionized water from a Milli-Q water system (18 MQ-cm).
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Fabrication of the 3D CPC electrodes: A certain quantity of GT, CNT, or the mixtures of
the two carbon allotropes was placed in a pellet die (Specac) and subjected to a pressure of
0.5 tonnes using a hydraulic press (Specac). Different quantities of GT, CNT, or the
mixtures are required for a certain thickness of the 3D CPC electrodes. For the thickness of
0.3 mm, (1) the compacted 100% GT electrode needs 47 mg of GT; (2) the compacted 60%
GT-40% CNT electrode needs 12 mg of GT and 8 mg of CNT; (3) the compacted 100%
CNT electrode needs 11 mg of CNT. For the thickness of 0.2 mm, the compacted 100%
CNT electrode needs 7 mg of CNT. The CPC discs were then cut to size for the required
geometric area and attached to the test-bed plates using conductive silver paint. After the
paint was dry, 30 pL of Hyd-1 (or Hyd-2) (4 mg mL™) was applied to the 3D CPC anode
and a multiple of 30 pL (in proportion to the area ratio of cathode to anode) of BOD (6 mg
mL™) was applied to the 3D CPC cathode. The enzyme-modified CPC electrodes were
subsequently placed in a cold room (4 °C) for 1 h to allow sufficient permeation of
enzymes into the electrodes before starting the electrochemical characterization and fuel
cell tests. For the 2D carbon electrode, 5 pL of the enzyme solution (Hyd-1/Hyd-2: 4 mg
mL™, BOD: 6 mg mL™) was pipetted onto the surface of the PGE electrode, which was
subsequently placed in a cold room (4 °C) for 1 h and rinsed with deionized water before

the electrochemical experiments.

Instrumentation: Electrochemical measurements were performed on an Ivium potentiostat
(CompactStat, Ivium Technologies) in the the membrane-less fuel cell setup (Figures 5.1-

5.11) as described previously** and the test bed (Figure 5.12) as described in Chapter 4.
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All potentials were adjusted to the standard hydrogen electrode (SHE) using the
relationship Espe = E agiager + 0.206 V at 25 °C. The ratios of H; to air were controlled by

two mass flow controllers (Sierra Instruments).
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