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ABSTRACT

Magnetic field effects (MFE) on electrochemical systems have been of
interest to researchers for the past 60 years. MFEs on mass transport, such as
magnetohydrodynamics and magnetic field gradients effects are reported, but MFEs
on electron transfer kinetics have been rarely investigated. Magnetic modification of
electrodes enhances electron transfer kinetics under conditions of high concentrations
and low physical diffusion conditions, as shown by Leddy and coworkers. Magnetic
microparticles embedded in an ion exchange polymer (e.g., Nafion) applied to
electrode surfaces. Rates of electron transfer reactions to diffusing redox probes and
to adsorbates are markedly enhanced.

This work reports MFEs on hydrogen evolution on illuminated p-Si; MFEs on
hydrogen evolution on noncatalytic electrodes; a model for MFEs on homogeneous
self-exchange reactions; and a convolution based voltammetric method for film
modified electrodes.

First, a MFE on the photoelectrochemical hydrogen evolution reaction (HER) at
p-Si semiconductors is demonstrated. The HER is an adsorbate reaction. Magnetic
modification reduces the energetic cost of the HER by 400 - 500 mV as compared
to Nafion modified electrodes and by 1200 mV as compared to unmodified p-Si.
Magnetically modified p-Si achieves 6.2 % energy conversion efficiency. Second, from
HER on noncatalytic electrodes, the MFE on photoelectrochemical cells arises from
improved heterogeneous electron transfer kinetics. On glassy carbon electrodes,
magnetic modification improves heterogeneous electron transfer rate constant, kg,for

HER 80, 000 fold. Third, self exchange reaction rates are investigated under magnetic



modification for various temperatures, outersphere redox probes, and magnetic
particles. Arrhenius analyses of the rate constants collected from the experiments
show a 30 - 40 % decrease in activation energy at magnetically modified electrodes.
A kinetic model is established based on transition state theory. The model includes
pre-polarization and electron nuclear spin polarization steps and characterizes a
majority of the experimental results. Lastly, a convolution technique for modified
with uniform films electrodes is developed and coded in Matlab (mathematical

software) for simple and straightforward analysis of Nafion modified electrodes.

Abstract Approved:
Thesis Supervisor

4 $SocLﬁ_+(. Mcssef Clu.u«\.siu,
Title and Department /

| Decow loar 260

Date




MAGNETIC FIELD EFFECTS ON ELECTRON TRANSFER REACTIONS:
HETEROGENEOUS PHOTOELECTROCHEMICAL HYDROGEN EVOLUTION

AND HOMOGENEOUS SELF EXCHANGE REACTION

by
Heung Chan Lee

A thesis submitted in partial fulfillment
of the requirements for the Doctor of
Philosophy degree in Chemistry
in the Graduate College of
The University of Iowa

May 2011

Thesis Supervisor: Associate Professor Johna Leddy



Copyright by
HEUNG CHAN LEE
2011

All Rights Reserved



Graduate College
The University of Iowa
Iowa City, Iowa

CERTIFICATE OF APPROVAL

PH.D. THESIS

This is to certify that the Ph.D. thesis of

Heung Chan Lee

has been approved by the Examining Committee for the thesis
requirement for the Doctor of Philosophy degree in Chemistry
at the May 2011 graduation.

Thesis Committee: é&%

Johna Leddy, Thesi}s Supervisor

= e

MaM Arnold

Iy A

o/ sepy

Lei Geng

Ao . e

Hosin Lee



To the one by whom I am defined

i



ACKNOWLEDGMENTS

I sincerely thank my advisor, Professor Johna Leddy for her caring support,
advice, encouragement and guidance. It was truly a privilege to work with such an
accomplished scientist. I also wish to thank present and past students of the Leddy
lab, especially Drew Dunwoody, Luke Haverhals, Chaminda Hettige, Murat Unlu,
Stephanie Schmidt, Chester Duda, Tim Paschewitz, Perry Motsegood, Garrett Lee,
Jessica Jewett, and Krysti Knoche for all their support. For financial assistance, the
National Science Foundation is most appreciated. I also thank Professor Stephen
Maldonado at the University of Michigan who gave substantial advice on the
semiconductor electrochemistry experiments and provided his time, expertise, and
equipment. I am thankful to my parents, In Soo Lee and Soon Young Choi, and my
wife, Jae Eun Thn, for thier loving patience, support, and encouragement throughout
these long years. Lastly, I would like to thank my two angelic children, Yuna and

Eugene, for always making me smile.

11



TABLE OF CONTENTS

LIST OF TABLES ... e
LIST OF FIGURES. ... e
CHAPTER
1. INTRODUCTION ... e
1.1  Magnetic Field Effects on Electrochemical Systems ...............
1.2 Photoelectrochemical Hydrogen Evolution Reactions ..............
1.3 Self Exchange Reaction ............c.oooiiiiiiiiii it
1.4  Heterogeneous Electron Transfer Reactions........................
1.5 Uniform Film Modified Electrodes........................oooo.t.

2. MAGNETIC FIELD EFFECT ON PHOTOELECTROCHEMISTRY .

2.1

2.2

2.3

24

Theoretical Background ......... ... ... o
2.1.1 Photoelectrochemistry of Semiconductor Electrodes ........
2.1.2 Hydrogen Evolution Reaction (HER) on Silicon Electrodes.
2.1.3 Energy Conversion Efficiency .......................o.
Experimental ...... ...
2.2.1 Magnetic Particles .............oo i
2.2.2 Preparation of Silicon Electrodes ...........................
2.2.3 Preparation of Magnetically Modified Semiconductor
Electrodes ........oiuiiii
2.2.4 Experimental Set Up and Testing...........................
2.2.5 Time-resolved Microwave Photoconductivity Measurements
Results and Discussion ............cooiiiiiiiiiiiiiiiii ...
2.3 PH o
2.3.2 Crystallographic Plane............. ... i,
2.3.3 DODPING . .ot
2.3.4 Magnetic Particle Loading ...t
2.3.5 Modification of a Pt Electrode..............................
2.3.6 Energy Conversion Efficiency ......................o.
2.3.7 Impacts of Magnetic Modification on p-Si Electrodes.......
2.3.8 Surface Recombination Rate Measurements ................
2.3.9 Heterogeneous Electron Transfer Rates .....................
CONCIUSION . . . ettt

3. MAGNETIC FIELD EFFECT ON HETEROGENEOUS ELECTRON
TRANSFER ..

3.1

Experimental ...... ...

v



3.1.1 Computer Simulation ... 53

3.2 Results and Discussion ........... ..o 54
3.2.1 Hydrogen Evolution Reaction on n-GaAs Electrodes .............. 54
3.2.2 Hydrogen Evolution Reaction on Glassy Carbon Electrodes ....... 60
3.2.3 Hydrogen Evolution Reaction on p-Type Silicon Electrodes ....... 63
3.2.4 Summary of Data ... 64
3.3 Discussion and Conclusion...............ouiuiiiiiiiiiiiiiii ... 66
4. MAGNETIC FIELD EFFECT ON SELF EXCHANGE REACTION......... 69
4.1 Theoretical Background .......... ... ... i 69
4.1.1 Physical Diffusion and Hopping Diffusion in Electrochemical
SYSTEINIS . . e ettt 70
4.1.2 Determination of Apparent Diffusion Coefficients.................. 72
4.1.3 Determination of k., and the Arrhenius Plots ..................... 74
4.2 Experimental .. ... e 75
4.2.1 Magnetic Particles ... 75
4.2.2 Temperature Control ....... ... ... . i 7
4.2.3 Magnetic Susceptibility Measurements............................. 7
4.2.4 Experimental Setups..........oouiiiiiiii 78
4.3 Results ..o 79
4.3.1 Magnetic Susceptibilities. ..... ... 79
4.3.2 Rulbpy)st o 79
4.3.3 Activation Energy and Pre-exponential Factor of
Co(bpy)?/ % Self Exchange Reaction ..................ccco..... 88
4.3.4 Activation Energy and Pre-exponential Factor of
Co(bpy)?/ ' Self Exchange Reaction ............................. 91
4.3.5 Activation Energy and Pre-exponential Factor of
Os(bpy)?r/ % Self Exchange Reaction. .............oooveueeeeani... 91
4.4 Model for Magnetic Effects in Self Exchange Reactions .................. 94
4.4.1 Self Exchange Reactions ..............co ... 94
4.4.2 Transition State Theory (TST) for Self Exchange Reactions
without Magnetic Effects ....... ... . oo 96
4.4.3 General Considerations for Transition State Theory (TST)
That Includes Magnetic Effects ...t 99
4.4.4 TST Modified for Magnetic Effects in Self Exchange
Reactions of Singlet-Doublets................oooiiiiiiiiit, 101
4.4.5 TST Extended to Other Reaction Mechanisms and
Incorporation of Prepolarization of the Reactants ................ 108
4.4.6 Some Testing of the Model against the Data ..................... 117
4.5 ConCIUSION . . ottt 129
5. CONVOLUTION TECHNIQUE FOR THIN FILM ELECTRODES......... 131
5.1 Theoretical Background ......... ... .. . i 132
5.1.1 Derivation of the Convolution Responses ......................... 133
5.2 Mathematical Development of the Convolution Equations............... 138

\%



D.3  RESUILS oot 145

6. CONCLUSION AND FUTURE WORK ... ... 151
APPENDIX
A. COMPUTER SIMULATION FOR PHYSICAL DIFFUSION IN TO A
THIN FILM . .o e 153
A1 Experimental .. ... 153
A.2 Mathematical Description of the Model ................................. 153
A3 RESUIES ottt 162
A.4  Computer Code for Physical Diffusion into a Thin Film................. 165

B. COMPUTER CODE FOR HETEROGENEOUS ELECTRON
TRANSFER RATE CONSTANT ... 167

C. COMPUTER CODE FOR THIN FILM CONVOLUTION TECHNIQUE ...171
REFERENCES .. e 173

vi



Table

10.

11.

12.

13.

14.

15.

16.

LIST OF TABLES

Labels and specifications of p-Si wafers used to fabricate
semiconductor electrodes. . ...... ... .. . 20

Potentials at certain current densities on various magnetically
modified semiconductor electrodes. .......... .. ... .. il 28

Potentials at certain current densities on various Nafion modified
semiconductor electrodes . ....... .. 29

Potentials at certain current densities on various semiconductor
electrodes. . .. e 29

Potentials of 100a electrodes with various modifications when
photocurrent density at 0.2 mA/cm?. Electrolyte is pH 0, 1 M
HNO3 SOlution. . . . ..o e 33

Open circuit potential of 1M nitric acid solution with hydrogen
purging on Pt electrodes. .. ... ... ... . . 37

Surface recombination rate of Si, Nafion coated Si and
magnetically modified Si electrode caculated from nonlinear

AN, « ot 47
Ratio of estimated heterogeneous electron transfer rates for

magnetically and Nafion modified p-Si electrodes. .................... 48
Parameters used in the computer simulation. ........................ o4
Simulation parameters for magnetically modified n-GaAs electrode. .. ... 58
Simulation parameters for Nafion modified n-GaAs electrode. .......... 59

Simulation parameters for magnetically modified glassy carbon

electrode. . . ... 61
Simulation parameters for Nafion modified glassy carbon electrode. .. ... 62
Simulation parameters for magnetically modified p-Si electrode. ........ 65
Simulation parameters for Nafion modified p-Si electrode. ............. 66
Summary of k° and « data for noncatalytic electrodes and Pt. ......... 66

vil



17.

18.

19.

20.

21.

22.

23.

24.

Properties in common for the commercial Chemicell magnetite
microparticles. . ... ... ..

Properties specific to commercial Chemicell magnetite
microparticles. . ... ... ..

Magnetic Properties of Transition Metal Complexes. . .................
Volume magnetic susceptibility in c.g.s. for Simag particles.............

The slopes (slope) and intercepts (b) of the Arrhenius Analysis
for Various Commercial Particles. ........ ... .. .. .. .. .. .. .. ...

The slope (E,/R) and the intercept (In(A)) of the Arrhenius
Analysis for Co(bpy)2*/3+

The slope (E,/R) and the intercept (In(A)) of the Arrhenius
Analysis for Co(bpy)2t/ 1.

The slope (E,/R) and the intercept (In(A)) of the Arrhenius
Analysis for Os(bpy) 2t/ 3. . o

viil

[6)

76

78

86



Figure

LIST OF FIGURES

The general chemical structure of Nafion. ............. ... ... ...

Energy diagram of a p-type semiconductor and an electrolyte
containing a redox couple not yet in contact. Fermi energy level
(Ef) is established just above the valence band for a p-type
semiconductor. In this energy state, the flat band potential (Ey;)

equals the Fermi level.. .. ... ... ... .. .. .. . . . . .. .. . .

Energy diagram of a p-type semiconductor and an electrolyte
with redox couple in contact. When the two phases contact
each other, equilibrium is established and the extensive potential

gradient is formed in semiconductor. ............... ... .. .. .....

Energy diagram of a p-type semiconductor and an electrolyte
with a redox couple junction under illumination with energy
higher than the band gap of the semiconductor. Photons with
higher energy than the band gap energy generates charges and
the charges separate as they move apart along the the potential

gradient established in the semiconductor...................... ...

Current and voltage profiles of a p-type semiconductor
electrochemical cell. The solid blue line is a current response
when a cell is not illuminated. When a cell is illuminated,

the calculated ideal photocurrent is the dashed red line. The
green dotted line is a typical current voltage profile of a p-type
semiconductor electrochemical cell that shows high overpotential

due to slow reaction kinetic for electron transfer. ..................

A photograph of a cell set up. A semiconductor electrode (green
wire) is facing the fiber optic light guide. The fiber optic light
guide is touching the window of the cell while the SE is placed at
the blue line on the apparatus glass to fix the distance between

cel T

.13

... 16

TheIm. . e 22

Schematic of the experimental setup. .......... ... ... ... ... .. .... 23

The pH dependence of hydrogen photoelectrochemical evolution

on the 100a/M15/, and 100a// surfaces at pH 0, 1, and 13 under
illumination. 100a/M15/s are solid lines and 100a//s are dotted.
For better visualization on the linear sweep voltammograms, the

same pH is coded the same color. ........ ... .. ... . ... .. ... . ... 26

X



10.

11.

12.

13.

14.

15.

16.

LSVs of photoelectrochemical hydrogen evolution on 100a/,
110a/, and 111a/ electrodes in pH 0 solution, 1 M HNOj3. Power
of incident light on a surface of an electrode is 20 mW /cm?.
Labels correspond to the surface crystallographic plane. From
top to bottom figures, solid lines are LSVs of 20 % v/v magnetic
particle modified p-Si electrodes (100a/M20/0, 110a/M20/0, and
111a/M20/0). Dashed lines are Nafion modified p-Si electrodes
(100a/M0/0, 110a/M0/0, and 111a/M0/0). Dotted lines are p-Si

electrdoes (100a//0, 110a//0, and 111a//0). ...........c it

LSVs of photoelectrochemical hydrogen evolution on 100a/,
100b/, and 100c/ electrodes in pH 0 solution, 1 M HNOj3. Power
of the incident light on the electrode surface of an electrode is
20 mW /cm?. Labels correspond to doping level label 100a for
(a), 100b for (b) and 100c for (c) and they have resistivities

of 1 -4,0.5- 1.5, and 0.001 Qcm, respectively. From top to
bottom figures, solid lines are LSVs of 20 % v/v magnetic
particle modified p-Si electrodes (100a/M20/0, 100b/M20/0, and
100c/M20/0). Dashed lines are Nafion modified p-Si electrodes
(100a/M0/0, 100b/MO0/0, and 100c/M0/0). Dotted lines are p-Si

electrdoes (100a//0, 100b//0, and 100c//0). .. ..ccovvveei .

LSVs of hydrogen evolution on unmodified Pt (dashed red),
magnetically modified Pt (Pt/M20/0, solid black), and Nafion
modified Pt (Pt/M0/0, dotted blue) in 1 M HNOj3 with hydrogen

PULEINIE. o o ottt e e e e e e e e e e e e e e e e

The calculated efficiency profiles of the 100a/M15/0 (solid line),
100a/M15/1 (dotted line), and 100a/M15/13 (dashed line). The

efficiency (1) and voltage (V') are defined as in Equation 7. .........

Energy and current flow diagram of p-Si and solution interface

for the photoelectrochemical HER. ..............................

Energy and current flow diagram of p-Si, modification and

solution interfaces for the photoelectrochemical HER. ..............

Time-resolved microwave photoconductivity measurents. The
y-axis is the normalized intensity of the reflected microwave
power and the x-axis is time (s). The magnetic microparticle
Nafion suspension coated Si electrode and Nafion coated Si
electrode show similar and longer lifetime than the unmodified Si

electrode. . ...

Logarithm of normalized intensity versus time plot. Slopes
can be directly converted to time constants such that surface

recombination rates can be calculated. .. ........ ... .. .. .. ... ..

.31

o34

... 38

... 39

... 41



17.

18.

19.

20.

21.

22.

23.

Cyclic voltammograms for hydrogen evolution on n-GaAs
electrodes with magnetic modification (solid) and Nafion
modification (dotted). The potential of the magnetically modified
electrodes is 233 mV positive of the potential for Nafion modified

eleCtrodes . ..o,

Potential sweep voltammogram of hydrogen evolution on n-GaAs
electrodes with magnetic modification (dotted red) and Nafion

modification (dashed green). Blue solid line is computer simulated
current voltage profile for magneticaly modified n-GaAs electrode
where £k is 1.6 x 10713, Refer to Table 10 for more details about

the simulation parameters. . ........ ... ... .. . .

Potential sweep voltammogram of hydrogen evolution on
n-GaAs electrodes with magnetic modification (dotted red) and
Nafion modification (dashed green). Blue solid line is computer
simulated current voltage profile for Nafion modified n-GaAs
electrode where k° is 1.6 x 10715, Refer to Table 11 for more

details about the simulation parameters. .........................

Potential sweep voltammogram of hydrogen evolution on glassy
carbon electrodes with magnetic modification (dotted red) and
Nafion modification (dashed green). Blue solid line is computer
simulated current voltage profile for magneticaly modified GC
electrode where £° is 1.4 x 1071°. Refer to Table 12 for more

details about the simulation parameters. .........................

Potential sweep voltammogram of hydrogen evolution on glassy
carbon electrodes with magnetic modification (dotted red) and
Nafion modification (dashed green). Blue solid line is computer
simulated current voltage profile for Nafion modified GC electrode
where £° is 1.4 x 1071%. Refer to Table 13 for more details about

the simulation parameters. ........ ... ... ... . . ...

Potential sweep voltammogram of hydrogen evolution on

p-Si electrodes with magnetic modification (dotted red) and
Nafion modification (dashed green). Blue solid line is computer
simulated current voltage profile for magneticaly modified p-Si
electrode where k° is 2.01 x 107%. Refer to Table 14 for more

details about the simulation parameters. .........................

Potential sweep voltammogram of hydrogen evolution on

p-Si electrodes with magnetic modification (dotted red) and
Nafion modification (dashed green). Blue solid line is computer
simulated current voltage profile for magneticaly modified p-Si
electrode where k° is 2.01 x 107%. Refer to Table 14 for more

details about the simulation parameters. .........................

el

... 08

...h9

... 61

... 62

...64

...65



24.

25.

26.

27.

28.

29.

30.

31.

Schematic diagram of an electrochemical cell in a low viscosity

electrolyte. The three events central to the current response

are: potential at the electrode surface is applied, heterogeneous

electron transfer event occurs between the electrode and redox

probe in solution, and the redox reactant and product diffusion

toward and away from the electrode, respectively. .................... 72

Schematic diagram of an electrochemical cell with a high viscosity
medium at the electrode surface where physical diffusion is

slow and the redox probe concentration is high. This reduces
physical diffusion and enhances electron hopping or self exchange
diffusion, where the self exchange rate is k... The events central
to the current response are: potential at the electrode surface is
applied, heterogeneous electron transfer event occurs between the
electrode and redox probe in solution, and the redox reactant and
product diffusion toward and away from the electrode by physical
and hopping diffusion, respectively. In the extreme case, such as
in Nafion, physical diffusion is negligible as compared to hopping
diffusion. .. ... 73

Temperature program for the electrochemical cell. The

temperature is first lowered to 5 °C' and held for 1 hour. The

temperature is then raised to 75 °C' at a rate of approximately

10 °C'/hour. Cyclic voltammograms are recorded at various

temperatures along the temperature program. ....................... 76

Volume magnetic susceptibilies of purchased SIMAG particles.
C1 has highest magnetic susceptibility of 5.39 x 107% (c.g.s. scale). .. ... 80

Cyclic voltammogram of Ru(bpy)gLQ/ ™3 on various electrode

modifications. Nafion modificaton and C1, C3, C7 and C8
magnetic modifications are applied to each electrode as well as
Nafion only modification as a control............... ... ... ... ...... 81

Volume magnetic susceptibility versus ¢, at 21 °C. Peak current

is directly related to self exchange reaction rate constat (k.).

When magnetic susceptibility increases self exchange reaction

rate becomes faster then showing higher peak current (i,) for

Ru?t/3% at Toom temperature. . .. .......ouurr i 83

Peak currents (i,) of CVs at increasing temperature from 5 to
60 °C. Peak currents increase exponentially following Arrhenius
behavior. .. ... 84

Arrhenius plot of various electrode with individual modifications.

Slopes represents activation energy (E,) and intercept can be
converted to pre-exponential factor (A)......... ... ... i 85

xil



32.

33.

34.

35.

36.

37.

38.

39.
40.
41.
42.

43.

Activation energy (E,) of Ru(bpy)?*/3* self exchange reaction
versus volume magnetic susceptibility. When volume magnetic
susceptibility increases, activation energy of the reaction decreases. ... .. 87

In(A) of Ru(bpy)?*/3* self exchange reaction versus volume
magnetic susceptibility. When volume magnetic susceptibility
increases, activation energy of the reaction decreases. ................. 89

In(ke,) versus 1/T for Co(bpy)?/ " on magnetically modified
electrode and Nafion modified electrode. ............ ... .. ... ... ... 90

In (ke,) versus 1/T for Co(bpy)s™/"" on magnetically modified
electrode and Nafion modified electrode. ............................ 92

In(ke,) versus 1/T for Os(bpy)a™*" on magnetically modified
electrode and Nafion modified electrode. ............................ 93

In transition state theory, the reactants, A and B, come together

to form an activated complex [AB]. The complex is at higher

energy than the reactants or products by the free energy of

activation, AGH. . ... 97

For a self exchange reaction between a singlet (S) and a doublet
(D), a cage complex is formed, [SD'] where the spin is localized
on the doublet within the cage. The spin is then delocalized over
the entire cage complex by electron nuclear spin polarization

to form [SD]'. The isoenergetic electron transfer occurs within
the cage to form [DS]'. The cage with localized spin, [SD'],
has energy elevated slightly above the free energy of activation
in the absence of magnetic effects, AG%, to AG% + gHSp.

The spin delocalized cage complex has a slightly lower energy,
AG% —gHSp. In the Figure, the gray curve represents the barrier

when no magnetic effects are considered. . ............ .. .. .. . ... 103
Energetic states of TST with pre-polarization. ................... ... 109
Equation 85: slope vs H. ... .. 118
Equation 84: bvsIn H. .. ... 120
Equation 109: slope(M) - slope(N) vs H........... ... ... 123

slope 4 versus ¢S for the Nafion films and C1 magnetic composites.
AH} may be different for the Co(bpy)g/ ' couple. The g value for

the radical radical reaction is taken as Ag = |gc, )2 — Ico(py)

where the g-value for Co (bpy):l,, is approximated as 2. ................ 124

xiil



44.

45.

46.

47.

48.

49.

50.

ol.

Al.

A2.

Relationship between b(M) - b(N) vs slope(M) - slope(N). ............ 126
Entropy Analysis for Arrhenius Intercept with ¢gS.................... 128

Concentration profile of thin film modified electrode where redox

probe present in solution at concentration c? partitions across

the film solution interface such that the initial concentration in

the film is kc¥. At the electrode surface, probe is electrolyzed.

The x-axis is the distance from the electrode and the y-axis is the
concentration of the redox probe. [ is thickness of film and

is the extraction parameter. Profiles are shown for steady state

electrolysis. . ... .. 132

Cyclic voltammogram (green) and its convoluted current-voltage

plot (blue) for semi-inifinite linear diffusion at an unmodified

electrode. The y-axis is the dimensionless current and the

dimensionless convoluted current. The x-axis is potential.

The CV is generated by computer simulation and convoluted
computationally.. ... ... ... 134

Computer simulated cyclic voltammogram when w = 0.999 and

b = 1.2 (solid) and its convoluted current with the semi-inifinite

equation technique (dashed). The convolution for the uniform

film equation yields the sigmoidal response shown with the dotted

e, oo 146

Computer simulated cyclic voltammogram when w = 0.999 and

b = 3.5 (solid) and its convolution by the semi-infinite convolution

expression (dashed) and with uniform film convolution (dotted).

The uniform film convolution plot shows clear sigmoidal response

whereas the semi-infinite convolution does not. . ..................... 147

Computer simulated cyclic voltammogram when w = —0.8 and

b = 2.5 (black solid) and its convolution by the semi-infinite

algorithm (blue dashed) and the uniform film convolution (dotted

red) are shown. The uniform film convolution plot shows a clear

sigmoidal response. .. ... 148

Computer simulated cyclic voltammogram when w = —0.8 and
b = 0.25 (black solid ) and its convolution plot by semi-infinite
(blue dashed) and uniform film (dotted red) convolution . The
uniform film convolution plot shows clear sigmoidal response. ......... 149

Concentration profile when the film is in loading over time. The
x-axis is distance and the y-axis is concentration .................... 154

Normalized peak current at an electrode surface versus time when
Ru(bpy)3" diffuses in Nafion matrix. ................coiiiiiin.... 163

Xiv



A3. Computer simmulated peak current response with time when.
Dy =8x107% em?/s, Dy = 8 x 107° cm?/s, r = 20, C* = 0.05
and [ = 0.006 CI. . ..ot

XV



CHAPTER 1

INTRODUCTION

As demands for sustainable energy increase, molecular hydrogen becomes a
strong candidate as a next generation fuel. However, hydrogen as a fuel is not
realized because its production and environmental cost are higher than that
of petroleum energy even when hydrogen is produced by the most advanced
technologies. Among the technologies, a photoelectrochemical cell is a system that
can produce hydrogen in the most sustainable way with high efficiency because it
directly converts solar energy to chemical energy that is then stored as molecular
hydrogen. Thermodynamically, electrochemical energy conversion is more efficient
than conventional energy conversion system such as combustion engines whose
maximum efficiency is limited theoretically by the Carnot cycle.

However, slow electron transfer kinetics limit the practicality of these
electrochemical systems. Electron transfer kinetics are involved in all electrochemical
energy conversion systems. Photoelectrochemical solar to electric or chemical energy
conversion also suffers from slow kinetics although they are thermodynamically more
advantageous than any other energy production methods.

Electrons have two properties, one is charge and the other is spin. Magnetic field
effects on electron transfer events have been reported between paramagnetic species
as well as between para- and diamagnetic species by Shelley Minteer [1] and Wayne
Gellett [2]. Magnetic fields improve the kinetics of electron transfer events.

Here, solar to chemical energy conversion under magnetic fields will be discussed

as well as fundamental aspects of magnetic field effects on electron transfer kinetics
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that include homogeneous self exchange reactions and heterogenous electron transfer
reactions. Homogeneous electron transfer occurs in a single phase as in solution or
in the solid state. Heterogeneous electron transfer occurs across an interface, such as

across the electrode|solution interface.

1.1  Magnetic Field Effects on Electrochemical Systems

At room temperature, magnetic fields influence chemical systems through
dynamics [3-9]. Effects on transport, that include magnetohydrodynamics (MHD)
and gradient magnetic field effects, have been achieved by placing electrodes in an
externally applied magnetic field [10-14]. Incorporation of a permanent magnetic
field at the electrode surface provides advantages of experimental simplicity and
reduced weight. Magnetically modified electrodes can sustain a permanent magnetic
field because magnetic microparticles are either attached to the electrode surface or
incorporated into the electron conductor that is the electrode itself. In a number of
systems, magnetic modification of electrode surfaces increases electrochemical flux
as compared to electrodes without magnetic modification [15-23].

On the other hand, electron transfer kinetic enhancements at magnetically
modified electrodes are also reported when physical diffusion in a polymer matrix are
limited by restricted motion of redox couples trapped in a polymer matrix and redox
couples are adsorbed on an electrode surface. Improved homogenous outer sphere
electron transfer kinetic of transition metal complexes trapped in a polymer matrix
was demonstrated by Minteer [1] and Gellett [2]. Gellett also reports enhanced

heterogeneous electron transfer kinetic for oxidation of adsorbed carbon monoxide
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at magnetically modified Pt electrodes [2]. Magnetic modifications are also reported
for polymer electrolyte fuel cell electrodes [24], nickel hydroxide|nickel oxyhydroxide
electrodes of nickel metal hydride and nickel cadmium batteries [25], and manganese
dioxide electrodes of alkaline primary batteries [26-28].

Here, magnetically modified silicon photoelectrodes, non-catalytic electrodes are
presented, as are models for homogeneous electron transfer under magnetic fields.

1.2 Photoelectrochemical Hydrogen Evolution
Reactions

Since Fujishima and Honda first demonstrated photoelectrochemical water
splitting [29], research has been conducted to improve the dynamics and systems of
semiconductor photoelectrochemistry. Bard et. al. suggested a conceptual design
for an optimized photoelectrochemical cell [30]. Lewis reviewed and explained the
physicochemistry of heterogeneous electron transfer kinetics at a semiconductor
electrode surface and an electrolyte junction [31]. Turner reviewed hydrogen
production and demonstrated a photoelectrochemical water splitting system that
uses two different semiconductors for the photoanode and photocathode [32,33].

Although a photoelectrochemical cell can provide photoenergy conversion
efficiency of up to 17 % for the generation of electrical energy and 10 % to fuels
conceptually, much remains to make a photoelectrochemical energy conversion a
practical system [34].

A key component of a photoelectrochemical cell is the semiconductor electrode.

Silicon is an effective photoelectrode because of its excellent thermodynamic



properties for energy conversion as compared to other semiconductor materials.
Silicon has an optimized band gap to harvest the solar spectrum. To produce
molecular hydrogen by reducing water, a p-type semiconductor is required as its
photogenerated minority carriers, electrons, drive photoreduction.

A major limitation of photoelectrochemical hydrogen evolution on the
p-Si photocathode is that the heterogeneous electron transfer kinetics from
photogenerated electrons in a p-type silicon to adsorbed protons on the surface of the
p-type silicon are too slow to drive the photoelectrochemical reduction. Slow kinetics
could arise from surface recombination between photogenerated electrons and holes
on silicon surface defects sites and from sluggish heterogeneous electron transfer
events. Therefore, if the reaction rate on p-Si is increased, hydrogen production is
enabled at lower cost.

There have been various approaches to improve the rate of hydrogen
photoreduction at p-Si. A notable modification to the p-Si surface was performed by
M. Szklarczykt and J. O’M. Bockris [35], who coated surfaces with various metal
catalysts and achieved a quantum efficiency of 1.4 % with a nickel coating. Although
coating with catalysts could make photoelectrosynthetic hydrogen evolution possible,
desirable efficiency and stability of such coatings are not yet achieved.

A quantum efficiency is a percentage of the number of separated charges over
the number of photons hitting the surface of a device whereas an energy conversion
efficiency is a percentage of the produced energy from the device over total light

energy given to the device.



1.3 Self Exchange Reaction

A self exchange reaction is electron transfer reaction between two molecules

identical except for different charge states.

Mn +Mn+1 : Mn+1 +Mn

M™ is a metal with charge of n. M"™ and M™™! are two halves of a single redox
couple. The electron transfers results in an effective transposition of M"™ and
M"™t. The rates of the forward and backward reactions are the same. The rate
constant for a self exchange reaction (k) is a parameter important to the analysis
of magnetic field effects on kinetics. This rate can be measured spectroscopically
and electrochemically. Here, the self exchange reaction rate constants are measured
electrochemically by measuring the hopping diffusion rate of transition metal
complexes embedded in a Nafion matrix where physical diffusion is restricted and
probe concentration is high. When magnetic microparticles are also embedded in
Nafion, the self exchange rates increase. A model based on activated complex theory
is presented. By measuring the self exchange rate constants at various temperatures,
more detailed physical parameters in the rate constants are determined. Impacts of

magnetic fields on homogeneous electron transfer rates are discussed.

1.4  Heterogeneous Electron Transfer Reactions

Heterogeneous electron transfer is a reaction that involves electron transfer across
the interface between an electrode and the electrolyte that contains the redox

probe. According to Marcus theory, this heterogeneous electron transfer reaction



rate constant can be derived from the rate of the self exchange reaction of the
redox couple involved in the heterongenous reaction if the reaction is an ideal,
outer sphere electron transfer reaction [36]. The hydrogen evolution reaction is an
adsorbate reaction and there is no appropriate way to estimate or calculate the
heterogeneous rate constant from its homogeneous rate constant. On a platinum
electrode, hydrogen evolution is catalytic and the heterogeneous electron transfer
rate is reversible; that is the electron transfer is fast relative to the rate of the
measurement and mass transport. Therefore, at normal measurement time scales,
further enhancements in the electron transfer rate are not anticipated. However, on
a noncatalytic electrode, hydrogen evolution kinetics are slow (quasireversible or
irreversible). On noncatalytic surfaces, electron transfer kinetics are enhanced by
magnetic modification.

Here, the rates of hydrogen evolution reactions on noncatalytic electrodes such as
glassy carbon (GC) electrodes and n-type gallium arsenide (n-GaAs) electrodes have
been studied to demonstrate the effects of magnetic field on heterogeneous electron

transfer reactions.

1.5  Uniform Film Modified Electrodes

Nafion is used ubiquitously to modify electrodes. Because Nafion provides slow
physical diffusion and high concentrations, it is a matrix commonly involved in
studies of magnetically modified electrodes. The importance of understanding the
properties of Nafion modification on electrodes cannot be overstated. Nafion is a

well known ion exchange polymer. The chemical structure of Nafion is shown in
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Figure 1. The general chemical structure of Nafion.

Figure 1.

When an electrode coated with Nafion is placed in an electrolyte solution
containing a redox probe, the probe partitions between the Nafion film and the
electrolyte. The process is characterized by an extraction parameter (k). During
electrolysis of the probe, the diffusion profiles at the film solution interface are
coupled through k. Schematic of the system is shown in Figure 46 (page 128).

Solution of Fick’s second law by Laplace transform gives an exact solution of the
diffusion profile of this electrochemical system. This solution is the basis for the
convolution analysis protocol described below.

Convolution, also known as the semi-integration, allows easier and more straight
forward interpretation of many types of electrochemical sweep voltammograms than
unprocessed current and voltage data analysis. It can be also used to eliminate
unwanted charging capacitance and rapid assessment of reaction kinetics [37].

Here, the convolution technique for uniform film modified electrodes is modeled
mathematically. Exact solution of the diffusion profiles is provided by Laplace
transform. The resulting equations are computationally coded in Matlab,

mathematical programming software, and used to fit experimental data as a means
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to demonstrate the method for assessing film parameters of partition coefficient (k),

diffusion coefficients in the film (D) and solution (D;), and film thickness ({).



CHAPTER 2

MAGNETIC FIELD EFFECT ON PHOTOELECTROCHEMISTRY

When semiconductors are irradiated by light, photons with higher energy than its
band gap separate charges, electrons and holes, into a conduction band and a valence
band, respectively. These separated charges flow along the potential gradients
formed in the semiconductor and can drive reactions on the surface of the electrode
in contact with the electrolyte. Possible reactions include catalysis and synthesis
and these reactions are widely called photoelectrochemistry.

The hydrogen evolution reaction is of great current interest because hydrogen
is an excellent source of alternative fuel. A photoelectrochemical cell can generate
hydrogen by conversion of light energy. Sunlight is the most sustainable means of
energy generation on the earth. However, slow reaction kinetics on the semiconductor
surface is the major obstacle to the practicality of this reaction. Here, we improve
reaction kinetics by modifying semiconductor electrodes with magnetic particles that

establish magnetic fields.

2.1  Theoretical Background

By definition, a semiconductor is a material for which conductivity increases with
increased temperature. Semiconductors have a band gap in their electronic energy
states. The lower band is called the valance band and the upper band is called the
conduction band.

An intrinsic semiconductor has equal density of electrons and holes because when
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an electron is generated in the conduction band, a hole is simultaneously generated
in the valence band. The Fermi level is the average energy of carriers and is midway
between the conduction band and the valence band energies. (See Figure 77.)

When a intrinsic semiconductor is doped with an electron rich dopant, the
majority carriers are electrons and the Fermi level is established just below the
conduction band. This is an n-type semiconductor. When an intrinsic semiconductor
is doped with electron poor dopant, the majority carriers are holes and the Fermi
level is established just above valence. This is called a p-type semiconductor.

Semiconductors are integral to photoelectrochemical cells. Light energy
greater than the band gap energy separates charges (electrons and holes) in the
semiconductor and photoelectrochemical cells use the potential of the separated
charges to drive reactions. When the band gap is 1.2 - 1.4 V, solar energy conversion
efficiency is theoretically maximized [38]. If the band gap of the semiconductor is
smaller than the theoretical optimum, the semiconductor harvests more photons,
but the operation potential of the cell is smaller and corresponds to a smaller band
gap. If the band gap is larger than the theoretical optimum, the electric potential
of the separated charges is higher but the number of photons the semiconductor can
harvest is reduced and overall efficiency drops.

2.1.1 Photoelectrochemistry of Semiconductor
Electrodes

Figure 2 shows the energy diagram of a p-type semiconductor on the left side

and a redox couple in an electrolyte on the right side. Fermi energy level (Ey) is
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established just above the valence band for a p-type semiconductor. In this energy
state flat band potential (Ef,) equals the Fermi level. When the electrolyte and
semiconductor make contact, their potentials equilibrate and a potential gradient
is generated in the semiconductor because an electrical double layer forms in the
semiconductor near the semiconductor electrolyte interface. Because the number of
energy states on the electrolyte side is greater than the number of energy states in
semiconductor, the Fermi level of the semiconductor moves to the Fermi level of
redox couple in the electrolyte. Electrical double layers form on the electrolyte side
as well, but its effects are negligible as compared to the extensive potential gradient
in the semiconductor. Figure 3 represents the equilibrium state between a p-type
semiconductor and an electrolyte junction.

If a p-type semiconductor is illuminated with light, photons with higher energy
than the band gap energy separate charges into the conduction band and the valance
band. Separated electrons are dragged toward the electrode surface by the potential
gradients whereas holes are dragged to the back side of the semiconductor electrode.
The electrons with higher potential than the redox potential of the redox couple in
the electrolyte can drive an electrochemical reaction. Figure 4 shows the schematic
procedure of the photoelectrochemical reaction.

The flat band potential (V) is the potential when there is no potential gradient
in the semiconductor, so there is no band bending and valence and conduction
bands are flat. For p-type semiconductors, when the potential is swept from positive
to negative potentials, the photoelectrochemical reaction can be driven from the

flat band potential (V). The flat band potential can be measured from the onset
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Figure 2. Energy diagram of a p-type semiconductor and an electrolyte containing a
redox couple not yet in contact. Fermi energy level (E;) is established just above the
valence band for a p-type semiconductor. In this energy state, the flat band potential
(Efb) equals the Fermi level.
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Figure 3. Energy diagram of a p-type semiconductor and an electrolyte with redox
couple in contact. When the two phases contact each other, equilibrium is established
and the extensive potential gradient is formed in semiconductor.
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potential of the reduction reaction or an AC impedance measurement. Because
the onset potential measurements are not accurate in most cases due to slow
electron transfer kinetics, and corresponding high overpotential, AC impedance
measurements are widely used.

A ideal photoelectrochemical process of a p-type semiconductor can be described

by Equation 1.

=t o () -1 0

[=—I, [exp (%) _ 1} @)

I, is the photocurrent that approximately equals the photon flux; V' is the applied
potential (V); ¢ is charge on the carrier; k is the Boltzman constant (J/K); and T
is temperature (K). I can be interpreted as the exchange current density (s71), a
measure of the heterogeneous electron transfer between the majority carrier (holes)
and the reduced species of redox probe in solution [31]. Details of I are described

in Equations 3, 4 and 5.

Iy = hyC (3)
C = qAkg|R]; (4)
hso = hb exXp (_%) (5)

A is an electrode area (cm?); k. is the electron transfer rate constant (cm?/s); [R],
is the concentration of an reduced species at the surface of an electrode (cm™3); Vi,
is the built-in potential due to the potential gradient (V); h; is the concentration

of majority carriers (holes) in a bulk p-type semiconductor (cm™2); and h,, is the
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Figure 4. Energy diagram of a p-type semiconductor and an electrolyte with a redox
couple junction under illumination with energy higher than the band gap of the
semiconductor. Photons with higher energy than the band gap energy generates
charges and the charges separate as they move apart along the the potential gradient
established in the semiconductor.

concentration of majority carrier (holes) at the surface of the electrode (cm™3) at
equilibrium.

Figure 5 shows current voltage profiles of p-type semiconductor electrochemical
cells. The solid blue and red lines are calculated ideal current voltage profiles for
fast electron transfer kinetics when a cell is under dark conditions and when a cell is

illuminated, respectively. The green dotted line is a typical current voltage profile
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Figure 5. Current and voltage profiles of a p-type semiconductor electrochemical cell.
The solid blue line is a current response when a cell is not illuminated. When a cell is
illuminated, the calculated ideal photocurrent is the dashed red line. The green dotted
line is a typical current voltage profile of a p-type semiconductor electrochemical cell
that shows high overpotential due to slow reaction kinetic for electron transfer.

of p-type semiconductor electrochemical cell in most cases. To drive a reaction, the
system needs a high over potential to overcome slow reaction kinetics. Overpotential
is any voltage applied in excess of the thermodynamic potential that is used to over
come a resistance, such as resistance to electron transfer and resistance to mass

transport. For ideal cases, the current voltage profiles are plotted using Equations 1

and 2 for light condition and for dark condition, respectively.
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2.1.2 Hydrogen Evolution Reaction (HER) on Silicon
Electrodes

Although a current voltage profile of a semiconductor should represent a rectifying
current, silicon (Si) does not show clear rectifying behavior because of silicon
chemistries under oxidizing conditions. When silicon is oxidized, as in the anodic
current area, it tends to be silicon dioxide (SiOg). The silicon dioxide layers act
as insulators and prevent the electrode from further electrochemical reaction.
Hydrofluoric acid (HF) is traditionally used to evaluate silicon under anodic
conditions because HF dissolves the silicon oxide layer. For the hydrogen evolution
reaction (HER), only the cathodic current is of interest and the anodic current area

is not interrogated voltammetrically.

2.1.3 Energy Conversion Efficiency

Photoconversion efficiencies, 7, of three-electrode photoelectrochemical cells are

calculated as

X V
n(%) = 100 x % (6)
V = Epeas— E (7)

where [; (W/cm?) is the power density of the incident light, and the photocurrent
density, j, (A/cm?), is the current density measured at a potential, F,cqs (V). F is
the thermodynamic potential of the hydrogen evolution reaction in a given system.
Because open circuit potential of hydrogen evolution on p-Si cannot be determined in

the absence of hydrogen, E is measured from a hydrogen evolution current-potential
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profile on a platinum electrode at the same pH.

00591, Py
E=FE"— 5 log{H;]Q (8)

As shown below, photoconversion efficiencies on p-Si can only be calculated for
the magnetically modified semiconductor electrodes. Only the magnetically modified
p-Si demonstrate economically feasible light energy to hydrogen. To evolve hydrogen
with the p-Si photocathode in either acidic or basic solution, higher overpotential
is needed than the thermodynamic potential for hydrogen evolution on a platinum
electrode, so the photoconversion efficiency is negative. On a magnetically modified
p-Si electrode under illumination, the potential applied to generate hydrogen is
less than the potential applied at platinum, so the photoconversion efficiencies are
positive. The lower applied potential at magnetically modified p-Si reflects the

efficiency of conversion of light energy into electrochemical energy.

2.2 Experimental

2.2.1 Magnetic Particles

Magnetic microparticles previously made in house were prepared [1,2,39].
Magnetite (Fe3O,4) particles (Aldrich, < 5 pm) were ball milled in hexane for 20
minutes to a uniform particle size. The ball milled magnetite particles (1 g) were
then added to a mixture of toluene (10 mL) and (3-aminopropyl)trimethoxysilane
(10 mL; Alfa Aesar) in a 20 mL screw-cap vial, and the mixture was agitated by

slow rotation of the vial for 4 hours. The supernatant was decanted and the particles
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were washed with toluene (3 x 20 mL). The particles were dried overnight in a
vacuum oven at 70 °C. Ethylene glycol diglycidyl ether (10 mL) and deionized water
(10 mL) are added into the vial containing the dried particles and the mixture was
agitated by slow rotation (730 rpm) of the vial for 4 hours. The particles were then
rinsed with deionized water (3 x 20 mL), dried overnight in a vacuum oven at 70
°C, and stored in a capped vial. Thickness of the encapsulation was controlled by
amount of added reagents. As prepared here, the siloxane encapsulated magnetic
particles were less than 5 pym in diameter. The sizes of magnetic particles were little
changed by the coating. The thickness of the siloxane coating was about 10 to 30
A that was determined by thermal gravimetric analysis (TGA) [2]. Properties vary
from batch to batch and coating thickness and size of the particle can vary by batch.
However, scanning electron microscope (SEM) images determine typical diameters

of the coated magnetic particles were about 4 - 5 pm.

2.2.2 Preparation of Silicon Electrodes

Five kinds of p-type silicon were used to fabricate semiconductor electrodes. For
p-Si with a (100) surface, wafers of resistivity of 1 - 4 Qcm (ITME), 0.5 - 1.5 Qcm
(ElCat) and 0.001 - 0.005 Qcm (ElCat) were purchased. For p-Si with (110) and
(111) surfaces, wafers of resistivity of 2 - 4 Qcm (ElCat) and 3 - 6 Qcm (ITME) were
purchased, respectively. Refer to Table 1 for details. Labels and specifications of
p-Si wafers used to fabricate semiconductor electrodes are shown in Table 1 as well.
Notations of a, b and ¢ were categorized by resistivities: a was within 1 - 10 Q2cm, b

was 0.5 - 1.5 Qc¢m, and ¢ was 0.001 - 0.005 2cm.
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Table 1. Labels and specifications of p-Si wafers used to
fabricate semiconductor electrodes.

Label Surface Resistivity (Q2cm) Thickness (um) Vendor
100a _ (100) 1-1 200 TTME
100b (100) 0.5-1.5 355 - 405 ElCat
100c (100) 0.001 - 0.005 380 £ 52 ITME
110a  (110) 24 355 - 405 ElCat
111a (111) 3-6 380 £ 25 ITME

To fabricate semiconductor electrodes, p-type silicon wafers were cut to 5 mm by
5 mm with a diamond scribe. The cut silicon semiconductor chips were cleaned to
remove organic residues by industrial standard RCA—1 cleaning procedure followed
by RCA-2 etching procedure [40].

Ga-In eutectic (Aldrich, 99.99+%) was brushed onto the completely cleaned and
etched silicon surface to achieve an ohmic contact with an electric wire, which was
attached by conductive silver epoxy (Circuitworks, CW2400) [35].

The side with the electric wire became the back side of the electrode, whereas
obverse was the electroactive electrode surface. The silver epoxy was cured for over
4 hours in oven at 70 °C. The exposed silver epoxy and silicon on the back side
was completely covered by nonconductive epoxy resin (LOCTITE, 1C) to stabilize
the wire and to confine the exposed area to the front, electrode surface. The
nonconductive epoxy was allowed to set for 6 hours at 70 °C.

After the electric wire was attached on the back side of the silicon chip, the
electrode surface was cleaned and etched again following the RCA-1 and RCA-2
procedures just before experiments were run. Some electrodes are modified with

magnetic materials and unmodified electrodes were used as controls.
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2.2.3 Preparation of Magnetically Modified
Semiconductor Electrodes

For magnetically modified semiconductor electrodes, the electrode surfaces of
cleaned semiconductor electrodes were coated with a suspension of Nafion (3.60 pl;
Aldrich, 5 % wt/vol, 1,100 eqwt) that contained magnetic microparticles at 0%, 15%
and 20% v/v in suspension. The coatings were dried on the electrode surface within
an external magnetic field for 15% and 20% v/v magnetic modification and without
an external magnet for 0% modification to form a 6 pm-thick coating. The external
magnetic field was applied with an NdFeB ring magnet (o.d. = 3.0 in.; i.d. = 1.5
in.; and 0.5 in. thickness) placed around the electrode surface. Thickness of the
coating was estimated from literature values of densities of dried and fully hydrated
Nafion and of magnetic particles [41] as well as a density of Nafion suspension from
the manufacture’s manual.

Fabricated electrodes were labeled as follows: "a labeling of p-Si wafer" / "a
symbol of coating material and magnetic particle content" / "a pH of a solution".
For example, an uncoated semiconductor electrode made with 100a wafer in pH 1
solution was labeled "100a//1"; if the electrode was coated with 15 % v/v magnetic
particles in Nafion, it was labeled "100a/M15". Then, if is 100a/M15 placed in a

solution of pH 13, it was labeled "100a/M15/13".

2.2.4 Experimental Set Up and Testing

A three-electrode electrochemical cell was used to measure the potential and

current profile for hydrogen evolution. The working electrode was a prepared
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Figure 6. A photograph of a cell set up. A semiconductor electrode (green wire) is
facing the fiber optic light guide. The fiber optic light guide is touching the window
of the cell while the SE is placed at the blue line on the apparatus glass to fix the
distance between them.

semiconductor electrode (0.25 ¢cm?), with or without magnetic modification. The
counter electrode was a high surface area platinum wire mesh, and the reference
electrode was a saturated calomel electrode (SCE). Potentials were reported versus
SCE, unless otherwise noted.

A home made glass apparatus was used as the cell volume. The container cell
had flat glass windows on the side and on the bottom. The working, reference and
counter electrodes and an electrolyte solution were placed in the cell. The surface
of the working electrode was faced toward either the bottom or side window. The
output of a light guide was set touching the outside of the window of the cell where
the working electrode was placed. The distance between the output of the light
guide and a working electrode was carefully set at 1.2 cm by adjusting the clamp on

the working electrode, Figure 6.
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Figure 7. Schematic of the experimental setup.

A working electrode was irradiated by an Oriel 150 W Xe arc lamp solar simulator
through the light guide. The working electrode was placed at the distance from the
output of the light guide where the light intensity is 20 mW /cm?. The light intensity
was measured by a power meter (Thorlabs, PM10), Figure 7.

Linear sweep voltammograms (LSVs) were recorded with a potentiostat
(CHinstrument 760b) to monitor current-potential profiles for the hydrogen
evolution reaction on various electrodes in various electrolytes. The scan rate was
0.100 V/s and potential was swept within a 2 V to -2 V window from positive
potential to negative potential so as to drive the proton reduction reaction. Open
circuit potential measurements were performed with the same potentiostat.

2.2.5 Time-resolved Microwave Photoconductivity
Measurements

Surface recombination rates are measured by time-resolved microwave
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photoconductivity measurements. An intrinsic silicon wafer with a (111)
crystallographic surface plane, resistivity of 1200 - 3000 Qcm and thickness of
300+29 pm was used for sample preparation. The wafer was cut approximately 1
cm by 1 cm and modified with only Nafion or magnetic particles (Simag-methyl,
chemicell. GmbH) in Nafion suspension. The thicknesses of the modification are
6 pm. A total of six samples were prepared and three were modified with only
Nafion and the other three were magnetically modified.

The photoconductivity measurement system was provided by Professor Stephen
Maldonado at the University of Michigan, Ann Arbor. Excitation pulses were
generated by a Continuum Minilite Nd:YAG laser operating at A\ = 1064 nm with
a full-width at half-maximum of <10 ns. A frequency of 24 GHz microwave was
generated by a HP 8350B Sweep Oscillator with a 83570 A module. The reflected
signal was detected by a Schottky detector connected to a Tecktronix TDS 1002B
digital oscilloscope. The decays were fit with a single exponential function to
determine the effective time constant for the lifetime of separated charges in the

silicon wafers.

2.3  Results and Discussion

Effects of magnetic modifications of p-Si photocathode surfaces are demonstrated
here. First, there is a magnetic effect consistent with pH. In pH 0 solution, the
100a/M15/0 photocathode shows maximum 6.2% light to chemical energy conversion
efficiency. Second, it is shown that a magnetic effect is not surface crystallographic

planes dependent. Third, doping level dependence on the magnetic modification
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follows the general concept that when the doping level is too high and resistance
is correspondingly too low, a semiconductor behaves like a metal and loses its
photocathodic properties. Fourth, the magnetic particle loading experiments show
protons extracted into Nafion enhance the proton concentration at the electrode and
shift the band edge potentials as well as the flat band potential. When magnetic
particles are included in the Nafion, the potential of the hydrogen evolution is shifted
further to positive.

Furthermore, a comparison of hydrogen evolution on magnetically modified
p-Si and on platinum electrodes with the same magnetic modification leads to
the conclusion that the magnetic field is the larger effect as compared to the
proton concentration effect of the Nafion. The magnetic field effect enhances the
heterogeneous electron transfer rate by suppressing entropy of the electron spin and

lowering the height of the activation energy barrier.

2.3.1 pH

To investigate the pH dependence of the hydrogen evolution reaction on a
magnetically modified semiconductor electrode (MMSE) and a semiconductor
electrode (SE), solutions of pH 0 and pH 1 are made with 1 M and 0.1 M HNO3,
respectively, and a pH 13 solution is made with 0.1 M NaOH. For the MMSE,

15 % v/v composite of magnetite microparticles in Nafion is coated on the surface of
a p-Si electrode made with 100a p-Si wafer, labeled 100a/M15. The pH dependence
of photohydrogen evolution on the 100a/M15 and the 100a/ as voltage is polarized

and current is measured is shown in Figure 8 and some data are summarized in
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Figure 8. The pH dependence of hydrogen photoelectrochemical evolution on the
100a/M15/, and 100a// surfaces at pH 0, 1, and 13 under illumination. 100a/M15/s
are solid lines and 100a//s are dotted. For better visualization on the linear sweep
voltammograms, the same pH is coded the same color.
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Tables 2 and 4.

In Figure 8 for pH 0, the onset of hydrogen evolution is measured at a current
density of 0.2 mA/cm? for 100a/M15/0 (solid line) occurs at 0.689 V whereas
the onset of hydrogen evolution of the 100a//0 (dotted line) occurs at -0.584 V.
The onset potential of unmodified 100a//0 is 1.276 V more negative than that of
magnetically modified 100a/M15/0.

For the magnetically modified electrode, there is no overpotential for hydrogen
evolution. In general, unmodified p-Si has too high an overpotential to allow efficient
hydrogen evolution as can be seen on the 100a//0. Whereas the overpotential on the
100/M15/0 is small enough to realize reasonable light conversion efficiency.

The onset potential of 100a/15M/0 is at more positive potential than the flat band
potential typically measured on unmodified p-Si. Shifts in the flat band potential
have been reported with solution pH and surface modification. The reported shifts
with pH are typically measured as 30 - 90 mV /pH unit [42]. The large shifts here
arises from both pH of solution and immobilization of protons in the Nafion matrix.
Shift of band edge is illustrated in Figure 14 (page 41).

In the Figure 8 for pH 1, the onset of hydrogen evolution measured at 0.2 mA /cm?
at the 100a/M15/1, solid line, is at 0.455 V whereas the onset of hydrogen evolution
of the 100a//1, dashed line, also measured at 0.2 mA/cm? occurred at -0.771 V.
The onset potential of unmodified 100a//1 is 1.226 V more negative than that of
the modified 100a/M15/1. The current amplifier on the potentiostat overloaded
at -0.6 V when current density reaches 4 mA /cm? for the 100a/M15/1, when the

current density for the 100a//1 is approximately 20 fold lower. This markedly higher
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Table 2. Potentials at certain current densities on various magnetically modified
semiconductor electrodes.

E(V vs SCE) for hydrogen evolution
Experimental set up at different current densities (mA /cm?)

surface resistivity Loading pH Label 0.2 1 2 3

(100) a 15 0 | 100a/M15/0 | 0.689 0.492 0.318 0.165
(100) a 15 1 | 100a/M15/1 | 0.455 0.042 -0.331 -0.656
(100) a 15 13 | 100a/M15/13 | -0.250 -1.025 -1.171 -1.174
(100) c 20 0 | 100c/M20/0 | -0.483 -0.895 -0.976 -

(100) b 20 0 | 100b/M20/0 | -0.092 -0.295 -0.401 -0.454
(100) a 20 0 | 100a/M20/0 | -0.146 -0.324 -0.533 -0.591
(110) a 20 0 | 110a/M20/0 | -0.106 -0.278 -0.38 -0.416
(111) a 20 0 | 111a/M20/0 | -0.134 -0.334 -0.339 -0.436

current for the MMSE is consistent with a significant increase in efficiency for the
MMSE device.

Similar effects are observed in pH 13 basic solution. The reduction potential
shifts to negative as expected by the Nernst equation and the flat band shift. In
Figure 8 at pH 13, the onset of hydrogen evolution measured at 0.2 mA/cm? at the
100a/M15/13, solid line, is at -0.250 V whereas the onset of hydrogen evolution
of the 100a//13, dashed line occurred at -1.359 V. The onset potential of the
unmodified 100a//0 is 1.109 V more negative than that of the magnetically modified
100a/M15/13.

From the Nernst equation for hydrogen, a change in pH of 13 units should lead
to a potential shift of about -0.6 V. Both MMSE and SE shift potential consistent
with a Nernstian change in pH. At each pH, the MMSE shows onset of hydrogen
evolution at 1.2 V positive of the corresponding SE.

By comparison of the linear sweep voltammograms (LSVs) of 100a/M15 and 100a/

at different pHs, the effect of magnetic microparticles modification on hydrogen



29

Table 3. Potentials at certain current densities on various Nafion
modified semiconductor electrodes

E(V vs SCE) for hydrogen evolution
Experimental set up at different current densities (mA/cm?)

surface resistivity Label 0.2 1 2 3

(100) a 100a/MO0/0 | -0.575 -0.737 -0.794 -0.826
(100) b 100b/M0/0 | -0.515 -0.707 -0.780 -0.822
(100) c 100c/MO/O | >-1  >-1  >-1 > -1
(110) a 110a/MO0/0 | -0.370 -0.487 - -

(111) a 111a/M0/0 | -0.321 -0.443 -0.486 -0.513

Table 4. Potentials at certain current densities on various semiconduc-
tor electrodes.

E(V vs SCE) for hydrogen evolution
Experimental set up at different current densities (mA /cm?)
surface resistivity pH Label 0.2 1 2 3
(100) a 0 100a//0 | -0.584 -0.748 -0.779 -0.823
(100) a 1 | 100a//1 | -0.771 -1.123 -1.322 11.485
(100) a 13 | 100a//13 | -1.359 -1.743 -1.911 1.923
(100) b 0 | 100b//0 | -0.683 -0.837 -0.890 -0.922
(100) c 0 | 100¢//0 | -1.260 -1.489 -1.554 -1.591
(110) a 0 110a//0 | -0.673 -0.867 -0.942 -0.98
(111) a 0 | 111a//0 |-0.695 -0.88 -0.931 -0.96

evolution is evident. Moreover, the constancy of shifts in all range of pH supports
that magnetic microparticles do not effect the concentration of hydrogen and protons
in the Nafion matrix and that the effect of the magnets is on the fundamental

electron transfer event as opposed to any associated chemical steps.

2.3.2 Crystallographic Plane

To study the effect of magnetic modification on crystallographic planes of the
surfaces of the p-Si electrodes, working electrodes were prepared from 100a, 110a,

and 111a wafers and 20 % v/v and 0% v/v (Nafion only) magnetic modification.
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The resistivities of the 100a, 110a and 111a wafers were comparable within the range
of 1 - 6 Qcm so the effect of different crystallographic planes of their suffices can be
studied. pH 0, 1 M HNOg, solution were used as the electrolyte.

LSVs of 100a ,110a and 111a surfaces with /M20/, /M0/ and // (20 % v/v
magnetic modification in Nafion, Nafion and unmodified) modification in pH 0
solution are illustrated in Figure 9. The figure is divided to three parts that are
labeled corresponding to their crystallographic surface plane. Solid lines, dashed lines
and dotted lines are LSVs with /M20/, /M0/ and // modification, respectively. For
example, dashed line in Figure 9 (100) is 100a/M0/0. In Tables 2, 3 and 4, potentials
of fabricated photocathodes at certain photocurrent densities are tabulated.

As can be seen in Figure 9, magnetic modification impacts all crystallographic
planes of p-Si surfaces

The magnetically modified photocathodes (/M20/0) show that the photohydrogen
evolution reaction occurs with 490 mV to 550 mV lower potential then unmodified
photocathodes (//0) at 0.2 mA/cm? according to Tables 2 and 4. LSV shifts from
//0 to /M20/0 are relatively constant, which indicates that no significant change of
catalytic sites or reaction pathway occurs under magnetic modification.

LSV shifts for unmodified SE (//0) to Nafion modified SE (/M0/0) vary with
surface crystallographic planes. For each surface orientation, the proton immobilized
by Nafion may interact differently with each surface and the surface atomic densities.
The atomic density on (100), (110) and (111) silicon surfaces are 6.18 x 10* ¢cm™2,
9.59 x 10 cm™2 and 15.66 x 10 cm™2, respectively [42].

The origin of the small plateau shown in the 100a/M20/0 at -0.4 V is thus far
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Figure 9. LSVs of photoelectrochemical hydrogen evolution on 100a/, 110a/, and
111a/ electrodes in pH 0 solution, 1 M HNO;. Power of incident light on a surface of
an electrode is 20 mW /cm?. Labels correspond to the surface crystallographic plane.
From top to bottom figures, solid lines are LSVs of 20 % v/v magnetic particle mod-
ified p-Si electrodes (100a/M20/0, 110a/M20/0, and 111a/M20/0). Dashed lines are
Nafion modified p-Si electrodes (100a/M0/0, 110a/M0/0, and 111a/M0/0). Dotted
lines are p-Si electrdoes (100a//0, 110a//0, and 111a//0).
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unknown. The sharp drop of current on 110a/MO0/0 is when light illumination is cut

to show how the current varies when there is no light.

2.3.3 Doping

The effect of magnetic modification on the doping levels of p-Si photocathodes
was studied by fabricating photocathodes with different resistivities and studying
photocurrent potential profiles of the photohydrogen evolution reaction.

Wafers of 100a, 100b, and 100c were used to fabricate the p-Si electrodes and
/M20/, /M0/ and // modifications were applied. As described in Table 1, 100a,
100b and 100c had resistivities of 1 - 4, 0.5 - 1.5, and 0.001 2cm, respectively, and
the same crystallographic surface plane. pH 0, 1 M HNO3, solution was used as the
electrolyte.

LSVs of 100a//, 110b// and 111¢// with /M20/, /M0/ and // modifications in
pH 0 solution are illustrated in Figure 10. The Figure is divided into three parts that
are labeled corresponding to their doping levels. Solid lines, dashed lines and dotted
lines are LSVs with /M20/, /M0/ and // modification, respectively. For example,
the solid line in Figure 10 (b) is 100b/M20/0. In Tables 2, 3 and 4, potentials of
fabricated photocathodes at certain photocurrent densities are tabulated.

In Figure 10, magnetic modification is shown to impact all doping levels. When
resistivity decreases (doping level increases) from 1 - 4 Qcm to 0.5 - 1.5 Qcm, that is
100a/M20/0 and 100b/M20/0 respectively, the current voltage profile is almost the
same as their resistivities (Q2cm) are similar. However, when resistivity decreases to

0.001 Q2cm, 100c/M20/0 shows little semiconductor photoelectrochemical behavior.
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Table 5. Potentials of 100a electrodes with various modifications when pho-
tocurrent density at 0.2 mA /cm?. Electrolyte is pH 0, 1 M HNOj solution.

Loading contents (v/v %) on an 100a/ | 100a  100a/MO 100a/M15 100a/M20
E(V) at 0.2 mA/cm? in pH 0 -0.584  -0.397 0.689 -0.146

At this low resistivity, p-Si loses its semiconductor properties and behaves more like

metal.

2.3.4 Magnetic Particle Loading

The effect of magnetic particle loading contents was investigated by comparing
LSVs of 100a//0, 100a/M0/0 and 100a/M20/0 in Figure 9 (100) and 100a/M15/0 in
Figure 8. For convenience, some data were tabulated in Table 5. These LSVs were
run under the same experimental conditions except the magnetic particle content
varied.

When the modification is 100/M0, Nafion with a thickness of 6 um was coated
on the surface. In Figure 9 for (100), the Nafion only coated photocathode
(100a/M0/0), shows enhanced photocurrent voltage profile for the photohydrogen
evolution compared to the unmodified photocathode, 100a//0. Nafion is a well
known proton exchange polymer and provides a large number of immobilized proton
at the electrode surface. Band-edges on the surface of a semiconductor electrode are
known to shift with immobilized or adsorbed charged species. Therefore, the impact
on the photocurrent voltage profile of Nafion as compared to unmodified p-Si is as
expected [43].

The magnetically modified 100a/M15/0 and 100a/M20/0 exhibit enhanced
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Figure 10. LSVs of photoelectrochemical hydrogen evolution on 100a/, 100b/, and
100c/ electrodes in pH 0 solution, 1 M HNOj;. Power of the incident light on the
electrode surface of an electrode is 20 mW /cm?. Labels correspond to doping level
label 100a for (a), 100b for (b) and 100c for (c) and they have resistivities of 1 - 4, 0.5
- 1.5, and 0.001 Qcm, respectively. From top to bottom figures, solid lines are LSVs
of 20 % v/v magnetic particle modified p-Si electrodes (100a/M20/0, 100b/M20/0,
Dashed lines are Nafion modified p-Si electrodes (100a/MO0/0,
100b/M0/0, and 100c/MO0/0). Dotted lines are p-Si electrdoes (100a//0, 100b//0,
and 100c//0).

and 100c/M20/0).
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current output compared to the 100a/M0/0. This enhancement is solely due to
magnetic particles. The maximum performance is achieved when the magnetic
particle content is 15 % v/v in Nafion as seen in Figure 8 and Table 5. Because
magnetic particles are coated on the electrode surface where light comes in, magnetic
microparticles themselves block the pathway of the incident light and attenuate light
energy actually hitting the electrode surface.

The measured power density of light after passing through 20% v/v magnetic
particle in Nafion on a glass is 9 % less than that after passing through 15% v/v

magnetic particle in Nafion.

2.3.5 Modification of a Pt Electrode

To confirm that improved photocurrent voltage profiles are not due to a change
of proton concentration under a magnetic modification, Pt electrodes were modified
with 20 % magnetic microparticles by the same procedure as the semiconductors.
Current potential profiles of magnetically and Nafion only modified Pt electrodes as
well as a bare Pt electrode were recorded, respectively. A typical three-electrodes
cell in a 1 M nitric acid solution was used with saturated hydrogen established with
hydrogen purging.

Results are shown in Figure 11 as current potential profiles of hydrogen evolutions
on Pt, magnetically modified Pt (Pt/M20/0) and Nafion modified Pt (Pt/M0/0)
electrodes. As can be seen in the figure, these three electrodes have very similar
current potential characteristics. Magnetic and Nafion modifications do not affect

the ratio of proton and hydrogen activities significantly. Consequently, open circuit
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Figure 11. LSVs of hydrogen evolution on unmodified Pt (dashed red), magnetically
modified Pt (Pt/M20/0, solid black), and Nafion modified Pt (Pt/MO0/0, dotted blue)
in 1 M HNO;3; with hydrogen purging.
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Table 6. Open circuit potential of 1M nitric
acid solution with hydrogen purging on Pt

electrodes.
Ve versus SCE V. versus NHE
Pt/O -0.251 -0.009
Pt/MO0/0 -0.255 -0.013
Pt/M20/0 -0.256 -0.014

potential measurements shown in Table 6 also shows very similar values for the three
electrodes. The ratio of proton and hydrogen concentrations is not altered by the
magnetic modification. Further, a change in the ratio would affect the equilibrium.
Magnetic effects on thermodynamics at room temperature are negligible. Magnetic

effects are only through dynamics.

2.3.6 Energy Conversion Efficiency

Confirmation of the impact of magnetic modification is found in calculation of
the light energy conversion efficiency. To evolve hydrogen on the p-Si photocathode
without magnetic modification in either acidic or basic solution, potential lower
than the thermodynamic potential for hydrogen evolution on a platinum electrode is
needed, so the efficiency calculation yields a negative result.

Efficiencies are calculated from Equation 6. Efficiency profiles for 100a/M15/0
(solid line), 100a/M15/1 (dotted line), and 100a/M15/13 (dashed line) are shown
in Figure 12. At pH 13, the maximum efficiency at 100a/M15/13 is lower than
for 100a/M15/0 and 100a/M15/1/, and corresponds to significant photocurrent at

potential negative of 0 V. Maximum photoconversion efficiency of 1.8 % is achieved
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Figure 12. The calculated efficiency profiles of the 100a/M15/0 (solid line),
100a/M15/1 (dotted line), and 100a/M15/13 (dashed line). The efficiency (1) and
voltage (V') are defined as in Equation 7.

at 0.80 mV of applied voltage (V) for the 100a/M15/1. An efficiency of 6.2 % is
achieved at 0.42 V of applied voltage (V') for the 100a/M15/0.

2.3.7 Impacts of Magnetic Modification on p-Si
Electrodes

Here, possible mechanisms for observed enhancements under magnetic
modification are discussed. A schematic view of potentials and current at the
p-Silelectrolyte junction is shown in Figure 13 and at the modified p-Si|electrolyte

junction in Figure 14. Four important parameters determine the performance of a
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Figure 13. Energy and current flow diagram of p-Si and solution interface for the
photoelectrochemical HER.

photoelectrochemical cell: the reduction potential of the redox couple (E), the flat
band potential of the semiconductor (Ey), the surface recombination rate (J,s), and
the heterogeneous electron transfer rate (Jet).

The flat band potential is the potential at which the valence and conduction
band potentials are flat; there is no potential gradient in the semiconductor at the
semiconductor solution interface. The surface recombination reaction is the process
by which light generated electrons and holes recombine at the defect sites of the
electrode surface. The electron and hole are lost to driving a useful reaction and the

photo triggered charge separation does not contribute to cell efficiency.
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The energy gap between the flat band potential (Ey,) and the reduction potential

of the redox couple (E) sets the maximum energy the system can produce. The
surface recombination rate (Jss) and the heterogeneous electron transfer rate
(Jet) dominate system dynamics. Fast surface recombination rates (Jss) and slow
heterogeneous electron transfer rates (J.;) are the major factors that diminish
photocurrent (J,).

Nafion modification allows band edges, E. and E,;, to shift toward positive
potentials. The band edge potential shift leads to a more positive flat band potential
(Efp) as shown in Figure 14. The shift in the flat band leads to a larger difference in
Ef, and E. Then, more energy is derived from the cell.

One fundamental question is whether spin states of the recombination sites can
be affected by the magnetic field so as to change surface recombination rate (Jg;).
A second question is whether magnetic fields impact the rate of photocurrent driven
heterogeneous electron transfer (J.;) to proton adsorbates on the p-Si surface.
Schematics of the two currents, J,; and J., are drawn in Figure 14 for the hydrogen
reduction reaction.

In addition to possible magnetic effects on surface recombination and
heterogeneous electron transfer, it is known that Nafion provide charges to the
surface of p-Si that increases the energy available from the cell.

Flat band potential, E, shifts with Nafion modification. Nafion coating can
provide immobilized charge on p-Si electrodes. It is known that band edges shift
with pH. When silicon is placed in a low pH solution, band edges of the silicon

shift to more positive potential. p-Si 5 Qcm in 1 M HySOy4 has a reported flat band
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Figure 14. Energy and current flow diagram of p-Si, modification and solution inter-
faces for the photoelectrochemical HER.
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potential of 0.35 V vs SCE [42]. The flat band potential also shifts toward a positive

potential with immobilized positively charged ions on the surface [43]. Because
Nafion can provide immobilized protons to the surface, band edges shift to positive
potential.

Considering the hydrogen reduction reaction

2H" 4+ 2¢~ = H, (9)

the means for increasing the rate of the HER are to increase H concentration,
increase electron concentration, eliminate hydrogen, and catalyze the reaction rates.
The concentrations of protons and electrons and the rate of the reaction are discussed
below. The hydrogen concentration is largely invariant in the Nafion matrix.

The onset potential for magnetically modified electrodes shifts 1.2 V from
bare electrode for pH across the range 0 to 13. From the platinum electrode
modification experiments, it is confirmed that magnetic modification does not
change the concentration of H' at the electrode surface. Magnetic modification
does not increase the concentration of photogenerated electrons. If magnetic
modification increases photogenerated electrons, increased magnet loading would
increase photocurrent, but it is found that 20% loading blocks light and efficiency is
reduced, consistent with fewer photogenerated electrons.

Therefore, the supply of the reactants, proton and photogenerated electrons,
in the reaction Equation 9 are not affected by magnetic modification. The basic
mechanism in Equation 9 and the catalytic sites are not altered by magnetic

particles. It is concluded that the magnetic field impacts the kinetic rates instead of
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component concentrations.

There are two kinetic procedures impacting reaction rates, surface recombination
rate and heterogeneous electron transfer rate. Measurements by time-resolved
microwave photoconductivity show that the surface recombination rate at
magnetically modified silicon is the same as Nafion modified silicon. The magnetic
fields enhance the rate of heterogeneous electron transfer. A magnetic field effect
on heterogeneous electron transfer is demonstrated for non-catalytic electrodes,
as presented in the next Chapter. Magnetically facilitate heterogeneous electron

transfer to carbon monoxide adsorbate on platinum electrodes has also been observed

[2].

2.3.8 Surface Recombination Rate Measurements

Because, in a semiconductor, microwave power absorbance changes with the
amount of excess charge carriers, the amount of photogenerated excess charges can
be recorded by monitoring the power of microwaves that are reflected or penetrated
the semiconductor. A time-resolved microwave photoconductivity measurement
includes monitoring reflected microwaves from a semiconductor while applying
excitation laser pulses to the semiconductor [44].

Time-resolved microwave photoconductivity measurements of intrinsic silicon,
Nafion modified intrinsic silicon, and magnetically modified intrinsic silicon are
shown in Figure 15. Intrinsic silicon is undoped single crystal (100) silicon. The
curves in the Figure 15 map the decay of charge carriers. The lifetime of charge

allows assessment of the surface recombination rate. The exponential decay is
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modeled as follows.

AP (—é) (10)
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where t, 7, Tpur, AP/P, S and d correspond to time (s), time constant (s), bulk
recombination time constant (s), normalized signal, surface recombination rate
(cm/s) and thickness of the semiconductor (3.00 + 0.25 x 1072 cm), respectively.
The y-axis in Figure 15 is normalized intensity of reflected microwave power and the
x-axis is time in seconds. Decay of the reflected microwave intensity is described by
Equation 10.

Figure 16 is a semi-log plot of the results, where the slope for each sample is
the inverse time constant (1/7). Steeper slopes have smaller time constants, which
corresponds to faster surface recombination rates.

Surface recombination rates can be calculated directly from the time constant
calculated from Equation 11. The values are tabulated in Table 7.

The result shows that magnetically modified Si and Nafion modified Si have
longer lifetimes than unmodified Si wafer.

Because Figure 16 did not show excellent linearity, a non-linear fit to the data in
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Figure 15. Time-resolved microwave photoconductivity measurents. The y-axis is the
normalized intensity of the reflected microwave power and the x-axis is time (s). The
magnetic microparticle Nafion suspension coated Si electrode and Nafion coated Si
electrode show similar and longer lifetime than the unmodified Si electrode.
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Figure 16. Logarithm of normalized intensity versus time plot. Slopes can be directly
converted to time constants such that surface recombination rates can be calculated.
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Table 7. Surface recombination rate of Si,

Nafion coated Si and magnetically modified Si
electrode caculated from nonlinear fittings.

-a(-1/7) R? S (cm/s)
Si -212904+50 0.9976 13004200

Nafion coated Si -9160£30 0.9964 550190

Simag modified Si | -82304+10 0.9985  490+80

Figure 15 was also performed using equation

y = bexp (—ax)

From the calculated surface recombination rates, Nafion coated Si and magnetically
modified Si show similar rates, 490+80 and 550+90 cm/s and the unmodified Si
has a surface recombination rate of 1270+210 cm/s. Nafion on the silicon electrode
surface diminishes surface trap sites and provides higher proton concentration on the
surface. Most importantly, no impacts of magnetic fields on surface recombination

rates are found.

2.3.9 Heterogeneous Electron Transfer Rates

The impact of magnetic modification on the heterogeneous electron transfer rate
for HER on p-Si can be estimated from the potential shift of the magnetic particles
relative to the analogous Nafion modified Si. HER proceeds through an adsorption
reaction and, crudely, the voltammetry is based on thin layer response with little
change in a symmetry of the barrier.

The difference in potentials at the same current density can be used to estimate

the ratio of electron transfer rates. Let F); and Ey be the potential for a given
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Table 8. Ratio of estimated heterogeneous electron transfer rates for
magnetically and Nafion modified p-Si electrodes.

T, /%) and B, 77
at different current densities (mA /cm?)

Label 0.2 1 2 3
In (k‘?w/k?\,) 100a/M15 24.610 23.929 21.651 19.295
100a/M20 8.352 8.041 5.082 4.575
100b/M20 8.232 8.018 7.375 7.161
110a,/M20 5.137 4.067
111a/M20 3.639 2.121 2.861 1.498

kS, /kS 100a/M15 | 4.88 x 10'0 247 x 10'°  2.53 x 10°  2.40 x 10%
100a/M20 | 4.24 x 103 3.11 x 103 1.61 x 10> 9.71 x 10!
100b/M20 | 3.76 x 103 3.76 x 10>  1.60 x 10®  1.29 x 103
110a/M20 | 1.70 x 10> 5.84 x 10*

111a/M20 | 3.81 x 10! 8.34 1.75 x 10 4.47

current density on a magnetically modified electrode and on analogous Nafion filmed
electrode. Then, the corresponding heterogeneous electron transfer rates k9, and k%

are

RT . K
EM—ENNOK—Flnﬁ (12)

If the transfer coefficient « is approximated as 0.5 and F/RT = 38.92 V!, then

kS, aF _1
— = XD |55 (EM - EN) = €Xp [(EM - EN) 19.47V ] (13)
kX RT

Some results are tabulated for 100a/M15/0 and 100a/M20/0 with 100a/M0/0 in
Table 8. This approximation yields about an order of magnitude estimate.

At the foot of the waves, where current density is low and heterogenous
kinetic limitations are largest, the 20 % magnet loading increases the rate of
the heterogeneous electron transfer where k9,1 /k% is 4.24 x 10® at 0.2 mA /cm?.
For 15 % magnetic loading, the enhancement is substantially larger, £9,,,/k% is

4.88 x 101° at 0.2 mA /cm?. At higher current density and more extreme applied
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voltages, the kinetic limitation are somewhat mitigated by the driving force of the
applied potential. In all cases, the magnetic effect remains substantial, such that
In(kY, /K% is lowered from 3.777 to 5.315.

Potential sweep voltammograms of hydrogen evolution on noncatalytic electrodes
confirm that magnetic field effects primarily impact heterogeneous electron transfer
rates. Simulations of the measured LSVs give relative kinetic parameters where 10? -
10* times faster £ is found for magnetically modified electrode than for unmodified

electrodes. Details are described in Chapter 4.

2.4 Conclusion

In this study, a series of p-Si electrodes with various doping levels and surface
crystallographic planes were prepared. Some electrodes were modified with
composites of magnetic microparticles and Nafion. For the magnetically modified
semiconductor electrodes (MMSEs), various loadings of magnetic microparticles
were used. For the magnetically modified and unmodified electrodes, the
photoelectrochemical hydrogen evolution reaction was tested by linear sweep
voltammetry under light and dark condition and with electrolytes at several pH
values.

Magnetic modification of p-Si increased reaction rates and enabled direct
hydrogen production from light. A maximum energy conversion efficiency of 6.4 %
was achieved when p-Si with (110) surface and doping level of 1 Qcm was modified
with a composite of 20 % magnetic particles in Nafion in pH = 0 electrolyte. From

the tests of doping level, magnetic particle loading, surface crystal orientation, and
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pH, it is demonstrated that a p-Si with resistivity of 0.5 to 1.5 Qcm modified with

15 % magnetic particles in Nafion pH = 0 electrolyte facilitates hydrogen evolution.
From measurements of time-resolved microwave photoconductivity, HERs
on magnetically modified and unmodified non-catalytic electrodes and platinum
electrodes, it is confirmed that the observed effect arises from enhanced heterogeneous
electron transfer kinetics between an electrode surface and the adsorbates by the
magnetic modification and not proton concentration.
Although magnetic modification of p-Si dramatically improves the slow kinetics
of photoelectrosynthetic hydrogen evolution, stability issues of coatings remain, and
must be resolved before practical devices are possible to generate hydrogen from

sunlight.
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CHAPTER 3

MAGNETIC FIELD EFFECT ON HETEROGENEOUS ELECTRON TRANSFER

In this thesis, magnetic field effects on photoelectrochemical hydrogen evolution
reaction (HER) on silicon electrodes and self exchange reactions of transition metal
complex redox couples at Nafion modified electrodes are discussed.

As to fundamental causes of this effect on semiconductor electrodes (SE), we
speculated that two processes are impacted by magnetic fields in the photoelec-
trochemical reaction on semiconductor electrodes: the surface recombination rate
and the heterogeneous electron transfer rate. It has been demonstrated that the
improved photoelectrochemical responses at magnetically modified semiconductor
electrodes (MMSE) are not due to inhibition of surface recombination rates; this is
based on the results of time-resolved microwave photoconductivity measurements.

On a platinum electrode, hydrogen evolution is catalytic and the heterogeneous
electron transfer rate is reversible, which means the electron transfer is fast relative
to the rate of the measurement. Therefore, further enhancement of the electron
transfer rate cannot be measured under the current experimental conditions.
HERs on magnetically modified, Nafion only modified and unmodified platinum
electrodes are shown in Figure 11. The current voltage profile of HERs on these
three electrodes are the same and confirm that differences in rates of heterogeneous
electron transfer kinetics are not observed on catalytic electrodes. However, on
noncatalytic electrodes, hydrogen evolution reaction kinetics are quasireversible to

irreversible and differences in electron transfer kinetics can be measured. Here,
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increases in the heterogeneous electron transfer rates are achieved through magnetic
modification.

In this Chapter, the electrochemistry of the HER on noncatalytic electrodes are
evaluated to study magnetic field effects (MFEs) on heterogeneous electron transfer
rates. For control experiments, noncatalytic electrodes are modified with either
Nafion or magnetic microparticles in Nafion. The noncatalytic electrodes studied are
n-type gallium arsenide electrodes (nGaAsE) and glassy carbon electrodes (GCE).
n-GaAs has electrons as the majority carrier and does not have a photoresponse for
cathodic reactions and thus behaves as a noncatalytic electrodes for HER. Glassy
carbon is also a noncatalytic electrode for the HER. GC is extensively used as
an electrode because of its wide potential window in water. Unlike noble metal

electrodes, GC exhibits no metal|oxidation voltammetry.

3.1 Experimental

nGaAsEs were fabricated in the same manner as p-Si electrodes, as described in
Chapter 2. n-GaAs wafers with tellurium (Te) doping, (100) crystallographic surface
plane, 450425 pm thickness, and 2.5 x 1072 Qcm resistivity where both side polished
were purchased from SEMI. The wafers were cut to 5 mm by 5 mm and cleaned
using the RCA-1 procedure to remove organic residuals. The cleaned chips were
etched with 1% Bry/CH30H solution (HF was used for p-Si). To establish ohmic
contact, a drop of 1 mM chloroauric acid solution was applied to one side of the
n-GaAs chip and allowed to sit for 20 minutes. This side became the back side of an

electrode. Residuals were flushed with deionized water three times and the chip was
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dried in air. Silver epoxy was used to contact wires on the back side of electrodes
and Loctite nonconductive epoxy was applied to cover the exposed silver epoxy. For
GCEs, glassy carbon rotating disc electrodes with 0.5 mm diameter were used after
polishing.

The prepared noncatalytic electrodes, nGaAsEs and GCEs, were magnetically
modified or modified with only Nafion. Magnetic modification involved application
of a mixture of magnetic microparticles and Nafion suspension (15 % v/v) directly
onto the electrode surface. Magnetic microparticles of iron oxide (Fe3Oy4, Aldrich)
with a silane coating were prepared according to the method described in Chapter
2. Nafion modification involved coating electrode surfaces with only the Nafion
suspension (Ion Power). The coating thickness was controlled to be 6 pm, based on
the calculated total volume of dried Nafion. A density of 1.95 g/cm?® was used [45].

The three-electrode electrochemical cell included using a saturated calomel
electrode (SCE) as the reference electrode and a platinum mesh as the counter
electrode. Nitric acid (1.00 M) was used as the electrolyte. Solutions were not
degassed. Potential sweep voltammograms of hydrogen evolution reaction were

recorded using a CH Instrument model Chi760b potentiostat/galvanostat.

3.1.1 Computer Simulation

To compare rate constants of magnetically modified and to only Nafion modified
glassy carbon electrodes, current voltage profiles were fitted to a computer
simulation. The computer simulation was based on semi-infinite linear diffusion

condition and the Butler-Volmer model for electron transfer kinetic model. The
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Table 9. Parameters used in the computer simulation.

Einit Initial potential (V)
E; Final potential (V)
A Electrode surface area (GC: 0.785, nGaAs: 0.25, p-Si: 0.25 cm?)
Frx Conc | Fractional concentration: 1
v Scan rate (0.1 V/s)
T Temperature (298 K)
tr Maximum characteristic time: 2 (Ey — Ejn;t) /v or 1/nfv
C Concentration (1.5 mole/cm?)
Eo Standard redox potential: -2.42 V vs SCE
Q Transfer coefficient
D, Dimensionless diffusion coefficient: DAt/ (Az)?
Xo Dimensionless standard heterogeneous electron transfer rate: k%/ty/D
n Number of electron
K0 Standard heterogeneous rate constant
D Diffusion coefficient (5.00 x 107> cm?/s)
Jmax Maximum spatial index: 1+ 6v/D;kmax
Kmax Total number of time steps in the simulation: 300

simulation was coded in Visual Basic programming language in Microsoft Excel 2003.
The code was shown in Appendix C. Table 9 includes explanations of parameters

used in the simulation.

3.2 Results and Discussion

3.2.1 Hydrogen Evolution Reaction on n-GaAs
Electrodes

Figure 17 shows cyclic voltammograms (CV) of the HER at magnetically modified
(nGaAsMag) and Nafion modified (nGaAsNaf) electrodes. When hydrogen evolution
current reaches 1 mA, the potential of the magnetically modified electrodes is 233
mV positive of the potential for Nafion modified electrodes. Concentrations are
the same for both electrodes. The more facile HER on the magnetically modified

electrodes arise from magnetically improved heterogenous electron transfer kinetics.
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Figure 17. Cyclic voltammograms for hydrogen evolution on n-GaAs electrodes with
magnetic modification (solid) and Nafion modification (dotted). The potential of

the magnetically modified electrodes is 233 mV positive of the potential for Nafion
modified electrodes



56

Hydrogen evolution is an adsorbate reaction. Adsorbate reactions can be modeled
as diffusion-free thin layer cells [37,46].

Analysis for a totally irreversible electron transfer process in a thin layer cell is

RT (ARTk°> (14)

E,.=F"+-—"21
P tor M arve

where E,., EY, R, T, o, F, k°, F; A and v are peak potential (V), formal potential
(V), ideal gas constant (8.314 J mol™! K™'), temperature (K), transfer coefficient,
standard heterogeneous rate constant (cm/s), Faraday constant (9.64853x10* C),
electrode surface area (cm?) and scan rate (V/s), respectively.

Because the hydrogen evolution current-voltage profile does not depict a peak
current, E,. analysis can not be directly applied to the measured data. However,
relative k° values for the two systems can be estimated by comparing potentials
at the same current on each system. Therefore, if F; and E, are potentials when
each magnetic and non-magnetic electrode reaches the same current, the ratio of
heterogeneous rate constant for magnetic (k?) and non-magnetic (£9) electrode can

be calculated from Equation 15.

0 0
e_p — BT (ARTk1>_RT1 (ARTkQ)

a_Fn aFVu a_Fn alF'Vou

RT (K0
_ L (4
aF k9

K9 aF
k—é = exp lﬁ (Epcl — Epcg):| (15)

This analysis is a good approximation if the wave shapes for the thin layer

response are the same. The potential difference between the magnetically modified
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electrode and Nafion modified electrode for current of at 1.0 mA is 233 mV.

Assuming o = 0.5, The calculated ratio of rate constants (k9/k9) for n-GaAsMag
to n-GaAsNaf is 93. The heterogenous electron transfer kinetics of the HER on an
n-GaAs electrode is estimated to be 93 times faster or about two orders of magnitude
faster under magnetic modification than with only Nafion modification.

Figures 18 and 19 show potential sweep voltammograms of the hydrogen evolution
reaction on a magnetically modified n-GaAs electrode (nGaAsMag, dotted red) and
Nafion modified n-GaAs electrode (nGaAsNaf, dashed green). Reaction kinetics
of these two potential sweep voltammograms are obtained by fitting the data to
the computer simulation for cyclic voltammetry. Simulated data (solid black) for
the n-GaAsNaf and n-GaAsMag are plotted in Figures 18 and 19, respectively.
Butler-Volmer kinetic and explicit finite difference method for semi-infinite linear
diffusion are used for the simulation. In Tables 10 and 11, parameters for the
simulated data fitting are tabulated. All parameters are the same for the two
simulations except for the dimensionless rate constant X, which is set by £°. As
shown in the Tables 10 and 11, the k° for magnetically modified n-GaAs is 1.6 x 10713
where as k° for the Nafion modification is 1.6 x 10715, The transfer coefficients (c)
are the same for the two electrodes, o = 0.2. From the result of the simulations, the
fact that magnetic field modification improves the HER rate constant on n-GaAs

electrodes 100 times is also confirmed by computer simulation.
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Figure 18. Potential sweep voltammogram of hydrogen evolution on n-GaAs elec-
trodes with magnetic modification (dotted red) and Nafion modification (dashed
green). Blue solid line is computer simulated current voltage profile for magneti-
caly modified n-GaAs electrode where k? is 1.6 x 10713, Refer to Table 10 for more
details about the simulation parameters.

Table 10. Simulation parameters for magnetically modi-
fied n-GaAs electrode.

FEinit 0 \% E° —2.42 \%
Ey 2V a 1.2
A 0.25 cm? D, 0.49
Frx Conc | 1 Xo | 3.20 x 1010
v 0.1 V/s n 2
T 208 K k0 1.6 x 10713
tr 40 D 1.0x 1075  cm?/s
C 1.5  mole/cm? Jmax 73.7
kmax 0.003
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Figure 19. Potential sweep voltammogram of hydrogen evolution on n-GaAs elec-
trodes with magnetic modification (dotted red) and Nafion modification (dashed
green). Blue solid line is computer simulated current voltage profile for Nafion mod-
ified n-GaAs electrode where k° is 1.6 x 107'°. Refer to Table 11 for more details
about the simulation parameters.

Table 11. Simulation parameters for Nafion modified

n-GaAs electrode.

Einit 0 \Y Eo -2.42 \Y
Ey -2 \Y a 0.2
A 0.25 cm? D, 0.49
Frx Conc | 1 Xo | 3.20 x 10712
v 0.1 V/s n 2
T 298 K k0 1.6 x 10710
tr 40 D 1.0x 1075  cm?/s
C 1.5  mole/cm? Jmax 73.7
kmax 0.003
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3.2.2 Hydrogen Evolution Reaction on Glassy Carbon
Electrodes

Figures 20 and 21 show potential sweep voltammograms for the hydrogen
evolution reaction on magnetically modified glassy carbon electrode (MMGCE,
dotted red) and Nafion modified glassy carbon electrode (NMGCE, dashed green).

The potential differences between MMGCE and NMGCE at 1.0 x10™* A and
1.0 x10™3 A are 0.314 V and 0.111 V, respectively. Since the potential differences
vary with the current, the thin layer analysis used for n-GaAs electrodes is not
appropriate here.

Reaction kinetics of these two potential sweep voltammograms are obtained by
fitting the data to a computer simulation for the cyclic voltammogram. Simulated
data (solid black) for the NMGCE and MMGCE are plotted in Figure 20 and
21, respectively. Butler-Volmer kinetic and explicit finite difference method for
semi-infinite linear diffusion are used for the simulation. In Tables 12 and 13,
parameters for simulation fitting are tabulated. k° for MMGCE is 8 x 107! where
as k? for NMGCE, it is 1 x 1071°. From the result of the simulations, magnetic
modification improves the rate constant of HER on GCEs by 8 x 10* fold. The
transfer coefficient (o) of MMGCE, 0.1, is much smaller than that for NMGCE, 0.3.
Because the transfer coefficient characterizes the symmetry of the energy barrier for
electron transfer, different o values mean the symmetry of the energy barrier of the

reaction under the magnetic field differs from the barrier without the magnetic filed.
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Figure 20. Potential sweep voltammogram of hydrogen evolution on glassy carbon
electrodes with magnetic modification (dotted red) and Nafion modification (dashed
green). Blue solid line is computer simulated current voltage profile for magneticaly

modified GC electrode where k0 is 1.4 x 1071°. Refer to Table 12 for more details
about the simulation parameters.

Table 12. Simulation parameters for magnetically modi-
fied glassy carbon electrode.

FEinit 0 \% ko -2.42 \%
Ey 1 \% a 0.09
A 0.785 cm? D; 0.49
Frx Conc 1 Xo | 1.41x 1077
v 0.1 V/s n 2
T 298 K KO 1x 10710
ty 20 D 1.0x 1075  cm?/s
C 1.5 mole/cm? Jrmax 73.7
Kmax 0.003
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Figure 21. Potential sweep voltammogram of hydrogen evolution on glassy carbon
electrodes with magnetic modification (dotted red) and Nafion modification (dashed
green). Blue solid line is computer simulated current voltage profile for Nafion mod-
ified GC electrode where k° is 1.4 x 10715, Refer to Table 13 for more details about
the simulation parameters.

Table 13. Simulation parameters for Nafion modified

glassy carbon electrode.

Einit
A
Frx Conc
v
T
tg
C

0
-1
0.785
1
0.1
298
20
1.5

A%
\Y

cm?

V/s
K

mole/cm3

-2.42 Vv
0.3
0.49

1.98 x 10712

2
1.4 x 10710
1.0 x 1075
73.7
0.003

cm? /s
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3.2.3 Hydrogen Evolution Reaction on p-Type Silicon
Electrodes

Figures 22 and 23 show potential sweep voltammograms for the hydrogen
evolution reaction on a magnetically modified p-type silicon electrode (100a/M20/1,
dotted red) and Nafion modified p-type silicon electrode (100a/M0/1, dashed green).
Electrodes are illuminated as in Chapter 2. The potential differences between
100a/M20/1 and 100a/M0/1 at 5 x 107* A and 2.5 x 1072 A are 0.383 V and
0.244 V, respectively. Because the potentials differences vary with the current, the
thin layer analysis is not appropriate here, again.

Reaction kinetics of these two potential sweep voltammograms are obtained by
fitting the data to a computer simulation for a cyclic voltammetry. Simulated data
(solid black) for the 100a/M20/1 and 100a/MO0/1 are plotted in Figures 22 and 23,
respectively. In Tables 14 and 15, parameters for the simulation fitting are tabulated.
kO for 100a/M20/1 is 1.3 x 107 whereas k° for 100a/M0/1 is 2.0 x 107!, From the
simulations, the magnetic modification increases the rate constant for the HER on
p-type silicon by 65 fold. The transfer coefficient () of 100a/M20/1, 0.08, is much
smaller than that for100a/MO0/1, 0.135. Because the transfer coefficient characterizes
the symmetry of the energy barrier for electron transfer, different o values mean the
symmetry of the energy barrier of the reaction under magnetic field differs from the
barrier without the magnetic field.

If a totally irreversible thin layer cell analysis is used at the potentials when
current is 1 mA, the ratio of k° of 100a/M20/1 and k° of 100a/M0/1 is 266. The

results of the totally irreversible thin-layer analysis and of Butler-Volmer kinetic
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Figure 22. Potential sweep voltammogram of hydrogen evolution on p-Si electrodes
with magnetic modification (dotted red) and Nafion modification (dashed green).
Blue solid line is computer simulated current voltage profile for magneticaly modified
p-Si electrode where k° is 2.01 x 1076, Refer to Table 14 for more details about the
simulation parameters.

simulation has differ by about 4 fold, but this is not surprising as the a value

assumed in the thin layer analysis is 0.5. Both analyses are consistent with a

substantial increase in rate under magnetic modification.

3.2.4 Summary of Data

The data for the magnetic and Nafion modified electrodes are summarized in

Table 16.



Table 14. Simulation parameters for magnetically mod-
ified p-Si electrode.

Einit 0.2
Ey -1
A 1
Frx Conc 1

v 0.1

T 298

tr 24

C 1.5

%
A%

Cm2

V/s
K

mole/cm?

FEo -2.42

« 0.08

D; 0.49
Xo | 2.01 x 1076
n 2

kO 1.3x 1079
D 1.0 x 1075
73.7
0.003

A%
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Figure 23. Potential sweep voltammogram of hydrogen evolution on p-Si electrodes
with magnetic modification (dotted red) and Nafion modification (dashed green).
Blue solid line is computer simulated current voltage profile for magneticaly modified
p-Si electrode where k° is 2.01 x 107%. Refer to Table 14 for more details about the
simulation parameters.
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Table 15. Simulation parameters for Nafion modified
p-Si electrode.

Eoe ] 02 % Eo 242 %
Ey -1 A% o 0.135
A 1 cm? D; 0.49
Frx Conc 1 Xo 3.10 x 10~8
v 0.1 V/s n 2
T 298 K K° 2.00 x 10~11
t 24 D | 1.0x1075 cm?/s
C 1.5  mole/cm? Jmax 73.7
Kmax 0.003

Table 16. Summary of £ and « data for noncatalytic electrodes and

Pt.
Surface | Loading | £°(Mag)/k°(Naf) o(Mag) o(Naf)
n-GaAs (100) 15 100 0.2 0.2
Glassy Carbon - 15 80,000 0.09 0.3
p-Si (100) 20 65 0.08 0.135
Pt - - 1 0.5 0.5

From the data, magnetic modification consistently increases the standard
heterogeneous rate constant, k°. The largest effect is for GC, where the increase is
80,000 fold and the current voltage profile shifts about 111 - 314 mV to lowered
potential. For n-GaAs, £k is 100 fold faster and overpotential is reduced by 233 mV.
For p-Si, k° is 65 fold faster aand the current voltage profile shifts about 383 -
244 mV to lowered potential. The transfer coefficients are low for all these adsorbate

reactions, and in the case of glassy carbon and p-Si, the a values are smaller under

magnetic modification.

3.3 Discussion and Conclusion

To investigate magnetic field effects on the HER on noncatalytic electrodes,
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n-GaAs , glassy carbon , p-Si electrodes are prepared and modified with a mixture of
magnetic particles and Nafion or only Nafion. By comparing current voltage profiles
of HER on these electrodes, it has been shown that heterogenous electron transfer
kinetics for hydrogen evolution on magnetically modified electrodes is 10? to 104
times faster than only Nafion modified electrodes. Results are summarized in Table
16.

For n-GaAs electrode experiments, peak current analysis for a totally irreversible
thin layer cell is used and the ratio of the electron transfer rate constant of a
magnetic modified electrode and a Nafion modified electrode is calculated and
kmag/knas is 93. For the glassy carbon experiments, experimental results of potential
sweep voltammogram are fitted by computer simulation which is based on the models
of Butler-Volmer kinetic and explicit finite difference method for mass transport.
The result of the simulation is a kiag/knas ratio of 10%. Although calculated and
simulated values are different by two orders of magnitude, the discrepancy can be
attributed to the differences between assumptions of these two methods and possible
material properties differences. The fact that the magnetic field enhances the
heterogeneous electron trasfer kinetic of hydrogen evolution reaction is confirmed.

Magnetic fields have been shown to increase the rate of electron transfer at
semiconductor surfaces (Chapter 2) and between outer sphere transition metal
complexes (Chapter 4). Here, the rate of heterogeneous electron transfer are
substantially improved at noncatalytic electrodes. Further increases in the efficiency
of these electrodes are possible with application of magnetic microparticles with

higher magnetization, such as samarium cobalt and neodymium iron boron magnets.
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With sufficiently high magnetic fields, noncatalytic electrodes may be rendered
effective catalysts. Conversely, the efficiency of catalytic electrode may arise from
their magnetic properties and ability to interact with the spin characteristics of

redox probe and adsorbates.



69
CHAPTER 4

MAGNETIC FIELD EFFECT ON SELF EXCHANGE REACTION

4.1 Theoretical Background

Magnetic field effects on self exchange reactions were first reported by Shelley
Minteer [1]. It was found the rates increased in the field and in proportion to
the magnetic properties of the redox probe. For reactions where the halves of
the redox couple include one diamagnetic and one paramagnetic species, the rates
were proportional to ¢S, where g is the Lande g-value and S is the spin for the
paramagnetic half of the couple. However, full physical interpretation of these results
for outer sphere transition metal redox couples has not been completed. Models
are needed that account for different spin states, ¢S5, and the impact of the field
strength, H.

To develop a more complete physicochemical model for magnetic effects, the
temperature dependence of magnetic field effects on self exchange reactions
for Co(bpy)?r/ i Co(bpy)§+/ 1+, Ru(bpy)?r/ ** and Os(bpy)?r/ ** redox couples
are studied at electrodes modified with Nafion, with and without magnetic
microparticles. Magnetic microparticles with different magnetic field strengths were
used to vary the field. The couples have different self exchange rates, standard
potentials, and magnetic properties, but are otherwise similar in charge, size, and
electrostatic interaction with the Nafion matrix. Cyclic voltammetric peak currents

were determined for each redox probe at various temperatures from 5 to 70 °C. The
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square of the peak current is proportional to the apparent diffusion coefficient that
is, in turn, proportional to the self exchange rate.

The data are analyzed according to the Arrhenius equation to find the pre-
exponential factor and the activation energies of the self exchange reaction for each
redox couple. The data derived from the Arrhenius analysis are the basis of a model
for magnetic effects that is developed within classical transition state theory (TST).
The relatively simple model includes impacts of prepolarization in an applied field
and spin polarization effects on the cage complex. When one half of the redox couple
is a singlet (diamagnetic), electron nuclear spin polarization occurs. In this model,
magnetic impacts on enthalpy and entropy are identified. The model provides
a simple interpretation of outer sphere self exchange reactions of tris-bipyridal
complexes. It is found that gH.S is a component in the enthalpy of activation but
that enthalpy is largely set by electrostatics. The entropy includes terms associated
with the spin states of the halves of the couple.

4.1.1 Physical Diffusion and Hopping Diffusion in
Electrochemical Systems

Figure 24 shows an electrochemical system of an electrode in low viscosity
electrolyte such as an aqueous solution. Three basic electrochemical events are
presented: change of potential on the electrode, heterogeneous electron transfer to
a redox probe (e.g., Ru*"), and diffusion of the product (e.g., Ru?*") away from
the electrode and fresh reactant (e.g., Ru*") toward the electrode. In typical

electrochemical systems, the concentration of the redox probe is low and the viscosity
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is low such that transport occurs by physical diffusion. In the Dahms [47] and Ruff

[48-50] models, diffusion of redox couples in an electrolyte occurs by two processes
[51]. One process is physical diffusion and the other is electron hopping. When the
electrolyte has low viscosity, the motion of the redox couple is parameterized by D,
(cm?/s), physical diffusion. When electrolyte viscosity is extremely high, physical
diffusion is limited. If the concentration of the redox probes is also high, electron
hopping between adjacent redox moieties becomes possible and the diffusion is
enhanced by electron self exchange between the redox moieties. This is illustrated in
Figure 25 when electrodes are modified with Nafion that restricts physical motion
and extracts cations to high concentrations. Under these conditions, the measured
apparent diffusion coefficient (Dy) is dominated by self exchange or hopping
diffusion. Dahms and Ruff modeled the apparent diffusion coefficient in terms of D,
and the self exchange diffusion coefficient D;.

Dy = D,+ D (16)

kew0°C

= D
p+ 6

(17)
where k., is the self exchange reaction rate constant (M~!s™1), ¢ is the center to
center distance between the two adjacent redox moieties that undergo self exchange
(cm), and C§ is bulk concentration of the redox couple (M). The value of 6 is a
geometric factor for three dimensions. Based on data from Gellett’s dissertation [2]
for transition metal complexes in Nafion, D, is of the order of 1072 ¢m?/s, which is

negligible compared to D.;. Thus,

2 1%
 hel®G

Dy 5

(18)
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Figure 24. Schematic diagram of an electrochemical cell in a low viscosity electrolyte.
The three events central to the current response are: potential at the electrode surface
is applied, heterogeneous electron transfer event occurs between the electrode and
redox probe in solution, and the redox reactant and product diffusion toward and
away from the electrode, respectively.

4.1.2 Determination of Apparent Diffusion Coefficients

In cyclic voltammetry, the peak current on the forward sweep yields the
apparent diffusion coefficient, Dy. The transition metal complexes considered
here are fully exchanged into Nafion and displace all other cations. The
complexes neutralize the available sulfonic acid sites (—S0Oj3) of the Nafion. The
sulfonate concentration is determined from in the Nafion density, 1.95 g cm™3
[52], and the nominal equivalent weight of 1100 g/mole of SO;. (Titration
has shown the equivalent weight is closer to 1000 g/mol of SO; [45].) This
yields C%p, = (1.95 g¢ m™%) /(1100 g/mol) = 1.77 x 10~ mol/cm?®. The
concentration of the redox probe is determined from the charge of the redox

species present at the electrode surface at the start of the cyclic voltammetric

perturbation of the redox couple. For a species with 2z, of 3, the redox probe
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Figure 25. Schematic diagram of an electrochemical cell with a high viscosity medium
at the electrode surface where physical diffusion is slow and the redox probe concen-
tration is high. This reduces physical diffusion and enhances electron hopping or self
exchange diffusion, where the self exchange rate is k... The events central to the cur-
rent response are: potential at the electrode surface is applied, heterogeneous electron
transfer event occurs between the electrode and redox probe in solution, and the re-
dox reactant and product diffusion toward and away from the electrode by physical
and hopping diffusion, respectively. In the extreme case, such as in Nafion, physical
diffusion is negligible as compared to hopping diffusion.

concentration is C§ = C%p,/Zinitia = 0.591 x 107* mol/cm?; for zipiia of 3,
C; =0.886 x 1073 mol/cm?.
For species with fast heterogeneous electron transfer rates, Equation 19 known

as Randles-Sevcik equation is appropriate where the peak current on the forward

potential sweep is i, (A) [53].
i, = 2.60 x 10°n3 ADZ Cii (19)

where 7 is the number of electrons transferred in the heterogeneous electron process

2. and v is the cyclic voltammetric scan

(here, n = 1 throughout); A is area in cm
rate in V/s (here, v = 0.100 V/s throughout). Dy has units of cm?/s and C§ has

units of mole/cm?.
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4.1.3 Determination of k., and the Arrhenius Plots

The apparent diffusion coefficient for these complexes is well represented as in

Equation 18. Substitution into Equation 19 yields

FA\2 205\T
i, = 0.4463 (—) nzA (kwé CO) Covz

RT 6
3N 1/2 1/2
= <O'Zééi63> (%) (%) n%Aécg%U%ke%x
2
— 1.893 x 10603 ASCIEuBRE, (20)

1 1 1/2
= Lk'ex <?> (21)

Peak current and self exchange reaction rate constant are related as in Equation 22.

2T = Lke (22)
2T
% = ke (23)
where
L? = 3.582 x 102n3A%6°Cy3v (24)

For the M (bpy)é” T and M (bpy)éﬂ >t complexes, where § = 1.36 x 1077 ¢cm and
n = 1. Throughout, v = 0.100 V/s and A = 0.196 cm?. L? = 3.582 x 10'20°A%2C;3 =
2.24 x 1075A2Cg3.  Allow the initial species to have charge ziitq and note
Cho, = 177 x 1078 mol/em®. Then, L? = 2.24 x 107542 (C, /Zinitiat) =
1.24 x 10718422 .

The self exchange reaction rate constant (k) is expressed by the Arrhenius

relationship.

2T E
P _ _ a
p e = Ao (_RT)
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Table 17. Properties in common
for the commercial Chemicell
magnetite microparticles.

Weight per volume 50 mg/ml
Size 1.0 pm
Number of particles | 1.8 x 10'2?/g
Surface area ~ 100 m?/g
Density 2.25 g/cm?
ixT E, (1
In kem =In (7) =1In (A) - E <T> (25)

The self exchange reaction rate constant (ke,) can be determined from peak
currents at various temperatures. From Equation 25, activation energy (E,) and
pre-exponential factor (A) can be determined by plotting In (¢2) vs 1/T. The term

In (L?) is embedded in the intercept.
4.2  Experimental

4.2.1 Magnetic Particles

Magnetic particles were purchased from Chemicell. Four types of magnetic
particles were purchased and the properties are tabulated in the Tables 17 and 18.
Although their surface have different functional group coatings, their physical and
chemical properties are similar.

The magnetic susceptibilities of lots C1, C3, C8, and C18 are determined below.
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Table 18. Properties specific to commercial
Chemicell magnetite microparticles.

Naming Functional Group
SiMAG-Octadecyl C18 -Si-(CHy)17CHs

SIMAG-Octyl C8 -Si-(CHz)7CHg
SiMAG—PI‘Opyl C3 —Si-(CH2)20H3
SiMAG-Methyl C1 -Si-CHg
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Figure 26. Temperature program for the electrochemical cell. The temperature is
first lowered to 5 °C' and held for 1 hour. The temperature is then raised to 75 °C'" at
a rate of approximately 10 °C'/hour. Cyclic voltammograms are recorded at various
temperatures along the temperature program.
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4.2.2 Temperature Control

Temperature studies were undertaken with a Thermotron Environmental Chamber
that was programmed with a 288 Programmer/Controller. The three-electrode cell
was placed in the chamber and the temperature was controlled from 5 °C to 70 °C.
A typical temperature program is shown in Figure 26. The temperature was first
lowered to 5 °C' and held for 1 hour. The temperature was then raised to 75 °C' at a
rate of approximately 10 °C/hour. Cyclic voltammograms were recorded at various
temperatures along the temperature program.

A two probe temperature logger was used to record the temperature (HH506RA
Omega). One probe was placed in the air in the chamber and the other was placed in
the electrolyte solution attached at the top of a electrode to measure the temperature

about the electrode surface.

4.2.3 Magnetic Susceptibility Measurements

Magnetic susceptibilities of the magnetic microparticles were measured with a
magnetic susceptibility balance (The Auto MSB, Sherwood scientific). Samples were
prepared by dispersing the commercial magnetic particle suspension into deionized
water by weight. Before the weighing tube was put in the magnetic susceptibility
balance, the suspensionwas thoroughly mix to make the particle dispersed well.

Immediately after the weighing tube was inserted into the balance, the magnetic
susceptibility was read as the magnetic susceptibility. The value decreased and

stabilized when the magnetic particles agglomerated on the bottom of the test tube.
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Table 19. Magnetic Properties of Transition
Metal Complexes.

Complex p (BM) m
Ru(bpy);™  1.86 1 D 215 1/2 1.07
Os(bpy);™ 149 1 D 1.72 1/2 0.86
Co(bpy);™ 345 3 @Q 178 3/2 267
Co(bpy)s" * 2 T 1 2

Note: All values were determined experimentally by
Gellett in SQUID except Co(bpy)s™ (marked by *) ,
g is taken as 2 and the electron configuration for a T
yields S = 1.

g S gs

Because the magnetic susceptibility should have been measured when samples were
homogeneously suspended in the test tube, the value measured first was reported as

the magnetic susceptibility of the commercial particles.

4.2.4 Experimental Setups

The protocol to evaluate the dependence of the self exchange reaction
on temperature was as follows. A glassy carbon electrode (5 mm diameter,
A = 0.196 cm?) was modified with either Nafion or Nafion/Simag suspension. A
total of six glassy carbon electrodes are prepared. The modified GC electrodes
were soaked in an electrolyte solution, containing 1 mM redox couple and 0.1 M
electrolyte, to equilibrate the probe into the Nafion matrix for at least 9 hours. A
large surface area platinum mesh counter electrode was used and a saturated silver
chloride electrode was used as the reference. A Chil030 8-channel multi-potentiostat
was used to measure cyclic voltammograms. Peak currents were measured manually.

The redox species initially extracted into the films are Co(bpy)3*, Ru(bpy)3*
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and Os(bpy)3". The Co(bpy)?f/ ' was measured on cyclic voltammetric sweep well
after the initial present Co(bpy)3t had been reduced to Co(bpy);". The initial
concentration for the Co(bpy)?r/ " was thus taken as Co(bpy)3t . Cg for each species
was C§, /Zinitiar- Thus, for Co(bpy)3t and Os(bpy)3™ Cf is 0.591 x 10~ mol /cm?
and for Ru(bpy)2" and Co(bpy)3", C was 0.886 x 1073 mol/cm?.

Some data, presented in Table 19 taken from Gellett’s dissertation are needed for

the current discussion [2]. Several species are singlets: Ru(bpy)3*, Os(bpy);', and

Co(bpy)3*, so all have g =0, S =0, and ¢S = 0.
4.3 Results

4.3.1 Magnetic Susceptibilities

Magnetic susceptibilities are measured and converted to volume magnetic
susceptibilities for the commercial magnetic particles. Figure 27 shows the volume
magnetic susceptibilities of the commercial particles. A correlation between volume
magnetic susceptibilities and the coatings of the Simag particles was anticipated
based on the chain length of the silane coatings, but none was found. The strength of
the magnetic field established at each magnetic particle is important to characterizing
the response of the magnetically modified electrodes. The susceptibility is taken as a

relative measure of the field strength, H. Susceptibilities are presented in Table 20.

4.3.2 Ru(bpy)at/**

The ruthenium complex was used as the probe to assess the impact of different
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Figure 27. Volume magnetic susceptibilies of purchased SIMAG particles. C1 has
highest magnetic susceptibility of 5.39 x 107% (c.g.s. scale).

Table 20. Volume magnetic susceptibility
in c.g.s. for Simag particles.

Volume magnetic susceptibility (c.g.s)
Dispersed Agglomerated
C1 5.39 x 1079 1.90 x 107°
C3 2.39 x 1079 1.65 x 107?
C8 8.60 x 1076 3.40 x 1076
C18 | 1.96 x 107° 1.77 x 107°
water | —1.06 x 107
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on various electrode modifications.
Nafion modificaton and C1, C3, C7 and C8 magnetic modifications are applied to each
electrode as well as Nafion only modification as a control.
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strength magnetic fields established at the electrode surface by using commercial
microparticles with different magnetic content. Nafion films and composites of

Nafion and C1, C3, C18, and C8 were evaluated.

4.3.2.1 Variation of Response with Magnetic Content

Figure 28 shows cyclic voltammogram for Ru(bpy)?r/ * under various electrode

modifications. The electrolyte is 1.0 mM Ru(bpy)?r/:%r in 0.10 M HNOs. C1, C3, C8
and C18 magnetic microparticles are each applied electrodes in a Nafion suspension.
Unmodified and Nafion modified electrode are also shown. Different modifications
yield slightly different cyclic voltammetric morphologies and different peak currents.
C1 has the highest peak current whereas the unmodified electrode has the lowest
peak current. The C1 electrode yields current four times as high as the unmodified
electrode.

The peak currents of each voltammogram in Figure 27 increase monotonically
with volume magnetic susceptibility. In Figure 29, these data are linearized as peak
currents (i,) versus volume susceptibility. Recall from Equation 22 that ig X Keg-
When magnetic susceptibility and the magnetic content of the particles increases,

the self exchange reaction rate constant increases at room temperature.

4.3.2.2 Variation of Response with Magnetic Content and Temperature

To evaluate the impact of magnetic fields on the self exchange rate, a classical
kinetic study to evaluate rate with temperature was undertaken. The different

magnetic content commercial particles in Nafion were evaluated as was a Nafion film.
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Figure 29. Volume magnetic susceptibility versus i, at 21 °C. Peak current is directly
related to self exchange reaction rate constat (k.). When magnetic susceptibility
increases self exchange reaction rate becomes faster then showing higher peak current

(i,) for Ru?*/3* at room temperature.
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Figure 30. Peak currents (i,) of CVs at increasing temperature from 5 to 60 °C. Peak
currents increase exponentially following Arrhenius behavior.

The results of the temperature studies for 5 to 60 °C are shown in Figure 30. The
peak currents increase with temperature. These data are converted to an Arrhenius
format, based on Equation 22, by plotting In(i27"/L*) vs 1/T. The slope of the
Arrhenius plot yields the activation energy (E,) and pre-exponential factor (A). The
Arrhenius plots are shown in Figure 31. Note that as the magnetic susceptibility
increases, the slopes diminish, with the shallowest slope found for the C1 composites.

From the Arrhenius plot of various electrodes with individual modifications,
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Figure 31. Arrhenius plot of various electrode with individual modifications. Slopes
represents activation energy (E,) and intercept can be converted to pre-exponential
factor (A).
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Table 21. The slopes (slope) and intercepts (b) of the Arrhenius Analysis for
Various Commercial Particles.

Naf C1 C3 C8 C18
b 41.18+0.31 36.224+£0.23 39.39+£0.88 42.01+1.19 39.66 £0.55
slope(—E,/R) | —7352+94 —5420+69 —6664+268 —7267+364 —6635+ 169
r? 0.998 0.998 0.984 0.978 0.993
100#’% 100 725+1.8 90.1£5.5 1037 89.7+ 3.6

activation energy (E,) and pre-exponential factor (A) vlaues can be obtained for
each magnetic particle which has different magnetic volume susceptibility. Slopes
represent activation energy (E,) and intercept can be converted to pre-exponential
factor (A). Results are tabulated in Table 21.

In Table 21, the last row is the ratio of the activation energy for the magnetic
composite relative to the nonmagnetic Nafion film. C1, the composite with the
strongest magnetic field, has a 27 % lower activation energy than the Nafion film.
C3 and C18 also show activation energies reduced relative to the Nafion film.
The composite formed with the lowest reported magnetic susceptibility, C8, has
an activation energy that is the same as the nonmagnetic Nafion film. This is
consistent with the results in Figures 30 and 31 where the C8 composite data are

fully coincident with the Nafion data.

4.3.2.3 Magnetic Susceptibility vs Activation Energy

The relationship between activation energy with magnetic susceptibility for self
exchange reaction of Ru(bpy)?*/3* is shown in Figure 32. When volume magnetic

susceptibility increases, activation energy for the composite decreases linearly. The
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Figure 32. Activation energy (E,) of Ru(bpy)**/3* self exchange reaction versus vol-
ume magnetic susceptibility. When volume magnetic susceptibility increases, activa-
tion energy of the reaction decreases.
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Table 22. The slope (E,/R)

and the intercept (In(A)) of
the Arrhenius Analysis for

Co(bpy);t/5+.

Naf Mag

In(A) | 34.09+£1.02 25.10+0.64

E./R | 6594 +312 3803 £+ 194
R? 0.982 0.979

% Eq 100 57

intercept of the plot is 932.1 £ 25.6 and the slope is —5.348 & 0.816 x 10°. The R? of

the regression line is 0.96.

4.3.2.4 Magnetic Susceptibility vs Pre-exponential Factor

The relationship between activation energy with pre-exponential factor for self
exchange reaction of Ru(bpy)?*/3* is shown in Figure 33. When volume magnetic
susceptibility increases, activation energy for the composite decreases linearly. The
intercept of the plot is 41.83 & 0.51 and the slope is —1.019 & 0.183 x 10°.The R? of
the regression line is 0.91.

4.3.3 Activation Energy and Pre-exponential Factor of
Co(bpy)§+/ >+ Self Exchange Reaction

In Figure 34, In(k,) versus 1/T for Co(bpy)?/ " on magnetically modified
electrode and Nafion modified electrode are plotted. Using Equation 25, E,/R and
In(A) values are extracted by linear regression. Slopes of the Nafion and magnetic

particles modified electrodes are linear showing R? of 0.97 and 0.97, respectively.

Percent activation energies relative to Nafion modified electrode are calculated and
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Figure 33. In(A) of Ru(bpy)?*/3* self exchange reaction versus volume magnetic sus-

ceptibility. When volume magnetic susceptibility increases, activation energy of the
reaction decreases.
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Table 23. The slope (E,/R)

and the intercept (In(A)) of
the Arrhenius Analysis for

Co(bpy)3+/1+.

Naf Mag

In(A’) | 47.13+£2.75 34.48 +£0.27

E./R | -10400+£50 —6230 + 34
R? 0.9308 0.9980

% Eq 100 60

tabulated in Table 22. As a result, it is speculated that magnetic modification

reduces the activation energy of Co(bpy)§+/ ** self exchange reaction 43 %.

4.3.4 Activation Energy and Pre-exponential Factor of
Co(bpy)?r/ ' Self Exchange Reaction

In Figure 35, In(k.,) versus 1/T for Co(bpy)?r/ " on magnetically modified
electrode and Nafion modified electrode are plotted. Using Equation 25, E,/R and
In(A) values are extracted by linear regression. Slopes of the Nafion and magnetic
particles modified electrodes are linear showing R? of 0.93 and 0.99, respectively.
Percent activation energies relative to Nafion modified electrode are calculated and
tabulated in Table 23. As a result, it is speculated that magnetic modification

reduces the activation energy of Co(bpy)§+/ " self exchange reaction 40 %.

4.3.5 Activation Energy and Pre-exponential Factor of
Os(bpy)?r/ °* Self Exchange Reaction

In Figure 36, In(k.,) versus 1/T for Os(bpy)§+/ ** on magnetically modified

electrode and Nafion modified electrode are plotted. Using Equation 25, E,/R and
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Table 24. The slope (E,/R) and
the intercept (In(A)) of the Arrhe-
nius Analysis for Os(bpy)2*/3+.

Naf Mag

In(A’) | 44.83+0.97 38.64 4+ 0.57

E./R | —8656 +288 —6124+ 170
R? 0.9923 0.9946

% Eq 100 71

In(A) values are extracted by linear regression. Slopes of the Nafion and magnetic
particles modified electrodes are linear showing R? of 0.99 and 0.99, respectively.
Percent activation energies relative to Nafion modified electrode are calculated and
tabulated in Table 22. As a result, it is speculated that magnetic modification

reduces the activation energy of Os(bpy)§+/ 5 self exchange reaction 30 %.

4.4 Model for Magnetic Effects in Self Exchange
Reactions

4.4.1 Self Exchange Reactions

Self exchange reactions are a specific class of electron transfer reactions in which
the products and reactants are the same species but the electron transfer leads to
a transposition of the reactants in space. Consider the two halves of the couple
in a tris-bipyridal transition metal complex with oxidation states 42 and +3 that

undergoes electron transfer at a standard potential, E°.

M (bpy);" +e = M (bpy);" (26)

Allow that in a matrix, the two halves of the couple are directly adjacent and
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sufficiently close that electron transfer is possible. The most probable electron
transfer is when the moieties are in contact, as is assumed in the following. Place
reactants M (bpy)at at position A and M (bpy)i' at position B. Following electron
transfer from M (bpy)2" to M (bpy)s", M (bpy)s* will be at position B and M (bpy)3*

will be at position A.
M (bpy); " |a+ M (bpy); " |z = M (bpy)s" |4+ M (bpy);” |5 (27)

Such processes are known to contribute to charge flux in highly concentrated and
slow transport matrices, such as ion exchange polymers.

4.4.1.1 Self Exchange Reactions in Matrices of High Concentration and
Slow Transport

Models have been developed for enhanced transport where self exchange processes
augment or supplant physical diffusion. Physical diffusion is the process by
which a moiety physically moves through space. Dahms [47] and Ruff [48-50, 54]
independently developed models for the effective or measured diffusion coefficient,
Dy, (em?/s), that include the physical diffusion coefficient, D,, and the self exchange
or electron hopping diffusion coefficient, Dj,,. The self exchange process is embedded
in Dy, where the self exchange rate is ki1 (M ~'s™!), 6 (em) is the diameter of the
reactants, ¢* (M) is the concentration of the reactants, and 6 is a geometrical factor

for diffusion in a three dimensional rectilinear coordinate system.

k116*52
6

Dy = Dy +

Measurements in solution, matrices of high D,, did not reveal significant
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contributions to D,, by self exchange. However, from Equation 28, impacts of self
exchange on D,, will increase as D, decreases and c¢* increases for a given k.
Conditions of slow transport and high concentration are met when redox probes are
adsorbed to electrode surfaces, present in the solid state, and embedded in polymer
matrices. Electron hopping by self exchange is an established transport mechanism
in ion exchange polymers such as Nafion [55]. For a series of redox couples
M (bpy)2™'** where M = Ru, Os, Cr, and Co, D, is ~ 0 (1072 ecm?/s) << Dpop[2].
Here, data for a variety of magnetic microparticles in Nafion and Nafion films
were collected as a function of temperature. Data were evaluated by an Arrhenius
analysis. The slope and intercepts of the Arrhenius plots are well correlated with the
properties of the magnetic particles. Temperature data were also collected for C1
particles across a set of redox probes. Magnetic effects were again found. The effects
were quantified with an Arrhenius analysis. There is greater variability and more
parameters to consider in examining the redox probes than in the studies of the
microparticles with Ru (bpy)?. The following is a brief outline of a possible model
for the magnetic effects. Some evaluation of the model against the data is presented.

4.4.2 Transition State Theory (TST) for Self Exchange
Reactions without Magnetic Effects

Transition state theory (TST) evolved as a model for kinetics based on classical
mechanics and an activated complex. TST is also known as activated complex
theory and absolute rate theory [56]. In TST, two reactants come together to form

an associated pair of reactants held together in a cage of surrounding continuum
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media, denoted as follows where [AB] is the activated complex.
A+ B = [AB] (29)

The formation of the activated complex is associated with a potential energy barrier
of height AG*, the free energy of activation, as shown in Figure 37 for the self

exchange reaction A + B = B + A. The rate of the self exchange reaction is

Rate = k11 [A] [B] (30)

[AB]

A+B B+A

Figure 37. In transition state theory, the reactants, A and B, come together to form
an activated complex [AB]. The complex is at higher energy than the reactants or

products by the free energy of activation, AG*.

In TST, the self exchange rate is expressed as

ki = Kk (31)

where K is a pre-equilibrium constant that describes the formation of the activated
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complex from the available reactants as

K== (32)

The pre-equilibrium constant is calculated on a strictly electrostatic basis. K is
developed from considerations similar to those for activity effects, such as Debye
Hiickel theory [57]. In this model, K has units of M~!. Note that in TST, the
activated complex is formed as in equilibrium with the reactant and as in equilibrium
with the products.

The rate constant, k, for a self exchange reaction is the rate of the electron
transfer based on the concentration of the activated complex [AB]. Note, that in
TST models, the model follows the path of the reaction to the instant of electron
transfer. The process as drawn is reversible, but the TST model only considers
elementary kinetic steps along the path from the activated complex to the instant
of electron transfer. This consideration is particularly important in developing TST
models for self exchange reactions where there is no change in the concentration of
the reactants and products.

Here, the AG* embeds free energies associated with the formation of the activated
complex and with the subsequent steps to the electron transfer. The rate k is then

expressed in an Arrhenius form as

AGH

k= Aexp {—kb—T] (33)

where k (s7!), k; is Boltzmann’s constant (1.3806568 x 10723 JK™!), and T is

temperature in Kelvin. This is on a per molecule basis; the form that uses
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energies of activation, F4 and the gas constant, R, is on a per mole basis,

k= Aexp [—AGi / RT]. The pre-exponential factor is A (s7!). In classical TST, A
is taken as k,T/h where h is Planck constant (6.6260755 x 10734 Js). It is noted
that k,T/h has units of frequency (s7!).

From the Gibbs equation for the activated complex,

AGY = AH* — TASH (34)

where AH* is the enthalpy of activation and AS?* is the entropy of activation.
Enthalpy measures heat and entropy measures disorder. The rate expression is
equivalently written as

AS?

k = Aexp [k‘—] exp [—
b

AHI] )

kyT'

4.4.3 General Considerations for Transition State
Theory (TST) That Includes Magnetic Effects

The TST model can be modified to include magnetic effects on the self exchange
reactions. Two components are considered here, the re-expression of Equation 35
to segregate magnetic terms and a description of magnetically dependent entropy
terms based on probabilities. It is noted that all self exchange reactions considered
here are outer sphere reactions that do not undergo structural changes on electron
transfer; that is, the reactions are simple.

The total enthalpy of activation is segregated into two parts, AH& and AH}
the enthalpy not subject to magnetic effects and the enthalpy dependent on the

magnetic effects, respectively. Segregation of thermodynamic parameters into two
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enthalpies is consistent with compounds in the magneto electrochemical potential.
The two components are taken as independent and to represent the total enthalpy

of activation as a sum.
AH* = AH} + AH?, (36)

Analogous definitions are provided for the entropy where AS& is the magnetically
independent entropy term and AS# is the magnetically dependent entropy term.

Then, based on common thermodynamic methodes,

AST = ASE+ ASE (37)
Equation 35 is

AH}
kT

(38)

AS} ASE
—kb exp o exp

AHE
exp | —
Pkt
In this framework, effects of magnetic fields are expressed in enthalpy and entropy

and the magnetic effects are segregated from non-magnetic enthalpy and entropy.

The second consideration is the entropy based on the probability of states that

arises in statistical thermodynamics. The entropy for a single species is defined as

kib __ Z PP, (39)
where the species has several assessable states and the probability of the species
being in a state 7 is P;. The entropy associated with magnetic effects will be
developed from Equation 39. The probabilities of interest are the probabilities of the
species being in a particular spin state. For example, in the absence of an applied

magnetic field, an unpaired electron has two states, one spin up and one spin down.

Then, S/k, = —(0.51n(0.5) + 0.51n (0.5)) = —In (0.5) = 0.693. Note also that the
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calculation of AS requires application of Equation 39 to an initial and final state.

4.4.4 'TST Modified for Magnetic Effects in Self
Exchange Reactions of Singlet-Doublets

Several of the transition metal couples, M (bpy)?/ 3% have one half of the couple
that is diamagnetic and one half that has a single unpaired electron, a paramagnetic
radical. These two states are a singlet (S) and a double (D), respectively. The self

exchange reaction for these systems is

M (bpy)3* |4+ M (bpy)y" |5 = M (bpy)y" |4+ M (bpy);" |5 (40)

Sla+ D|p = D|a+S|s (41)
M (bpy)3" is the singlet and M (bpy)3* is the doublet (radical of one unpaired
electron) when M is from Group 6B of the periodic table: M = Fe, Ru, or
Os. Tris-bipyridal complexes are octahedral. For Group 6B, M (bpy)?r is d5 and

M (bpy)?r is d°. The energy levels are filled as shown.

For reaction between a singlet and a radical, magnetic effects couple into the
system through electron nuclear spin polarization (ensp). ensp is the process by

which the electron spin on the radical couples to the nuclear spin of the singlet when
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both are in the cage complex. ensp is important to effective isoenergetic electron
transfer. Within the framework of TST, in the presence of a sufficient applied
magnetic field, the radical is polarized by the magnetic field. The pre-polarized
radical and singlet form a cage complex where the spin is localized on the radical.
The system undergoes electron nuclear spin polarization such that the spin is
delocalized over the entire cage. This state is represented as the spin delocalized
over the cage complex by superscript D on the bracket that represents the cage
complex. The isoenergetic electron transfer occurs within the cage while the spin is

delocalized across the cage; this is represented by the arrow.

_ D

The energetics of this process are shown in Figure 38. The curve for no magnetic
effects is shown in grey with a barrier height of AG%, the free energy of activation.
The magnetic effects are represented by the blue curve where the top of the energy
barrier is split into two states. The cage with the spin localized on the radical,
[SDT}, is raised in energy above AG% by an amount gH S/ and the cage with the
spin delocalized over the entire cage, [SD]T, is lowered in energy below AG% by
gHSE.

For [S D]T, the system is fully configured for effective isoenergetic electron transfer,
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which is a state slightly lower in energy than [S DT]. The two energies differ by
2gHSpB. There are additional entropy advantages to the electron nuclear spin
polarized states that accrue with delocalized spin; this contributes to lower AG*
The experimental determined g measures the response of the radical to an applied
magnetic field, S is spin, determined from g and equal to 1/2 for a doublet, H is
the strength of the applied magnetic field, and 3 is a constant, the Bohr magneton

(9.2740154 x 1072 JT_l). The Zeeman energy, gHSf is small compared to k;T'.

[SD'

gHSB] o
} gHSP

S+D] DI+ S

Figure 38. For a self exchange reaction between a singlet (S) and a doublet (D'), a
cage complex is formed, [S DT] where the spin is localized on the doublet within the
cage. The spin is then delocalized over the entire cage complex by electron nuclear
spin polarization to form [SD]'. The isoenergetic electron transfer occurs within
the cage to form [DS]T. The cage with localized spin, [SDT}, has energy elevated
slightly above the free energy of activation in the absence of magnetic effects, AG%,
to AG% + gHS[B. The spin delocalized cage complex has a slightly lower energy,

AG?J —gHSp. In the Figure, the gray curve represents the barrier when no magnetic
effects are considered.
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The sequence of steps is represented as follows, where energy increases along the y
axis. Several points are evident. First, the pre-equilibrium constant, K, is calculated
from a purely electrostatic model. The energetics of the two states [S DT} and [S D]T
could in principle be included in the pre-equilibrium constant to distribute the
cage complexes between localized and delocalized spin. But the energy differences
between the two states are small and the redistribution between the states upon
electron nuclear spin polarization is characterized by the kinetic steps. Thus, the
strictly electrostatic calculation of K is used to determine the concentration of the
cage complex and, because of the similar energies of the delocalized and localized

complexes, the concentrations are approximated as equal.

SK[5][D1) = [sDT] = [sD] (12)

Further refinements are possible, but this suffices for the current development.
Second, the reaction between [SDT} and [SD]' is modeled as a forward rate of

electron nuclear spin polarization, k; and a backward rate where the spin is again
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localized on the radical within the complex, k_;. Third, there is no energy change
associated with the isoenergetic forward and backward electron transfer rates within
the cage, ko and k_o, respectively. Fourth, once the spin is polarized by the applied
field, the spin is inherited up until the instance of electron transfer. Spin does not
spontaneously flip once it is oriented by the applied field. Finally, in TST, it is only
necessary to map the kinetic processes up to the instant of electron transfer, here
step ky. The rate is based on the concentration of [SD]'.

The rate expression for the process is dependent on expressing the concentration
of [SD]' subject to generation and loss. The mechanism is traced to the instant of

electron transfer, the isoenergetic and spin invariant rate, ks.

Rate = ky [SD]T (43)
= Iy (I [SDT] — k1 (D)) (44)
= %K[S] [D'] (ky — k1) ko (45)

The measured self exchange rate, k1; = K (k; — k_1) ko. Because ks is isoenergetic
and does not change entropy states, including spin, ks is unity. The rates k; and
k_y are expressed within TST as follows. Note the entropy terms are not yet

expressed.

ASH

AH}, — gH
k1 = Aexp [k‘_] exp v —9H55

a ke T ] (46)

b

1
k_1 = Aexp [A]{;—S] ex

b /{ZbT

CAH + gHSﬁ]
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The measured self exchange rate is now expressed as

1
ki1 = KAexp {A]{:—S} {exp —
b

Consider the magnetic component of the entropy term. The complex [S DT} has

AHY —gHSB|
kT

AH} + gHSB

one unpaired spin and it can be present in one of two states, spin up and spin down.

The probability of either state is 1/2. The entropy for the state is then

ZPlnP— Z%ln(%)z—ln(%) (49)

The spin is taken as inherited, so the entropy from magnet effects for [S D]T is zero

Sk, ([SDT

because there is only one allowed spin state.

i
M mep— len )=—In(1)=0 (50)

The difference in the entropies is based on the difference in delocalized and localized

spin for the cage complex.

T
ASE Sk ([SD] ) _sh(sp) (1 51)
ky Ky, ks, B 2
Upon substitution of AS# | the above rate expression becomes
(ASt] [Aas N ANk
kiy = KAexp |—2| exp m} exp | ——=> b 52
11 i ky, ] | Ky kT’ —exp _%} (52)
Asi] [ amd] 1 exp |42
= KAexp |—2|exp |——%| exp lln (—)} b (53)
ks | | kT 2 —exp _gg#]
‘Ast] [ amEb] /1
= KAexp el 79 (5) 135 (54)
b J L b N —&Xp |~ ka ]
ash,]
exp{ Ky, } eXP{fAk—Ib{jr{m}

For no sufficient applied magnetic field, the entropy for the SD reaction is 1/2.
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When a sufficient magnetic field is applied, the spins are all pre-polarized by the

field, and the entropy term is 1, no uncertainty about the state because there is only
one state.

For the state where the systems are identical except that one has a sufficient
magnetic field applied, AG% is the same as are the collision frequency and
pre-equilibrium constant. The expression for the enthalpy for k11 (0) comes from the
expression for no magnetic effects, Equation 35. The entropy is calculated as above.

The ratio of k11 in an applied field H as compared to no applied field, H = 0, is
ASE AH}, HS HS
by (H) KAexp [k—bo} exp {— T } 1 {exp [gkaﬂ} — exp [—gkb—TB]} 55
b (0) ¢ AHY,
u(0) KAexp |55 exp l— m?] 5

Several notes are made based on this ratio and Equation 54. First, for a SD

reaction, the ratio shows that the rate is doubled by applying a sufficient field
because the degeneracy of the spins is removed. Second, from Equation 54, the
approximation that

limexp [z] = 1+ ... (56)

z—0

and the note that gHSf << kT, k11 (H) can be expressed as

(Asi] [ awd] exp | 452 ]
ki (H) = KAexp |—2|exp |——%|1 "G (57)
I kyp | I kT | — exp _gkaﬁ}
‘Asi] [ awt] L+ 457
= KAexp |—2|exp |[-—2| 1 ’ 58
PR [T R {—(1——QZ§F> (58)
‘ASH] [ AHL] . (gHSA
= KA —0 ——0%11{2
exp ™ exp T { T } (59)

The rate is directly proportional to g HS(3. Third, the collision frequency, A is taken
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as kyT'/h in classical TST. If this is substituted into the ki; expression, the result is

kT ASE AH}, gHSB
ki (H) = K—=— —— _Tl0 12
_2gHSp ASE AH],
= K : exp[ T exp T (61)

Two additional points of interest are of note. The collision frequency is no longer
temperature dependent, 2gHS/h. The ratio gHSB/h is the frequency for the
magnetic effects and it is substantially lower than the time constant ky7'/h. This
frequency gH S /h may account for the lack of temperature dependence typically
observed for Arrhenius plots (Ink vs 1/7T") made for rate analyses.

4.4.5 TST Extended to Other Reaction Mechanisms

and Incorporation of Prepolarization of the
Reactants

The model for the self exchange reaction between singlet and doublet states
is extended to other singlet radical reactions and is applicable to radical-radical
reactions. For radical-radical reactions, that electron spin polarization may have
to be considered, is under consideration which may require additional experimental
studies for verification.

The model is modified to allow a prepolarization step that polarizes the spins
of the reactants when there is an applied magnetic field. This prepolarization has
two impacts. First, the applied field reduces the entropy because there is only one
probable state for the spins in the field. A consequence of that in the absence of
the applied field, the entropy terms are large for radical-radical reactions, such as

T reactions, and the rates are slow. Radical-radical reactions can be dramatically
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Figure 39. Energetic states of TST with pre-polarization.

impacted by applied fields because the field reduces the spin entropy of the reactants.
Second, the prepolarization of the reactants raises their reference energetic state by
a Zeeman energy, gSHf, relative to the reactant energy when there is no applied
field. Thus, the net enthalpy of activation barrier is reduced and the reaction rate
facilitated. In the model with the prepolarization, the entropy associated with the
spin is now moved into ASIf for the prepolarization step. AS&E remains magnetically
independent and is AS?.
The rate expression for the self exchange rate is now the product of the

prepolarization rate, k,, the the self exchange process developed above. Note that

when two radicals react, ¢S is replaced with AgS.
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Rearranging,

1

AS gHSp
_ p
= Kexp[ T ]exp l—k T 1
;; >y
—[(ady)—gtse]
Nox | 250 P kT
TSP T [(am})rorrss
—exp T
ASH i
KAexp kbp exp Ak_*jo
—[(aH})—gHSB
o [958 ) P (e
exp kT ox |:[(AH§,)+9HS,3]:|
—&Xp ko T
AS} ASH] gHSp
p 0
KAexp T ]exp i exp {—I— T }
HS
X ex —AHé/ P [9 ’“bTB}
AT —exp f%ﬂsx&}
AS? ASE]
KAexp k:bp exp %

(AHg,—gHSB) exp g;ﬁ%}
—exp | 47

)

110

(62)

(66)

(67)
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Then, from Arrhenius plot

ASE  AS]
Infke,] = an—HnA—l——p—i—i (70)
Ky Ky,
I _ HSB
+ |- (25— 91150) tmd P ] (71)
kT —exp %TSB}
ASE t
= InK+InA+ p—l—% (72)
Ky, ks,
AHy —gHSp | ] e 4120] 73)
kT —exp —ﬁgﬁ]
Now simplify exp [%] — exp [%TSB] by noting that
lime* — 1+ (74)

x—0

lim {exp {gHSB} — exp {—gHSB} } = 1+ gH5p — (1 — gHSB)(75)

gHSB/kT—0 ]{bT l{bT ka k/’bT
2gHSp
= 76
T (76)
So
ASY  ASH  AHY — gHSB 29HSf
_ P 0o 0’
Inke, = InK+InA+ ™ + T T —i—ln[ T ] (77)
20HSB] ASH  ASt  AHL — gHSB
= mK+InA+] L ¢ —0
nan +n{ka}+kb+kb Tl (78)
If
kT
A=t 79
; (79)
This becomes
20HSB] ASE ASt  AHL — gHSB
Inke, =InK +1 £ L
Bke = ln +n[ I 1+ b T kT (80)
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Equilibrium constant K = exp <_ﬁTG E’) , then

—AGH 20HSB] ASH  ASt  AHL — gHSB
Inke, = 2 +1 L 0 —0 81
. ka+n{ 2 }+kb+kb T (81)
1 i ASE i t_
_ _AH; AS] I 29HSp e/ AS;  AHg —gHSpB (82)
BTk h Ky Ky kT
Because spin states are inherited AS* = 0, then
2gHSB] ASH ASE  AHY+ AHL — gHSS
In ke, =1 L 0 —=
. n{ D }+kb+kb Tl
AHé, ~ () because energy state of [SDT] and [SDT] is almost same.
2gHSB] ASH  ASH AHY— gHSS
In kep =1 L 0 —
e = 0 { D } " TR Tl
Note the time constant for the magnetic effect is
h
TmagBff = o5 (83)
Arrhenius plots from Equation 80 yield intercepts (b) and slopes (slope).
2gHSB] ASE AS]
b In [ . } + I + I (84)
AH} —gHS AH} Hs
slope = ——2 gH5s _ _ 0[1—915} (85)
ke ke AH; [k,

4.4.5.1 Considerations of ASIf

The sources of the ASII, is the unpaired spins on the reactants before the formation
of the cage complex. The model is that when there is a sufficiently large magnetic
field H, the spins are prepolarized into a single spin configuration and there is no

multiplicity of spin states. When the field is not sufficiently large or H — 0, then
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the full multiplicity of spin states is described by Boltzmann’s statistical mechanical
description. That is, for ¢ states where each state has a probability P;, the entropy
is

S

b i—1

1

s+ FOr a

Consider a species with m unpaired spins. The number of spin states is
doublet, D, there is one unpaired electron that can be either up or down, so the

probability of each state is 2% The entropy for D is then

Sp
Ky

D:—Zmna:— Bln H —I—%ln BH =—In E] =1In[2] =0.693 (87)

If there is sufficient H then —S/k, — 0 and there is no entropy for the prepolarized
D but the initial energy is shifted by the Zeeman energy gSH /.
The triplet T" has m = 2 and the quartet (Q has m = 3. So, for the unpolarized

radicals where every state has probability 1/2™, Equation 86 becomes

2

o~ 1
Sp:—;Blnﬂz—an—m:mmzo.ﬁgSm (88)

Ky
To arrive at ASZ{, it is necessary to consider the product, the cage complex as
it is first formed, and the reactant, which is the individual radicals. If there is
a sufficiently large H, then the individual reactant radicals are prepolarized to
a single state so Sp/kp|reactant = 0. The spin on the cage complex is inherited,
so there is only one possible state for the product cage, so the cage complex has
Sp/Eblproduct(cage) = 0. For the prepolarized radicals (in a field of sufficient H),
AS) S S

zp -r

kb - kb |product(cage) kb |reactant (89)

In a sufficiently large H that reactants are prepolarized
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AS?
L_0—0=0 (90)
ke

The entropy for the radicals not prepolarized is set by the sum of the entropies for

the individual reactant species. For the reaction of a singlet with a radical with
m unpaired spins, Sp,/k|reactant = Sp/E|reactant.s T Sp/Klreactant radical = 0 + mIn2
where the radical has m unpaired spins. For the reaction between two radicals, as
for Co (bpy)g/ ! which is a TQ reaction, where there are m, unpaired spins on one

reactant and m; unpaired spins on the other reactant,

Sp/kb‘reactant = Sp/kb‘reactant,radicala + Sp/kjb’reactant,radicalb (91)

= myIn2+myln2 = (m, +mp)In2 (92)

For the T'Q of Co (bpy)?r/ 't the entropy of the reactant is high as Sp/ kb |reactant. Tq =
(24 3)In2 = 5In2. When on reactant is a singlet, the same equation applies but

mg = 0. The spin is inherited for the product cage complex, so S,/ kp|product(cage) = 0.

Then for radical not pre-polarized by an applied field,

AS? S S
kbp = k_z) |pr0duct(cage) k_z |reactant (93)
= 0—(mg+mp)In2=—(my +my)In2 (94)
as H — 0 and reactants are not prepolarized (95)

Thus, in considering difference in the intercepts of the Arrhenius plots for the
Nafion (not prepolarized) and C1 (assumed H sufficient for the radicals to be fully

prepolarized), then the difference between an Arrhenius intercept for a sufficient
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magnetic field and for a Nafion film will be

AS!
Ky

AS}
-

= 0— (= (mg+myp)In2) (96)

Imagnetic Nafion

= (mg+mp)In2 (97)

Return now to the Arrhenius derived slope and intercept.

B 29HSB] ASH  ASt
b = In [ - ] + T + " (98)
I_ 1
slope = AH; — gHSp _ AHj; [1 _ gHSB } (99)
ke ke AH} /Ky

The term ASZ{ does not appear in the slope. The Arrhenius slope does provide

access to AHS and gSHp. The term ASé is found in the Arrhenius slope.

4.4.5.2 Time Constant for Magnetic Effects on Chemical Reactions

The frequency for magnetic effects on chemical reactions is now embedded in the

preexponential factor, gSH[(/h. This yields the time constant for magnetic effects,

TMagEf fect-

h

TMagEffect = gSHﬁ (100)

For a reaction of one unpaired electron in the earth’s magnetic field, g ~ 2, S =1/2,
and H = 1G. Tyagpffec ~ hH/B = (1G)6.626 x 10734 Js/9.274 x 1072 JG~! = 7.
1448 x 10~ "s or about 1 us. The time constant decreases with a stronger field or
more unpaired spins. Also note that this time constant is significantly longer than
h/kyT, which is of the order of 107! s or 0.1 ps. The time constant for diffusion,

Tdif fusion, 11 solution is approximated as E,%Op /D, where ¢y, is the distance a species
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moves from one solvent well to the next, perhaps ~0.3 nm, and D is the diffusion
coefficient in the solvent, ~ 5 x 107% cm?/s in water. Then, in water the time
constant for diffusion is 74;y fusion ~ (3 X 1078 cm)2 /5 x 1075 cm?/s ~ 1.8 x 10710 5
or about 0.2 ns.

4.4.5.2.1 Why Magnetic Effects on Electron Transfer Kinetics Rarely
Observed

There are several reasons why magnetic effects on electron transfer kinetics are
rarely observed. Most kinetic measurements are made in solvents with diffusion
coefficients comparable to water or in the gas phase where diffusion is even faster.
The time it takes for molecular species to move short compared to the time needed
to implement a magnetic effect. In solution, Taragrffrect ~ 35007 giffusion- When
measurements are made in polymers, in near solid state matrices such as batteries,
and on adsorbates, transport is markedly slowed or even eliminated. Under those
conditions the time constant for diffusion is comparable or longer than 7asege 7 fect-
In domains of slow or no transport, magnetic effects are more likely to be observed.

A second reason magnetic effects on electron transfer reactions and on reactions
in general are rarely observed may be that it is easy to overlook effects when,
for ¢S ~ 1 and H = 1G for one unpaired electron in the earth’s magnetic field,
gSH ~ 1.

Finally, in our studies, nonuniform magnetic fields established about the
micromagnets are always more effective at generating magnetic effects than

application of a uniform external field. It is probable that the magnetic field gradient
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is important in establishing an effect. It is noted that the model developed here is
for an average uniform field. Effects of a field gradient are beyond the scope of the

current model.

4.4.6 Some Testing of the Model against the Data

Consider first the data collected for Ru (bpy)i” >t for a series of magnetic

particles.

4.4.6.1 Data with Magnetic Susceptibility

It is expected that H is proportional to magnetic susceptibility of the particles.
Measurements were made with a single redox probe, Ru (bpy)§+ and films of Nafion
and Nafion plus one of four different coatings, denoted C1, C3, C8, and C18. The
designation is for the number of carbons in the chain of the coating. It was expected
that stronger fields would be found with thinner coatings and that was largely
true. However, the C8 coating had a lower magnetic susceptibility than C18. In
the following, H is taken as proportional to susceptibility. That is, higher measured

susceptibility is taken as greater magnetite content by volume and thus a stronger

field.

4.4.6.1.2 Equation 85: slope vs H

A plot of Arrhenius slope, slope versus H should be linear with form
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Figure 40. Equation 85: slope vs H.

slope = slopempsg H + bivsh -

+95p3

slope st (101)
Ky
1
bmvsH = _AHO (102)
ky,

Note slope should be negative.

slope = + (4.45 £ 0.68) x 107 (mag sus) — (7749 + 212) with R? = 0.9333 (103)
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Assessment of the Plot:
1. For a plot of the Arrhenius slope with assessment of magnetic strength, a positive

slope is expected, as found.
2. The correlation is acceptable given that this is a plot derived from another plot.

3. If H were plotted, then expect the slope of this plot to be +¢S3/k. For
Ru (bpy)s, gS = 2.15 x 5 = 1.075. The constants 3/k = 6.7 x 107°K/G, so the
predicted slope would be 7.2 x 107> K/G. The slope is substantially higher,
but it cannot be interpreted as we do not know the correlation between H
and magnetic susceptibility. The discrepancy in the values may reflect the

relationship between H and the measured susceptibility.

4. The intercept is expected to be the enthalpy of activation independent of
magnetic effects, —AH% /k. From the plot, this is —7400 £ 200, which correlates

very well with the value of —AH} /k found for the Nafion films of —7050 = 90.

4.4.6.1.3 Equation 84: b vs H

The equation for the intercept can be rewritten as

b=1In {%} +1In[H] +

ASE  ASH
L — 104

b R (104)

A plot of Arrhenius intercept b versus In H should be linear with form

slope = slopep,sg H + byysp- Because the relationship between H and susceptibility

is not known, it is expected that the slope should be positive. Similarly the intercept

will likely have additional, but at this time, unknown terms. The terms should be
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Figure 41. Equation 84: b vs In H.

the same for all Cn coatings.

slopeyys > 0 (105)

29581 ASE  Ast
=1 z 106
bbvsH n [ h ‘| + kb + kb + ( )
b= —(3.1340.27) In (mag sus) — (5.65 & 2.87) with R? = 0.9858 (107)

Assessment of the Plot:

1. These plots show strong correlation between b and In (mag sus). From the
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equation, however, a positive slope is expected which is not what is observed.

The following point must be considered.

(a) The intercept interprets the electron nuclear spin polarization term, so this
is not an issue of the reactant energy being misinterpreted. It is conceivable
that the assumption of one zero for the sufficient field may be incorrect.

2. Given the derivative nature of the plot, the correlation is good.

3. The slope cannot be interpreted as the magnetic susceptibility relationship to H
is not known. However, the negative slope is difficult to understand, unless the

field is not large enough.

4. The intercept is complex because there may be other terms within the intercept
that are not accounted for by this model. It is interesting to consider the
intercept, —5.65 relative to the intercept of the Nafion film, 5.1. In the simplest
model, the difference would be AS;. That the difference of the determined

values are 10.75 would indicate that the simplest case is not operative.

4.4.6.1.4 Equation 85: slope(M) - slope(N) vs H

It is anticipated that the AH} contains no magnetic terms and because it is
largely electrostatic, that the value of AH} is the same for all M (bpy)?/ * redox
couples and is the same in Nafion as in the magnetic composites. It may be slightly

different for C'o (bpy)§+/ " because they have different charges. For Nafion, H — 0

so that the Arrhenius slope for Nafion is

AH}
Ky

slope(N) — (108)

This enthalpy will include any nonmagnetic effects and assumes the earth’s field
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is negligible where as the earth’s field is ~ 1G. Note that AHéE would include

any events such as spin pairing that may be important to the S reaction of
the Co (bpy)?/ . Allow slope(M) is the slope of the Arrhenius with magnetic
microparticles in the film and slope (V) be the slope of the Arrhenius plot for the
Nafion film. Then, by examining the difference slope(M) — slope (N) the magnetic

enthalpy term is isolated.

S
L9568

slope (M) — slope (N) = ;
b

(Hpig — H) (109)

So a plot of slope (M) — slope (N) versus H should be linear with a slope of and an
intercept of +¢9SGH/k. But this is a tertiary analysis and may be prone a great deal

of uncertainty and error propagation.

4.4.6.1.5 slopey versus ¢S (slopeAvgS) across M (b]t)y)g/wrl for C1

From Equation 85 and variation M (bpy)g/ "1 for each separate Nafion and C1

micromagnet composites, a plot of slopey versus ¢S is characterized as

H . AHf
slopey = Bk—ng — k—bo (110)
yields
H
SlopeslopeAng S8 g]{Z_b (111)
AH}
bslopeAng = - kb (112)

Note the proportionality in slopegsiopeav because only a relative measure of H is
available.

The plot is shown for Nafion and C1 magnets. For the radical radical reaction of
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Figure 42. Equation 109: slope(M) - slope(N) vs H.
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Figure 43. slope, versus ¢S for the Nafion films and C1 magnetic composites. AH&
may be different for the Co(bpy)g/ ! couple. The g value for the radical radical reaction

2= gCo(bpy)é‘ where the g-value for C'o (bpy):l,) is approximated

is taken as Ag = ‘gco(bpy 2

as 2.

Co (bpy)g/ ' a QT, the g value is either g, + g or |g; — g2| where the S value matches
the number of unpaired spins, 5/2 or 1/2. Here the difference is shown. So, the ¢
value for the radical radical reaction is taken as Ag = |Gc,ap)2 = Yoopy)l| Where
the g-value for Co (bpy);r is approximated as 2 and S = 1/2. This gives the best

line but the data interpretation is not apparent.
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The equation for the line is

slopes (N) = (1380 4 490) ¢S — (9880 + 740) with r* = 0.78 (113)

slope 4 (C1) = (1000 & 190) g5 — (6580 = 280) with r> = 0.93 (114)

Assessment of the Plot:

. AH} may be different for the C'o (bpy)?/ " couple than for M (bpy)?/ o,

Removing Co(bpy)?)” " from the plots does not improve the quality of the plots.

. There is a difference in the concentrations of the probes based on the initial
probe: Co (bpy)?, Os (bpy)gJ’, and Ru (bpy)?r for the .M(bpy)?BJr and
Co (bpy)?r for Co (bpy)?/ " This may be reflected in the data. The data as yet

are not corrected for the differences in concentration.
. From the model, it is expected the slopes will be positive, which they are.

. It is expected that the slopes will be proportional to H so Nafion should have a

lower slope than C1 magnets, but that is not observed.

. The intercepts should reflect —AHS /kp. The plot correlations are poor, so this
analysis is suspect but the intercept for the C1 magnetic data is comparable
(-7749 K) to slopes (C1) = —6580 K . The intercept for the Nafion analysis
is -9880 K. Given the uncertainties, the values are some what similar. Both

intercepts are negative as anticipated.

. Overall, the quality of the fit is poor and the uncertainties of concentration,

correct g value for the T'(Q) couple, and the difference in AHS, the analysis should
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Figure 44. Relationship between b(M) - b(N) vs slope(M) - slope(N).

not be relied on heavily.

It is interesting to note that b (M) — b (N) versus [slope (M) — slope (N)] is linear

and consistent with a magnetic effect.

4.4.6.1.6 Entropy Analysis for Arrhenius Intercept with H

The studies with various magnetic particles, C1, C3, C8, and C18 and Nafion, but

one redox probe, Ru (bpy)?r, allow b for the Nafion and the magnetic composites to
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be expressed as

b(N) =In {2955} +ln[H]+1n2+Ak—Si (115)
b
1

b(M)=In [@} + In [Hy;g] + Ak—f (116)

where H,,,.; approaches zero and is the earth’s field or less. If H is proportional to

magnetic suggestibility,

b(M)—b(N) =1ln { } +1n2 (117)

small

So, if all else is equal, b (M) — b () versus In [H| should be linear and the intercept
should be In2 as long as Hg,,.y = 1 and the relationship between H and magnetic

susceptibility is simply proportional.
4.4.6.1.7 Entropy Analysis for Arrhenius Intercept with ¢S

For the expressions of b (M) and (N) with ¢S,

b(N)=1In [W] +1In[gS] + (mg +mp) In2 + ATS’i (118)
1
b(M)=1In l#} +1In [¢S] + % (119)

In both cases, the Arrhenius intercepts b (N) and b (M) should increase with ¢S.

If all else remains the same, then

b(M)—b(N):lnl }—(ma—i-mb)ln? (120)

small

So a plot of b (M) — b(N) versus the expected (m, + my) should be linear with a

slope of -In 2 and an intercept of In [H/Hgpan]-
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Figure 45. Entropy Analysis for Arrhenius Intercept with ¢S.
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b(M)—b(N) = — (0.554 % 0.059) (m, 4 m;)—(2.04 £ 0.51) with R*> = 0.9896 (121)

Assessment of the Plot:

1. For a plot of difference in the Arrhenius intercepts with m, + m; should have a

negative slope, as shown.
2. The correlation is acceptable given that this is a plot derived from another plot.

3. The slope is expected to be —In2 = —0.7. We have a slope of —0.554 that is

close to the expected value.

4. The intercept is expected to be In [HL”} , which suggests the intercept should

be positive if H > Hg,,qa;- The intercept is negative at —2.4.

4.5 Conclusion

Data have been collected for magnetically modified electrodes for a series of
transition metal complexes and for a series of magnetic microparticles with different
magnetic properties. Cyclic voltammetric studies as a function of temperature have
confirmed that magnetic fields impact the rates of self exchange reactions for the
transition metal complexes. The rates of the reactions increase with the magnetic
content of the microparticles.

The temperature data were analyzed by Arrhenius plots of log rate against
reciprocal temperature. These data were used to test models of magnetic effects on

electron transfer rates. Impacts were found in both the slope and intercept data for
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the magnetic composites and Nafion films.

The models predict that the enthalpy of activation is largely established by
electrostatics and is not subject to magnetic impacts. Magnetic effects on the
enthalpy arise from electron nuclear spin polarization and electron spin polarization
events. The magnetic effects on the entropy of the reaction arise from the spins
on the reactants such that in the absence of an applied field, the spin probabilities
establish the magnetically based entropy. When the field is applied, a single state
is probable and the spin based entropy becomes negligible. An additional step is
included in the mechanism. This is the prepolarization of the reactant spins in the

applied field. This reduces the entropy and the activation enthalpy for the reaction.
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CHAPTER 5

CONVOLUTION TECHNIQUE FOR THIN FILM ELECTRODES

In the previous chapters, magnetic field effects on heterogeneous electron transfer
and self exchange reactions have been examined by coating electrodes with ion
exchange polymers and magnetic particle composites. For these modifications, use
of an ion exchange polymer is indispensable to create coatings and to provide ionic
conductivity. Because the ion exchange polymer coating alters diffusion profiles
about the electrode surface, more advanced electrochemical modeling is needed
to further the understanding and interpretation of the current-voltage profiles of
modified electrodes. The type of films examined here fall in the class of polymer
coated electrode generally represented as uniform films because the film is spatially
invariant normal to the electrode.

Other examples of surface modifications include catalytic modifications, which is
an active research area for energy conversion applications. The modification is to
attach catalytic material or metal alloys to noncatalytic electrodes. The objective of
catalyst modification is to facilitate a slow electrochemical reaction on an inexpensive
electrode such that the reaction occurs at a potential closer to the theoretical redox
potential. For analytical applications, electrode modifications improve selectivity
and sensitivity to a specific electroactive analyte by selective extraction based on
their charge, hydrophilicity, and size.

For most of these electrode surface modifications, the uniform film model is

applicable. Development of an analytical tool to characterize uniform films would
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Electrode Film Solution

Figure 46. Concentration profile of thin film modified electrode where redox probe
present in solution at concentration c’ partitions across the film solution interface
such that the initial concentration in the film is xc¥. At the electrode surface, probe
is electrolyzed. The x-axis is the distance from the electrode and the y-axis is the con-
centration of the redox probe. [ is thickness of film and « is the extraction parameter.
Profiles are shown for steady state electrolysis.

facilitate characterization of these systems. In this chapter, a newly developed

convolution technique for the uniform film is introduced and discussed.

5.1 Theoretical Background

Nafion is commonly used for various types of electrode modifications. Assessment
of the uniform film properties is critical to good system analysis. Nafion is well
represented as an uniform film on the electrode surface. The chemical structure is
shown in Figure 1.

When an electrode coated with an uniform film is placed in electrolyte solution
that contains a redox probe, the probe extracts across the film solution interface
and equilibrates in the film. Under electrochemical perturbation, diffusion profiles
for the probe are established in the film and the solution. The two diffusion profiles
interact with each other at the interface as described by an extraction parameter

(k). A schematic description of the system is shown in Figure 46.
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The characteristics of electrochemical current responses to any voltammetric
perturbation are defined by a combination of models for charge transfer kinetic
and mass transport. Fick’s laws of diffusion are appropriate for uniform films. For
unmodified, planar electrodes, current voltage profiles for the redox probe in a
semi-infinite linear diffusion system was solved implicitly by Nicholson and Shain
[53]. The current-voltage profile for a redox probe in a uniform film on an electrode
was modeled and simulated explicitly by Hettige and Leddy [58]. The simulation for
cyclic voltammetry at a uniform film on an electrode uses an explicit finite difference
method and Butler-Volmer electron transfer kinetics.

Convolution techniques, also known as semi-integral methods, are one of the
electrochemical data analysis techniques introduced in the early 1970’s by Oldham
and Savéant [59,60]. The major advantage of this technique is to convert transient
currents to simpler, more steady state-like responses that are easier to analyze and to
extract parameters [61]. Convolution methods can discriminate against nonfaradaic
capacitance and uncompensated resistance and allows rapid determination of

reaction kinetics [37].

5.1.1 Derivation of the Convolution Responses

Figure 47 shows that a typical current-voltage profile from cyclic voltammetry at
an unmodified, large planar electrode. The characteristic avian shape of the cyclic
voltammogram (CV) is converted by convolution to a sigmoidal morphology more
characteristic of steady state voltammetry.

Derivations of the response for semi-infinite linear diffusion to a planar electrode
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Figure 47. Cyclic voltammogram (green) and its convoluted current-voltage plot
(blue) for semi-inifinite linear diffusion at an unmodified electrode. The y-axis is
the dimensionless current and the dimensionless convoluted current. The x-axis is
potential. The CV is generated by computer simulation and convoluted computa-
tionally.
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were originally provided by Oldham [59,62] and Savéant [63]. The derivations serve

as a template for the derivations for an electrode modified with a uniform film and

the redox probe partitions from solution into the film. Derivation of the convolution
equation for an unmodified, planar electrode is as follows. The resulting convolution
equation, Equation 140 (page 133), is used to generate the response shown in Figure
47.

The current expression for a planar, unmodified electrode in one dimension is

i(t) _DﬁC(O,t)
nFA ox

(122)
where i (t) is the current (A); C(z,t) is the space and time dependent concentration
of the probe (mol/cm?); z is the coordinate normal to the electrode; D is the

diffusion coefficient of the probe (cm?/s); n is the number of electrons transferred in

the electron transfer reaction; F' is the Faraday constant; and A is the electrode area

(cm?). The Laplace transform of the current expression is

i(s) DaO(o, s)

— 12
nkFA ox (123)
Fick’s second law for the concentration gradients and diffusion is
oC(z,t)  0*°C(x,t)
o b O0z? (124)
The Laplace transform of this equation is
— 02C
s — Cla,0) = pLE@:3) (125)

0x?

C' (x,0) is the initial concentration of the probe for all z. Solution of this first order
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differential equation is

C(z,s) = @ + Aexp [—\/%x] + Bexp {\/%xl (126)

Because the initial condition is specified as a fixed concentration in solution, C*,

C(x,0) = C* (127)

and the semi-infinite boundary condition in ¢ and convolution s coordinates is

lim C(z,t) = C* (128)
lim O(x,t) = % (129)

B = 0. The equation becomes

Tl ) = % + Aexp [_\/%x} (130)

Differentiation of the equation yields

@ - —\/%A exp l— %x} (131)

From Equation 130, the coefficient A is evaluated.
i(s) [s

= —A. = 132
nFA D (132)

i)
TN T (133)

Equation 130 becomes

Clz,5) = — — is) {— ix} (134)
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We are interested in the concentration at the electrode surface, C(0, s), where x = 0.

c* 1

- 5 GEm) ™ () o9

The convolution is recognized upon substitution as

Na) ~
—~ —~
V) V)
N— N—

I |

~.
—~

—_

o

The generic convolution or semi-integral, Equation 138, allows the inverse of the

expression in Laplace transform coordinates, s, to time coordinates t as

L7 [f(s)g(s)] = F()"G(t) (137)
t
_ / F(t — 1)G(r)dr (138)
0
The inverse of Equation 136 is obtained by application of Equation 138. The

concentration at the electrode surface is expressed by the convolution equation.

i 1 1t i(w
co,6) ="~ nFAD/? [WI/Z/O (t_u)lﬂd“] (139)

The response to any voltammetric perturbation that starts at zero current can be
used to characterize the concentration at the electrode surface through Equation
139 as long as the electrode is planar and the diffusion profile only probes one
phase at the electrode surface. The convoluted current, I (¢), is defined by Laplace

transform.

I(t) = Wllp /O ; i%;l du (140)
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5.2  Mathematical Development of the Convolution
Equations

For the uniform film on an electrode, the model characterizes two domains. The
domain immediately at the planar electrode is the film, which is in contact with the
semi-infinite electrolyte layer. The probe is present in both domains and establishes
a concentration in the two domains that is characterized by an extraction parameter,
k. Each domain, the film and solution has a diffusion coefficient, Dy and D,
respectively. A schematic diagram of the system is shown in Figure 46.

Fick’s second law for this system is specified for each domain. The film of
thickness [ is established at the electrode surface from z = 0 to x = [. The
electrolyte is present for x > [. The concentrations in the film and solution are space

and time dependent as C (x,t) and C; (z,1).

8Cf (l’, t) D 82Cf (l’, t)

A — <zx<
0C(x,t) 02Cy(,t)

Laplace transform of these two partial differential equations with respect to time

yields

— C* s s
_ _ |5 = <g<
Ci(z, s) K +Aexp< Dfx) +Bexp( Dfx) 0<z<1(143)
C* B
Cy(z,8) = - +Gexp | — 5% <z (144)

The semi-infinite boundary condition for the solution phase eliminates the term

exp [\/3 / sz} because the term will grow without bound as x increases. The initial
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concentrations in the film and solution are also incorporated into the equations.

Cr(z,0) = rC* 0<z<lI (145)

Cs(x,0) = C* l<z (146)

Boundary conditions for the junction between the film and solution, where x = [, are

C=,t) = wC(*,1) (147)
Dfacg;t) _ Dsan;,t) (148)

The positions [~ and [t are the positions just inside the film and just outside the
film at the film solution interface. Equation 148 indicates the flux of probe into the
film must equal the flux of probe out of the solution; no material is lost. Laplace

transform of Equations 147 and 148 yields

CU—5) = OO0 (149)
Df% _ Dsw (150)

Equations 143 and 144 are combined in these two expressions to yield

S S s
Aexp (— D—fl) + Bexp <‘ /D—fl) = kG exp (— El) (151)
The first derivatives of Equations 143 and 144 yield
0Cs(x,s) IRY, DifAexp (_ \V Dif:E)
(937 N s S
+, /D—fBeXp ( /D—fx)

0Cs(z,s) s s
—, /DSGeXp ( sz> < (153)

IN
8
IN

(152)
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Substitution into the constraint on flux at the interface, Equation 150 yields
—Aexp (— Dil)
= IS = e (<y5t) o
Il +Bexp ( /Difl) s s

> m(@) o ([3) -

Let v is ratio of diffusion coefficients expressed as v = \/Dy/D;. Allow the following

notation.
Dy
= 1
v D. (156)
A = Aexp(—, /=1 1
exp< D; > (157)
S
B = B — 1
exp < Dfl) (158)
B
G = G — /=1 159
e (- 51) (159)
Equations 151 and 155 become
A+ B = kG (160)
vy(A -B) = & (161)

Equation 160 and 161 are combined to eliminate G'.

A'+B = ky(A'-B) (162)

A(1—-ky) = —B(1+ky) (163)



Expanding the equations yields

s s
Aexp(—‘/D—fl> (1-—ry) = —Bexp( Dfl) 1+ Ky)

then

S 1—&7
B = —-A —_—
o (5
1 —ry
1+ ky

B =—Aexp (—‘ /D121> w
!

Equation 123 can be applied to Equation 143 when x = 0, which is at the electrode

surface

i(s) 0
nk'A Df% [

*

C
Ii?—f-AeXp (—‘/Difa:) +Bexp< Difx

S S
- Df< \/DfA+ DfB)

= —/sDy (4

The current expression for the Laplace transform is

@ =—-A+B

nFA\/sDy

Because B is determined by Equation 167, A can be determined.

i(s)
nFA\/sDy
nFA\/sDy

A:

A Awexp <_\/D3fgz)
)

_nFA\/E [1 + wexp <—\/szzz>]

).
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(164)

(165)

(166)

(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)



We are interested in C'¢(0, s).

Cf((), S)

From the series expansion,

*

HC— +A+B
s
/fg + A — Awexp ( 2l>
f
KC—+A[1—weXp< ;f?l)}

e @ 1 -wen (- /721

Ucn

)
<

[y

S
R~ nFA\/sDy [1—|—wexp (_ Di2l)}
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(175)

(176)

(177)

(178)

(179)
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Equation 178 is expanded to

Cr(0,s) = r— (180)

(181)

X 2(—1)%& exp (—23'\/szl) (182)

C*
G (18
( OO 3
—1)wlexp | =27, /1) —
5 (-1ywen (-2, /)
_ =
i(s) °°
—_— —. /52l 184
nrwo AN QN 51
X(—1)w’exp | =25, /51
\ ! J
. — e exp (—2 il) —
_ o) & WP 185)
5 nEAVSDE LSS (—1pwitlexp (=20 +1) 5
\ j=0
§ 14+ 3 (— 1w exp (—2] il) +
_ O i) =Y ’ (186)
s nFA/sDy ST (—1)/w’ exp (—2] Difl
\ Jj=1
c i(s)
- 187
" nFA\/st (187)
Z 1)7w exp (—2j il) (188)
nFA«/st = Dy

The second term of Equation 187 is the transformed current expression for

unmodified, planar electrode, Equation 136.

— 1

—1 = d
"FAyD, s T nFA\/D_f/O NN T

The third term is the newly added term for the uniform film modified electrode and

(189)
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is converted to real space using Equation 138.

nFAz\ﬁ \[ Z Jwﬂexp( \/DT 21;) (190)

—l2 2
= —|d 191
nFAw/ /1/ (t—u)- Z eXp(Df(t—u)> “ (191)
The result is
c0,t) = kC*"— ———— Y du
’ B nFA\/Df’]T 0 \/t—u
2 / i(u) i (—62j2>
— —w)’ exp du 192
nFA\/D¢ Jo \/t—u;( ) (t —u) (192)
where
12
b=y — (193)

Dy

Equation 192 has two important parameters that describe properties of uniform
film; b and w. b is the film thickness relative to the diffusion coefficient and w is
flux parameter for a film in contact with a solution. When b is converted to a
dimensionless parameter,

b = é—in fu

It approximates the diffusion length relative to the film thickness. n is number of
electron, f = F/RT (C/J = V'), and v is scan rate (V/s). As I/ decreases as for
slowed scan rate, the diffusion profile exceeds the film thickness.

w is the flux parameter for a film in contact with a solution. For flux in the
film higher than in solution (k/y > 1), —1 < w < 0; for flux in the film less than
in solution, (k/y < 1), 0 > w > 1. For w = 0, flux in the film and solution are

equal. Note that even if D; < D,, the usual case, k/v can be greater than 1 if & is

sufficiently large and w will be negative.
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5.3 Results

The derived equation, Equation 192 is coded in Matlab. The code is in
Appendix B. Cyclic voltammetric data are generated by Hettige’s program for cyclic
voltammetry (CV) for uniform films [58]. Figure 48 shows that computer simulated
cyclic voltammogram when w = 0.999 and b = 1.2 (solid) and its convoluted current
with convolution for semi-infinite linear diffusion (dashed). As expected, convolution
for the unmodified planar electrode does not exhibit a sigmoidal response. However,
when the CV is convoluted according to Equation 192, the expected sigmoidal
response results (blue dotted).

Figure 49 shows the computer simulated cyclic voltammogram when w = 0.999
and b = 3.5 (solid) and its convoluted graph with the semi-infinite convolution
(dashed). This is the case where the flux in the film is low compared to flux in
solution, /v << 1. As expected, the semi-infinite convolution for planar electrode
does not exhibit a sigmoidal response. However, the same CV is convoluted using
the uniform film convolution yields the expected sigmoidal, the typical sigmoidal
response is shown (dotted line).

Figure 50 shows the computer simulated cyclic voltammogram for w = —0.8
and b = 2.5 (solid) and its convoluted by the semi-infinite algorithm (dashed).

In this case, flux in the film is high compared to flux in solution, consistent with
the Gaussian CV, and k/v > 1. As expected, the semi-infinite algorithm does not
yield a sigmoidal response. However, the same CV convoluted by the uniform film

algorithm, yields a sigmoidal response (dotted).
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Figure 48. Computer simulated cyclic voltammogram when w = 0.999 and b = 1.2
(solid) and its convoluted current with the semi-inifinite equation technique (dashed).
The convolution for the uniform film equation yields the sigmoidal response shown
with the dotted lines.



147

25 T T T T T
2r fﬁﬁ,ﬂﬂ—h\ il
.,-o-""-ﬂ-f HI'
gl o o g \ il
& T
= s g
=5 G A H-\_\__\__\_
[} ra ! e
D L s it R |
m "y, s
= ,
= 4
= i |
< osf ) _
| ﬁ{\\ |
_|:|5 | | | | 1
-0.A -0.4 -0.2 ] 0.2 0.4 0.A
Fotential £ %

Figure 49. Computer simulated cyclic voltammogram when w = 0.999 and ¥’ = 3.5
(solid) and its convolution by the semi-infinite convolution expression (dashed) and
with uniform film convolution (dotted). The uniform film convolution plot shows
clear sigmoidal response whereas the semi-infinite convolution does not.
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Figure 50. Computer simulated cyclic voltammogram when w = —0.8 and &’ = 2.5
(black solid) and its convolution by the semi-infinite algorithm (blue dashed) and the
uniform film convolution (dotted red) are shown. The uniform film convolution plot
shows a clear sigmoidal response.
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Figure 51. Computer simulated cyclic voltammogram when w = —0.8 and ' = 0.25
black solid ) and its convolution plot by semi-infinite (blue dashed) and uniform film
dotted red) convolution . The uniform film convolution plot shows clear sigmoidal

response.

Figure 51 shows that computer simulated cyclic voltammogram when w = —0.8
and b = 3.5 (solid) and its convoluted graph by the semi-infinite (dashed) and
uniform film (dotted) convolution algorithms. As expected, the semi-infinite
algorithm does not yield a sigmoidal response but the uniform film convolution does,
as indicative of capturing effects of flux in both the solution and the film.

In conclusion, the uniform film convolution algorithm successful converts a CV

to the sigmoidal response characteristic of a successful convolution algorithm. The
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algorithm should allow system parameters to be extracted either by fitting or other

parametric protocol.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

Magnetic field effects on electrochemical energy conversion are the main topic of
this thesis. The photoelectrochemical hydrogen evolution reaction on semiconductor
electrodes was manipulated by magnetic modification. Modifications are achieved
by applying ion conductive polymer with electrochemically inert magnetic particles
to electrode surfaces. 15 % (v/v) magnetic modification on p-Si (1.5 Qcm resistivity
and (100) surface) enhanced the photoelectrochemical hydrogen evolution reaction
current voltage profile by 400 mV in 0 pH electrolyte solution and achieved 6.2 %
energy conversion efficiency.

The physical basis of the MFEs was also investigated. Heterogeneous electron
transfer kinetics for the HER under magnetic modifications were measured on
non-catalytic electrodes. On glassy carbon electrodes, the rate constant for HER
on magnetically modified electrodes was 80,000 times higher than unmodified
electrodes.

Self exchange reaction rate constants were also measured by tracking peak currents
while varying redox couples, magnetic particles, and temperatures. Arrhenius type
analyses were conducted to evaluate the MFE and the magnetic modifications
decreased activation energy for outer sphere self exchange reaction by 30 - 40 %.

A kinetic model based on transition state theory was suggested for the MFE
on the self exchange reactions. The model includes a pre-polarization step and an

electron nuclear spin polarization step and the model successfully explained that for
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the observed MFEs parameter, gHS, the rate constant and the activation energy are
proportional to gHS.

A convolution technique for uniform film modified electrodes was developed and
programmed in Matlab mathematic software. Using this technique more convenient
and straightforward analysis became possible.

Although data have been collected for many different magnetic field experiments
relating to electron transfer kinetics, a fundamental understanding of MFE on
electrochemical system is still impcomplete. Because MFEs on electrochemistry
under external uniform magnetic fields have rarely been detected, magnetic
field gradients are speculated as the source of these phenomena. Therefore, a
more fundamental understanding and modeling of the MFE effects are needed.
Investigation of electron transfers kinetics under oscillating or gradually changing
magnetic field is of particularly interest. For such experiments, conditions can be
generated by using an electromagnet with AC currents for controlling the magnetic
field oscillations. An electrochemical cell with a high viscosity electrolyte and high
concentration of a redox couple, such as Nafion coated electrodes, could be placed
within the magnetic field. Controlling magnetic field oscillations, the electrochemical
response could be measured and recorded to reveal insights on the effects of magnetic
field on electrochemical electron transfer rates. This set of experiments will advance

the application of MFEs to all other types of electron transfer related chemistries.
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APPENDIX A

COMPUTER SIMULATION FOR PHYSICAL DIFFUSION IN TO A THIN FILM

As we discussed, diffusion of redox couple consists of two phenomena, a
physical motion and electron hopping. Because these two phenomena always occur
simultaneously, a measurement of each parameter separately using electrochemical
method has not been done. Here, peak currents are measured while redox couple is
loaded in known thickness of an ion exchange polymer, Nafion. By mathematical
modeling and computer programing of the diffusion profile, a method to get diffusion

coefficient for the physical motion is suggested.

A.1 Experimental

To investigate physical diffusion characteristics of Ru(bpy)gﬂ " in Nafion matrix,

three glassy carbon electrodes were coated with Nafion with thickness of 6 pym and
with Nafion and silane coated suspension with the same thickness, respectively. Six
electrodes are placed in 1 mM Ru(bpy)?/ % in 0.1M HNOj solution. Then cyclic

voltammograms are recorded every 30 min for 15 hours.

A.2 Mathematical Description of the Model

The concentration profile when the film is in loading over time is shown in Figure
Al. The x-axis is distance from an electrode surface and the y-axis is concentration
of a redox couple.

To describe diffusion profile of this system, two Fick’s second law equations are
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Electrode 0 Film Solution

Figure A1l. Concentration profile when the film is in loading over time. The x-axis is
distance and the y-axis is concentration

used
OC () PCapy
— =D <z <l Al
ot T V= (A1)
805@ t) 3203(1 t)
2b — D, A2
o D 92 <z (A.2)
Boundary conditions for this system are:
Ctwoy = 0 (A.3)
9C.)
D — =0 A4
[ (A.4)
Cra-py = KCurp (A.5)
8Cf(lf t) aC’s(lJr t)
- = p—= Y A.
Dy ox Ox (A-6)
Cszpy = C° (A.7)
lim Cs(:c,t) = (AS)

T—00



Then Laplace transformations of them are

B.C Laplace
Cioy =0 _

DAY 0 D
Cra-1 = kCsq+ ) Cra-5) = KOs(1+,5)
aC aC aC oC

D% —p, S p e — p Ty
C’55(2:,0) =C" . X
hmx~>oo Cs(m,t) =" hmx%oo Cs(:r,t) =<

S

— Ctz S S
Cllas) = %nLAeXp (—‘ /D—fx> —I—Bexp( D—fx)

By the boundary condition Equations A.3 and A .4

86]%8) S S S
AL iy — = —B
7 Df exp Dfx + Df exp

GUf(OS) S S
2 - _ | A+, |=—B=
al’ Df + Df O

So

Cta =4 o - \/D:f) +exp <\/D:f)]

Laplace transform for in solvent phase is

S
—X
Dy

-~ OS X
Ci(ays) = ;’0) + Cexp (—1 /Disx> + Gexp (1 /Disx)

By boundary condition Equation A.7

63(:1:,3) = % + Cexp (—‘ /Disx> + Gexp ( Disx)

By boundary condition Equation A.8

% =%+C’exp(—oo)+GeXp(oo)

)
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The Second term on right side goes to zero and third term goes to infinite.
Therefore,

G=0 (A.18)
and

ﬁs(m) = % + Cexp (— Disx> (A.19)

By Equation A.10

A S s O B
— — /=1 —I)| =— — /=1 A2
K [exp( Df>+exp( Dy )] 8§ +Cexp( Dy ) ( O)
To apply boundary condition Equation A.6, derivatives of A.19 and A.14 are
IC f(z.9) s s s
)N A - = — A.21
e D; exp | —,/ Dfx + exp Dfx ( )
0C (0,9) S S
— = -, = — = A.22
Ox Dy ¢ exp Ds" ( )

s | TP <_ Difl) [s [s
! + exp < il) s s

VDA o (_ Difl) | — /D,Cexp (—\/DES1> (A.24)

We are interested in C'y(o) which is transformed to Uf(07s) Then,

A B 5 c* B

and the Equation A.14

A\/\/g:: [eXp (—\/szz) —exp (\/szzﬂ = Clexp (— D%z) (A.26)
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Then,
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w= (1- /:;7) (A.38)

A= (A.39)

eeeeee

— = Z(—l)jaj (A.40)

A= Z(—l)w’ exp (—2 —lj) (A.41)



159
Put this to Equation A.14

O*

5 (1 +7) exp (ﬁz)

X ;(—1)%& exp (_2\/szlj)

x Ji(—mw‘ exp (-2\/szlj>

exp (\/D:fx) exp (— 5fl>s ﬁ ] (A.45)

Uf(%s) = (A.42)
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For varification
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Verifications are

erfc[(27+1)b) =1
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26C* & .
C = —1)w? A.67
£(0,0) ) ;( ) (A.67)
2kC™* 1
- A.68
(1+ry)1+w ( )
— (1216; - (11%) (A.69)
v + (1+ky)
2kC* (1+ k)
_ A.70
(I1+kry)(L+ky)+ (1 —kKY) ( )
= rC* (A.71)

A.3 Results

The experimental result of peak currents over time when Ru(bpy)3" is loaded in
Nafion and magnetically modified Nafion is shown in Figure A2. Peak currents are
normalized so the currents enhanced by magnetic field effects are minimized. The
result is evident that physical diffusion of Ru(bpy)s" in Nafion and Nafion with
magnetic microparticles is the same. Another interpretation is magnetic modification
does not affect physical diffusion.

The derived equation is coded to simulate the concentration on the electrode
surface that is physically diffused through Nafion. Matlab is used for the simulation
calculation and the code is written in APPENDIX B. Figure A3 shows the result of
the simulation when. Dy =8 x 1078 em?/s, Dy = 8 x 107° em?/s, k = 20, C* = 0.05

and [ = 0.006 cm.
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Figure A2. Normalized peak current at an electrode surface versus time when
Ru(bpy)3" diffuses in Nafion matrix.
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Figure A3. Computer simmulated peak current response with time when.
Dy =8x107% em?/s, Dy = 8 x 107° cm?/s, k = 20, C* = 0.05 and [ = 0.006 cm.
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A.4 Computer Code for Physical Diffusion into a Thin

Film
function filmloading02
%odt=1;
df=0.00000007;
ds=0.00008;
kapa=20
conc=0.095;
1=0.0006;
zi=sqrt(df/ds)
omega=(1-kapa*zi) /(1+kapa*zi)
infi=0:1000;
ziomega=zi*omega;
ziomekapa=zi*omega*kapa;
presig=2*conc/(1/kapa+zi);
for T=1:720
b=1/(2*(df*T*100)"1/2);
errfc=erfc(((2.*infi)+1).*b);
prerrl=(-1). infi;
prerr2=(omega. ~infi);
prerr=prerrl.*prerr2;
sig=prerr.*errfc;

c(T)=presig.*sum(sig);
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i(T)=c(T)"(4/3);
£(T)=T*100/3600;
end
plot(t,c)

end
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APPENDIX B

COMPUTER CODE FOR HETEROGENEOUS ELECTRON TRANSFER RATE

CONSTANT

Next code is for the Visual Basic in the Microsoft Excel 2007. The program is
coded basically for a cyclic voltammogram. In this thesis, this code is run for a
single sweep to simulate a potential sweep voltammogram. Heterogeneous electron
transfer rate constants are obtained by adjusting parameters.

Sub HHCGC()

"define arrays

Dim FAOLD(1001) As Double

Dim FANEW(1001) As Double

Dim FBOLD(1001) As Double

Dim FBNEW(1001) As Double

"ask start

MsgBox "Start?"

Range(Cells(14, 1), Cells(10014, 8)).ClearContents

Input Simulation variables

Einit = Range("B2")

Efin = Range("B3")

T = Range("B7")

fConc = Range("B5")



tk = Range("B8")

A = Range("B4")

D = Range("B9")
Conc = Range("B12")
jmax = Range("D11")
kmax = Range("D12")
E01 = Range("D2")
alphal = Range("D3")
Dml = Range("D4")
XO1 = Range("D5")
nl = Range("D6")

D1 = Range("D8")
'Initialize Arrays

For i = 0 To jmax
FAOLD(i) = fConc

FANEW(i) = FAOLD(i)

FBOLD(i) =0
FBNEW(i) =0
Next i

"Start Time Counter, k=1
For k = 1 To kmax

'Calculate FNEW(j) for 2 to jmax
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For j = 2 To jmax - 1

FANEW(j) = FAOLD(j) + Dml * (FAOLD(j + 1) - 2 * FAOLD(j) + FAOLD(j -
)

FBNEW(j) = FBOLD(j) + Dm1 * (FBOLD(j + 1) - 2 * FBOLD(j) + FBOLD(j
1)

Next j

"Calculate Current Allowing Electrolysis in box j=1

If k < 0.5 * kmax Then

E = Einit + 2 * (Efin - Einit) * k / kmax

Else

E = Einit + 2 * (Efin - Einit) * (1 - k / kmax)

End If

Enorml = nl * 96485 / 8.314 / T * (E - E01)

XF1 = XO1 * Exp(-alphal * Enorml)

XB1 = XO1 * Exp((1 - alphal) * Enorm1)

Z = 2 * Sqr(Dml * kmax) * ((XF1 * FAOLD(1) - XB1 * FBOLD(1)) / (2 *
Sgr(Dm1 * kmax) + XF1 + XB1))

i=17%*nl*96485 * A * Conc * Sqr(D1) / Sqr(tk)

"diffusion in box j=1

FANEW(1) = FAOLD(1) + Dml * (FAOLD(2) - FAOLD(1))

FBNEW(1) = FBOLD(1) + Dm1 * (FBOLD(2) - FBOLD(1))

‘current in box j=1

FANEW(1) = FANEW(1) - Z * Sqr(Dm1 / kmax)



170
FBNEW(1) = FBNEW(1) + Z * Sqr(Dm1 / kmax)

"Aging

For m = 1 To jmax
FAOLD(m) = FANEW (m)
FBOLD(m) = FBNEW(m)
"Print Concentration profile
Cells(13 + m, 1) = FAOLD(m)
Cells(13 + m, 2) = FBOLD(m)
Next m

"Print Currnet and Potential
Cells(13 + k, 9) =1

Cells(13 + k, 6) = E

Cells(13 + k, 7) =7

‘display progress

'If (k Mod 25 = 0) Then
Application.ScreenUpdating = True
"End If

Next k

End Sub



APPENDIX C

COMPUTER CODE FOR THIN FILM CONVOLUTION TECHNIQUE

This code is for Matlab mathematical software. Experimental or simulated
cyclic voltammogram data can be imported and convoluted. For example,
"Current-CA+P999 b3pb5.txt’ is imported here.

function totaltfconv09

Yodt=1;

cv=csvread('Current-CA+P999 b3p5.txt’);

v=cv(:,4);

i=cv(:,5);

infi=1:1000;

kmax=1000;

deltaE=1;

F=96485;

T=298.15;

R=8.314;

b=3.5;

bnew=b*sqrt(kmax*R*T/(2*deltaE*F));

q=1:1000;

omega=0.999;

for j=1:1000; % tf convol
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sig=exp(-(bnew.*infi).~2./j).*(-omega). infi; % tf convol
sigma(1001-j)=sum(sig); % tf convol

end; % tf convol

for j=1:1000

s(j)=sqrt(1000-j4-0.3);

end

for t=1:1000

snew=s(1001-t:end);

inew=i(1:t)’;

sigmanew=sigma(1001-t:end); % tf convol
conv=inew./snew+inew./snew.*sigmanew.*2;
sumicon(t)=sum(conv) /sqrt(pi*kmax) ;

end

inorm=i/sqrt(2*F*deltak/(R*T));
plot(v,sumicon,v,inorm)
ylabel(’i(normalized)’)

xlabel("V?)

end
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