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The present PhD dissertation reflects research efforts on two different topics: 1)
development and study of all-solid-state mediator supercapacitors (SCs) and 2) atomistic
modeling and scanning tunneling microscopy (STM) study of interfaces in Nafion based

polymer electrolyte fuel cells (PEFCs).

The present research on all-solid-state mediator SCs was focused on two systems: 1)
Nal/lI, mediators, poly(ethylene oxide)/LiClO4 electrolyte, and Nafion separator; and 2)
Nal/l; or K3Fe(CN)¢/K4Fe(CN)g mediators, poly(ethylene oxide)/LiClO;4 electrolyte, and
polyvinylidene fluoride (PVDF)/lithium trifluoromethanesulfonate (LiTFS) separator.

The results for the Nafion based mediator SCs are as follows.

The cyclic voltammetry results showed that the specific capacitance of the SCs without
and with redox mediators were 45 and 210 F g within a voltage window of 0.0-1.0 V
and at the scanning rate of 25 mV s™', respectively, showing a significant enhancement
effect for the mediators. The in situ XAS measurements indicate that the reversible redox

states during charge/discharge process are I, (oxidation) and I5™ (reduction).

PVDF/LiTFS membrane was prepared to replace the Nafion membrane as the
separator. With the application of the water-free membrane, the specific energy increased

from 20.8 to 49.1 Wh kg™ within the range of specific energy for batteries. In addition, it



was found that the performance of the Nal/I, mediator SC increased when the mediator
concentration increased from 5% to 20%, but decreased slightly when increased from 20%
to 30%. This is considered to be a very important characteristic of the mediator SC in

contrast to all other types of SCs that can be utilized for their optimization.

In the second part of this dissertation, both theoretical modeling and STM imaging
were employed to investigate the structure and the properties of the electrode/electrolyte
interfaces. In the theoretical study part, an approach of hybrid atomistic simulation was
adopted. First, molecular dynamics show that an ordered contact layer is formed on
Pt/(H,0+H;0") and Pt/H,SO, interface. However, the Pt/Nafion interface is partially
ordered. Secondly, ab initio simulation can visualize bond formation and breakdown,
representing charge transfer at interface. Thirdly, quantum statistical calculations

correctly predict the trends of the electrochemical current density.

In the STM imaging study, Nafion film with a thickness of several hundred
nanometers was deposited on highly oriented pyrolytic graphite (HOPG) pieces and
polycrystalline platinum sheets. STM images indicated that the interface structures
resembled to, but were larger than, the surface structures of the blank substrates. Results
showed that the ordering structures of the HOPG/Nafion interface were destroyed right
after the applied potential was changed, and a new type of ordering was generated. The
existing electron tunneling phenomenon theory cannot be used to explain the experiment
results. Therefore, a new theory based on principles of quantum mechanics and solid-

state physics was developed.
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CHAPTER 1 INTRODUCTION

1.1 Solid-state mediator supercapacitor

1.1.1 Supercapacitors

Supercapacitors (SCs) are high-specific power and long cycle-life systems, and due to
their fast charge storage/delivery capability, outperform advanced batteries in
applications having high peak power demand. SCs have been widely applied to various
technologies, capable of providing peak power and power conditioning, and have shown
potential to be used as standalone energy-storage device. Applications of SCs include
military power systems, electric vehicles (EVs), hybrid electric vehicles (HEVs),
uninterruptible power supplies (UPS), DC power systems, and mobile devices.

Traditionally, there are three types of supercapacitors: electrical double layer capacitor
(EDLC), pseudocapacitor, and hybrid capacitor. The charge/discharge processes in
EDLCs may be represented by the following equations [1,2]:

on the positive electrode:

E,+A" < EJ /A +e". (1.1)
on the negative electrode:

E,+K"+e” < E;//K". (1.2)
and the overall reaction

E+E +K"+A < E; /K" +EJ Il A~ (1.3)



where £ represents the electrode surface area; // is EDL where the charge is stored on its

either side; and K*and A4 are cations and anions of electrolyte, respectively. During
both a charge and discharge process, the charge density at interface and the electrolyte

concentration change.

The pseudocapacitors store electric charge mainly at the expense of Faradaic reversible
redox reactions of active materials in the electrodes and with the EDL capacitance.
Several types of Faradaic processes occur in the electrodes of pseudocapacitors. Firstly,
reversible processes, for example, adsorption of hydrogen on the surface of platinum or
gold. Secondly, redox reactions of transition metal oxides, for example, RuO, and MnQO,,
as well as a variety of oxide mixtures. Thirdly, reversible processes of electrochemical
doping-dedoping in electrodes based on conductive polymers [3,4]. Fourthly, the
electrodes can be made from Keggin-type hetero-polyacids that are particles of a
molecular scale with a maximized contact area between the electrolyte and active

materials [5].

In the case of an electrode coated with RuO,, the redox process in the potential range
0.1-0.3 V (vs. a standard hydrogen electrode in the same solution) occurs reversibly [6].
The processes of intercalation and diffusion of protons, which occur in the ruthenium
oxide layer during the redox reaction, alter the oxidation state of ruthenium ions in the
oxide film [1]. The electrochemical reactions that proceed in such pseudocapacitors are

represented in the following manner (in the case of Ru0O,).
on the positive electrode:

HRuO,<>H,_.RuO, +8H" + ¢ (1.4)



on the negative electrode,
HRuO, +dH" + d¢'<>H; ; ,RuO, (1.5)
and the overall reaction

HRU.OZ + HRqu<—> H1 _thlOz +H1 + ARU.OQ (16)

Here, 0<8<2, while RuO, and HRuO; represent the positive and negative electrodes in
a completely charged state. The protons travel from one electrode to the other through a
separator during charge and discharge. The movement of electrons occurs at the same
time through the current source or the external load. The number of ions that take part in
the EDL generation process is usually smaller than the number of protons being
exchanged between the two electrodes. Hence, the capacitance or specific energy of
pseudocapacitors is much greater than that of EDLCs. For EDLC, the capacitance
reported is usually <100 F g with aqueous electrolytes, or <50 F g with solid-state
electrolyte. For RuO,, the valence of Ru can change from +2 to +4. A capacitance of 768
F g can be achieved with amorphous form of RuO,'nH,O whose internal surface can be
effectively accessible by protons in the liquid electrolyte. However, Ru is a precious
metal. Mass production and widespread applications of Ru based supercapacitors are

hindered by its high price.

The hybrid SCs or asymmetrical SCs are based on electrodes of different types. For
example, one electrode is made of a metal oxide (pseudocapacitor) and the other is based
on an activated carbonaceous material (EDLC). The main factor that motivates the

development of EDLCs was the need for rechargeable energy devices that would have



much higher specific power and better cycle life than batteries. By their specific energy,
EDLCs occupy intermediate position between electrolytic capacitors and batteries in a
Ragone plot of electrochemical power sources [7]. However, in many military and
commercial applications, it is desired to go across boundary of the EDLCs to enable even
greater values of energies of SCs, specifically, up to 20-25 Wh kg™'. A great advantage of
hybrid SCs is that they have both large specific power and energy. Hybrid SCs may
replace batteries in the applications that require high power and high cycle life. Quest for
SCs with both large specific power and high specific energy is the main goal of current

studies.

1.1.2 Limits of the state-of-the-art technology for all-solid-state supercapacitors
Energy E stored in an EDLC is proportional to its capacitance, C, as well as to the

voltage U applied in the second power [8]:

1
E=—CU?, (1.7)
2
while the maximum power P,y (energy delivered during time ¢) is independent of the
capacity:
E U’
P o=—=—". 1.8
max =T R (1.8)
The resistance R, which appears in Equation 1.8 is mainly due to the resistance of the

electrolyte contained both in the carbon material as well as in the separator. For the

pseudocapacitors, the maximum power is controlled by the kinetics of electrochemical



reactions, internal resistance, and mass transfer rate. The higher the kinetics, the

conductance, and mass transfer rate, the higher the maximum power.

Because the resistance of the electrode material is much smaller than that of the
electrolyte material, the series resistance, R,, of EDLC with porous electrodes fully

impregnated with electrolyte is given by [2]:

1 2[ + lseparator

electrode

o |37(A/2°N 4

Separator

__ pelectrode separator _
R =R, + R =

(1.9)

where o is conductivity of the electrolyte, 4/2 is the average pore radius, N is the number
of pores in the unit area, lejecrrode 1S the thickness of the electrodes, lepararor a0d Agepararor are

respectively the thickness and area of the separator.

It is well known that for same active materials, SCs with a liquid electrolyte
outperform SCs with a solid-state electrolyte. Generally speaking, a solid-state electrolyte
is less conductive than a liquid electrolyte. In addition, the fluidity of a solid-state
electrolyte is much lower than that of a liquid electrolyte. Thus, the solid-state electrolyte
is unable to fill up all pores in the active materials or the number of pores filled with the
solid-state electrolyte in the unit area is less than that for a liquid electrolyte. According
to Equation 1.9, the series resistance is greater for solid-state electrolyte SCs. In addition,
establishment of electroneutrality is required for charge/discharge. However, in solid-
state electrolyte, limited contact area between the electrolyte and active materials cause
limited accessibility of ions to the active sites, resulting in low utilization of active
materials. In an effort to resolve these problems with all-solid-state SCs, a new concept of

mediator SCs is introduced.



1.1.3 Description of the concept and rationale of research

1.1.3.1 Mediator supercapacitor

Our proposal: Solid electrolyte
mediator supercapacitor
p

Solid electrolyte supercapacitor
e

Mediators

i
m Carbon paper \ M) > "1 ---#  Electron transport
/ ;A )

=== Electron transport

o
(wrey(H

RuO 20)y.q) * (2d)H* + (2d)e"= RuO,(H,0), (Na*l,) + 2Na* + Li* + X" + 2e" = 3Nal + LiX

(y-d)

Figure 1.1 Comparison between the SCs with un-mediated (left), and mediated (right)

solid-state electrolytes during a charge process.

The proposed concept is illustrated in Figure 1.1. Figure 1.1 is a schematic of a SC
electrode during a charge process. On the left, the negative electrode is made from high
surface area RuO, as the active material. The solid-state electrolyte cannot get into the
pores of the active material. Thus, the active sites inside of the RuO; cluster cannot be
charged due to lack of ion accessibility to these sites to balance the charge. On the right,
mediators as the active material are dispersed homogenously into the solid-state
electrolyte. As a result, all molecules of the active material can be charged because they
are surrounded by ions in the solid-state electrolyte. The negative charge centers of the
mediators will form “molecular capacitors” with the cations in the electrolyte. This
maximizes the contact area between the electrolyte and active components to
unprecedented level. The total capacitance of both electrodes can be increased by many
folds. Similar analysis can also be applied to the positive electrodes. This new concept of

SC is referred as mediator SC.



1.1.3.2 Electrolyte materials

According to the analysis in previous section, porous carbon electrodes and porous
redox oxide electrodes with mediators in the electrolyte could enable unprecedented high
capacitance, power, and energy. One of the keys for realization of the concept is to select
ideal electrolyte materials that have a high ionic conductivity, electrochemical stability,
and solubility for mediators. Polymer electrolytes (poly (ethylene oxide), polyvinylidene
fluoride, Nafion etc.) have been used to fabricate SCs. Because of a wide application of
Nafion and other sulfonated polymers in polymer electrolyte fuel cell, they are readily
available. However, a major problem for Nafion as the polymer electrolyte is that it
contains water that electrolyzes at a voltage greater than 1.2 V. Therefore, other polymer
electrolytes including poly (ethylene oxide) (PEO) and polyvinylidene fluoride (PVDF)

will be used.

1.1.3.3 Mediators
The redox pairs in the form of molecules should be dissolvable in the polymer
electrolytes. The redox pairs that will be chosen for the study and their standard

reversible electrode potentials are listed as follows:
L/ (I5/T) E¢=0.54 V (SHE)
Fe(CN)g*/Fe(CN)™ E¢=0.36 V (SHE)
Ferrocene [(Fe(CsHs),] and ferricinum [Fe(CsHs),'] E¢=0.77 V(SHE)

The mediators that may be in the forms of inorganic or organic salts will be dissolved
in a solution. The key is to identify a solvent that can dissolve the mediators and polymer

electrolytes. I/ pairs have been studied thoroughly because of their application in dye-



sensitized solar cells (DSSCs). In the case of Nal and I,, they can be dissolved in acetone
and mixed with polymers to make polymer electrolyte solution [9]. The Fe(CN)g
*/Fe(CN)s™ mediators in the forms of K4Fe(CN)¢/K3Fe(CN)g can be readily dissolved in
water and organic solvents. Ferrocene [(Fe(I1)(CsHs),] and ferricinum [Fe(IIT)(CsHs),']
are readily dissolvable in many simple organic solvents (e.g. ethanol and isopropanol)
[10]. Of course, there are many other redox pairs not included in the list. Another
requirement for the mediators is that their reversible electrode potentials are within the

electrochemical widow of the electrolyte.

1.1.3.4 Conduction of mediator in polymer electrolyte

The conductivity of the mediator-containing polymer electrolyte is expected to be
much greater than that of the polymer electrolytes. For diffusion of mediators or redox
pairs in electrolytes, two elementary processes are in operation: 1) the conventional
migration of the species, and 2) the electron exchange reaction which causes an apparent
displacement. The second process is also called transfer diffusion. The mechanism can be

expressed by:
AX+A<>A+AX (1.10)

where A is the reduced state of a species, AX is the oxidized state of the species, X is a
molecule, ion, radical, or energy quantum. The net effect is that A and AX exchange their
positions and translate a step to the left and right respectively. Figure 1.2 illustrates the

transfer diffusion of Fe(IIl)/Fe(Il) and I;/T.
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Figure 1.2 Transfer processes for Fe(IlI)/Fe(Il) and I3/1": step 1, approach of the reactants;

ff— —-

step 2, the moment of collision; step 3, electron transfer; step 4, the separation of
products.
The apparent conductivity of the mediators in an electrolyte (water or organic solvents)

is given by:
2 2Q2
o= 2LDAX c, + €Oy c’
kT 3kT (1.11)

where D4y is the diffusivity for conventional or physical diffusion, & is the reaction rate,
07 .is the inter-mediator distance for electron transfer reaction, c, is the concentration of

A, the mediator. In liquid solutions, the transfer diffusion related conductivity of Is/I" can

be 0.05-0.1 S cm™ when the concentration is 1 mol L.
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1.1.3.5 XAS study of the chemical state of mediators in polymer electrolytes
The charge storage mechanism of mediators in both liquid and solid-state electrolytes

was not investigated in detail. A mechanism is proposed as follows (Nafion electrolyte):
Fe(IT)(CsHs), + (sulfonated group) <> Fe(IIT)(CsHs), //(sulfonated group) +e  (1.12)
3HI + (sulfonated group) < (sulfonated group)-H+ I;//H + H +2¢  (1.13)

where // is referred to “molecular capacitor”. However, the actual oxidation/reduction
state or the valence change during electrochemical polarization may be different. The
understanding of the electrochemical mechanism associated with the pseudo-capacitive
characteristics is a key to realize SCs with optimized performance, long cycle life, low
self-discharge etc. To probe the oxidation state change during the electrochemical process
became a crucial topic. As have been reported in the literature, ex situ and in situ X-ray
absorption spectroscopy (XAS) are capable to evaluate the electronic and structural
properties of the redox species during electrochemical polarization. XAS is a powerful

tool for probing the mechanism of the redox reactions.

1.1.4 Objectives of the Research

The objectives of the proposed research are: 1) fabrication and demonstration of an all-
solid-state mediator SC with high specific power and energy; 2) probing the
charge/discharge mechanisms with in situ XAS; and 3) optimization of the all-solid-state
mediator SC. The benchmark materials are PEO/Li salt as polymer electrolyte,
K4Fe(CN)¢/KsFe(CN)gor Io/Nal as the mediators in the electrolyte, Nafion membrane as

the separator, and high surface area carbon nanofoam as current collector. Since the
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potential cannot be over 1.2 V for Nafion, PVDF/Li salt membrane was prepared to

replace Nafion membrane in the mediator SCs.

1.2 Atomistic modeling and EC STM imaging of the interface between catalyst and

electrolyte in polymer electrolyte fuel cells

1.2.1 Background

Polymer electrolyte fuel cells (PEFCs) hold great promise for providing clean, high
energy density, and high efficient power [11,12]. The availability of Nafion electrolyte
and Pt based catalysts and addition of ionomer into the catalyst layer are the milestones
of the early advancements of the PEFC. However, commercialization of PEFCs has not
been realized due to their inherent disadvantages, including the high costs of Pt and
Nafion and insufficient performance of Pt catalysts in conjunction with the Nafion
electrolyte [13-15]. Searching for alternative catalysts and electrolytes have been major
focuses of PEFC research in the recent decades. In spite of three decades of efforts on
developing alternative catalysts and electrolytes, the most common choices for catalysts
and polymer electrolytes are still Pt and Nafion, respectively.

One of the major barriers for PEFC technology is the very slow reaction kinetics for
the oxygen electroreduction reaction (OER, O, + 4H™ + 4¢ <> 2H,0) at the cathode. The
exchange current density on Pt/C catalyst in conjunction with Nafion electrolyte is
reported to be 8.0x107 A cm™ for OER at the cathode (ca. 10° A ¢cm™ for hydrogen
oxidation at the anode) on the basis of area of the catalyst layer [16]. This is equivalent to
2.0x10” A cm™ on the basis of true active surface area of Pt crystallites. However, in 0.5
mol L' H,SO4, Pt crystallites show an exchange current density between 5.0x10” and

6.0x10° A cm™ on the basis of true active area of Pt [17]. Thus, the exchange current
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density for the Pt/Nafion system is 2-3 orders of magnitude lower than that for the
Pt/liquid electrolyte system. In another study, although sulfonated poly(arylene ether
sulfone) (PAES) was found less conductive than Nafion, the Pt/PAES system enables an

exchange current density 10 times greater than Pt/Nafion system [18].

4 Equilibrium Potential for oxygen reduction at

cathode
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Figure 1.3 Schematic polarization curves for fuel cell anode and cathode.

There are, however, many other cases where the polymer electrolytes have similar
conductivity to Nafion but resulted in much less exchange current density. These
experimental facts indicate that the interface between a catalyst electrode and an
electrolyte has a great impact on the electrochemical kinetics. In other words, the inherent
reaction kinetics is largely determined by the catalyst/electrolyte couple, rather than the
catalyst and electrolyte separately. Thus, it is critical to improve the fundamental
understanding of these interfaces. As shown in Figure 1.3, if the cathodic exchange
current density is increased by 3 orders of magnitude (from black to red) via improving
the interface, the output current can also be increased dramatically (from i' to i’”) while

keeping the output voltage V a constant.
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1.2.2 State-of-the-art descriptions of electric double layer and charge transfer at the

interface between electrode and liquid electrolyte
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Figure 1.4 Left: schematic illustration of EDL at solid/liquid interface. Right:
Configuration of reactants in OER in ELD at Pt/acidic solution interface.

Historically, the description of an EDL is established as a distinct characteristic of
solid/liquid electrolyte interface although it is assumed that an EDL should exist at any
immiscible interfaces including electrocatalyst/polymer electrolyte interfaces (Figure 1.4)
[19-22]. Tons in “diffuse layer” or beyond are about two solvent-molecule diameters (a
few angstroms) away from the electrode surface because both the ions and the electrode
surface are solvated [Figure 1.4(left)]. Ions in the “contact layer” inward the "inner
Helmbholtz plane (IHP)" have shed their solvation layer (these are usually the weakly
solvated, large anions) and penetrated the solvent layer on the electrode; these, so called
contact adsorbed ions are sitting directly on the electrode surface. Striking characteristics
of such an EDL at a metallic electrode/aqueous liquid electrolyte interface include: 1) a
very strong electric field in the compact layer (~2.5x10” V ecm™ for a potential drop of

only 1 V across the interface); 2) a relatively smaller dielectric constant (~5-7 vs. 78 in
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bulk of an aqueous solution); 3) a high concentration of charges in the forms of ions and
dipoles (20-30 uC ecm™ or 0.11-0.17 ¢ per surface atom) forming a barrier for Faradaic
reaction; 4) electrons of the metal spillover the metal surface into the compact layer
giving rise to a possibility of electron tunneling or electron transfer at the interface
[Figure 1.4(right)]. However, a generally accepted picture of the interface between Pt and

Nafion hasn’t been revealed yet.

1.2.3 Interface between Pt and Nafion electrolyte

Nafion's unique ionic properties are a result of incorporating perfluorovinyl ether
groups terminated with sulfonated groups onto a tetrafluoroethylene (Teflon) backbone
[26]. Solvation of the sulfonated group -SO;H by polar water molecules produce movable
positively charged hydrated protons including hydronium (H;O"), HsO,", and H;,05", and
hydrated -SO; (H,O), groups. Thus, there are hydrophilic domains with hydrated protons
and -SO;(H20), side groups and hydrophobic domains with C-F groups. Proton
conduction is enabled through the interconnected nano-size network of hydrophilic
domains. Logically, at the interface between Pt and Nafion exists both a layer containing
water, hydrated protons and/or -SO;"(H,0), groups and a layer containing hydrophobic
C-F groups. A recent nuclear magnetic resonance spectroscopy (NMR) study indicates
that a strong adsorption of -CF groups and weak adsorption of sulfonated groups on Pt or
Pt/Ru or carbon support do exist [27]. Figure 1.5 illustrates the reaction steps in OER
(left) and a postulated picture of interface structure (right). Oxygen may diffuse via two
paths: 1) through the thin film of Nafion covering the catalysts; 2) through the pores or
gaps in the film. Once oxygen arrives at an active site on the catalysts, it will react with

protons in Nafion and electrons from Pt to form water. Thus, modeling of the OER at
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catalyst/Nafion interface involves two critical aspects: 1) defining the structure including
and beyond contact layers, and including adsorbed and non-adsorbed molecules; and 2)

describing proton and electron transfer in the reaction clusters or centers.
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Figure 1.5 Reaction steps in oxygen reduction at the electrocatalsyst in a PEFC (left) and

a postulated molecular scale structure of the interface (right).

1.2.4 Multiscale modeling hierarchy

A great effort has been made by ultra-computer developers to magnify the capacity of
the hardware. Ab initio modeling/simulation of a cluster of multi-million atoms is now
being attempted with one of the most powerful computers [23]. Even if similar attempts
are successful, they must be very limited in terms of number of simulations and ranges of
parameters. It is predicted that a Petaflop computer (with a processing speed of 10" float
point operations per second) will be developed in 2012. This computer will be able to
execute MD simulations for a cluster of 10'> atoms (about a micrometer in size) or
perhaps ab initio simulations for a cluster of 10° atoms. The increase of computer

capacity roughly follows Moore’s law that predicts that the capacity of computer doubled
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in every 24 months. However, according to a recent analysis by Thompson and
Parthasarathy, there will be a limit for the increase of computer capacity if future
computers are based on architectures similar to currently existing ones [24]. This limit is
related to the minimum size (10 nm) of a complementary metal-oxide semiconductor
(CMOS) device and is called CMOS limit. This means that roughly speaking, the
capacity can be further increased by 100-1000 times. They are not optimistic with the
realization of a computer based on molecular electronic storage devices because wiring of
such devices would be a formidable task. It seems that modeling a molecular system with
a macroscopic size (10** atoms) in a timescale of 10° seconds cannot be achieved in a

foreseeable future.
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Figure 1.6 Multiscale modeling hierarchy. AIMD: ab initio molecular dynamics. MD:
molecular dynamics. KMC: kinetic Monte Carlo modeling. FEA: finite element analysis.
Instead of enhancing the performance of computers, many theoreticians have tried to

enhance the efficiency of computation by improving computational codes. One of the
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approaches is to reduce the dependence of the computation for the present step on the
computational results for previous steps along the system trajectory or increase the
parallelism of the computation. The other effective approach is the use of concept of
hierarchical coupling of paradigms on different scales [25]. This approach is so-called
multiscale modeling. In an optimal situation, as shown in Figure 1.6, a modeling method
for specific spatial scale and timescale ranges should share an overlapping range with a
method at the higher scale end and another at the lower scale end. However, all of these
multiscale approaches inevitably result in loss of certain atomic details and are not

general or system specific.

1.2.5 Significance of the research

Although the molecular structure and charge distribution at the electrocatalyst/polymer
electrolyte interface have been recognized as having a great impact and as being an
effective control on the electrochemical reactions in PEFCs, there is inadequate success
on this topic. The primary reason may be that defining the EDL structure at a
solid/polymer interface is much more difficult than defining the EDL at a solid/liquid
interface. Many state-of-the-art experimental techniques for defining the EDL at

solid/liquid interfaces are unsuitable for the study of solid/polymer interfaces.

1.2.5.1 Atomistic modeling

State-of-the-art atomistic modeling includes 1) simulation of the atomic structure at
interface [25,28] (not the electronic structure) using MD methods that do not evaluate
wavefunctions and require much less computational effort, 2) ab initio modeling of
solid/liquid interface without polymer [29,30], and 3) ab initio description of charge

transfer in a model with a few atoms without polymer [31,32]. All charge transfer models
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in the literature can evaluate the activation energy but hardly exchange current density.
Moreover, results from these modeling studies are not comparable with experimental
results because the ab initio modeling results for charge transfer only represent a few
from billions of possibilities of ensemble in a real catalyst layer. In order to evaluate the
exchange current density and the polarization curve that can be compared with
experiments the basic requirement is to perform ab initio simulation of 10° atoms in a
time scale of 1 millisecond at least. Now, a pioneering attempt is underway to perform
simulation (with pseudopotential methods not classic ab initio methods) of 10° atoms
using the most powerful computers [33]. Thus, high throughput ab initio modeling
(excluding semi-empirical/pseudopotential methods) for realistic system in a realistic

timescale is also not anticipated in a foreseeable future.

A fresh idea to the solution of the problem or dilemma is: we need to describe both the
process in atomic details and a realistically large system in a large temporal scale at the

same time. The steps of the simulation method are as follows:

1) To conduct large-scale MD simulations to evaluate in the diffuse layer of the EDL,
where the transport processes are much slower than electron transfer.

2) To conduct small scale ab initio molecular dynamic methods to refine the structure in
the contact layer.

3) To evaluate the electron transfer and the exchange current density using statistical
quantum mechanics method by integrating the transfer Hamiltonian with

wavefunctions generated by the ab initio methods.
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By using the hybrid atomistic modeling, the small scale phenomena and structure at the
interfaces and in the bulk can be described in detail while microscopic features can be
extended to a large system with a size in the continuum domain shown in Figure 1.5. By
comparing the results for the electrocatalyst/H,SO4 system with the results for the
electrocatalyst/Nafion system, the effect of the polymer can be manifested. The models
allow almost freely change the molecular units of materials for electrode and electrolyte
and thus are able to predict the kinetics of oxygen reduction in other types of catalysts

and polymer electrolytes.

1.2.5.2 Electrochemical scanning tunneling microscopy

Interface between electrode (a phase conducting electrons) and electrolyte (a phase
conducting ions) dictates functions of electrochemical devices including fuel cells,
supercapacitors, rechargeable batteries, and photovoltaic cells [34]. Specifically, in
PEFCs, the interface between Pt nano-particulates and polymer electrolyte (most
commonly Nafion ionomer) dictates the catalytic activity and activation polarization [35].
Traditionally, scanning tunneling microscopy (STM) is capable of in sifu imaging
conducting solid surface with an atomic resolution and detecting defects that dominate
the catalytic activity in air or in vacuum [36,37]. While the interfaces, in fact the
electrode surfaces, in liquid electrolytes can be imaged with an atomic resolution using an
electrochemical scanning tunneling microscopy (EC STM), to date the interfaces between
solid phases cannot be imaged using STM techniques. High resolution transmission
electron microscopy (HRTEM) has been used to image the surfaces of Pt catalysts and

carbon supports covered with Nafion ionomer [38,39]. However, HRTEM requires a high
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vacuum. Application of potential to the sample in a HRTEM and hence in sifu imaging
the interfaces with a HRTEM are difficult.

Usually, electron tunneling occurs through a vacuum or air gap of a few angstroms
between two electron conducting phases or conducting and semiconducting phases
[37,38]. If the gap contains thin layer (~nanometer) molecules of non-conducting
compounds, electron tunneling and visualization of atoms are barely possible. In the case
when the gap contains a thick or bulk film (tens of nanometers) of non-electron-
conducting substance, only very blur and low resolution images could be obtained [40-
43]. The mechanism of imaging a thick non-electron-conducting substance was unclear.
However, these results imply that the interface between the non-electron-conducting

substances and the electron-conducting substance may be imaged with a STM.

1.2.6 Research Objectives
The objectives of this research are 1) to define and characterize the structure and
charge distribution or EDL structures at nano-crystalline electrocatalyst/polymer
electrolyte interface in contrast to the structure at nano-crystalline electrocatalyst/H>SOy,
and 2) to evaluate the relationship between the interface structure characteristics and the
electrochemical charge transfer kinetics in oxygen reduction on cathode. These efforts
will reveal the fundamental differences between Pt/aqueous electrolyte and Pt/Nafion
electrolyte and their impacts on the kinetics of oxygen reduction on Pt. The specific
research tasks are as follows:
1) Establish classical molecular dynamic (MD) models for defining the interface
structure and charge distribution in hundreds of molecular layers above the Pt surface

in the Nafion electrolyte and in H,SO4 solution.
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4)
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Establish ab initio atomistic models for defining atomic structures and electronic
wavefunctions including those for adsorbed species in the contact layer. The focus is
the most probable configurations of the reactants (hydrated protons and oxygen) and
their proximity (water, C-F and hydrated sulfonated groups) as inputs for evaluating
charge transfer kinetics in oxygen reduction at the interfaces.

Establish statistical quantum mechanical methods for computation of the reaction
current density as a function of interface structures and electrode potential in the cases
of the Pt/Nafion and Pt/H,SOs.

Characterize the size and morphology of the electrocatalyst with Nafion electrolyte

(ionomer) using EC STM.



CHAPTER 2 LITERATURE REVIEW

2.1 Principle of supercapacitor

Supercapacitors (SCs) can be divided into electrical double layer capacitors (EDLC),
pseudocapacitors, and a combination of those above two. The primary difference between
EDLCs and pseudocapacitors is that the different charge storage mechanism. Generally
speaking, the two different storage mechanisms usually exist at the same time. But one
mechanism may be dominant over the other one. Table 2.1 lists comparisons between

EDLC and pseudocapacitor [44].

Table 2.1 Comparisons between EDLC and pseudocapacitor [44].

EDLC Pseudocapacitor

1. Non-Faradaic

2 20-50 pF cm?

Involves Faradaic process(es)
2000 pF cmfor single-state process; 200-500 pF
cm for multi-state, overlapping processes

Capacitance is fairly constant with
potential, except through the
potential of zero charge

Highly reversible charge/discharge

Has restricted voltage range
(contrast non-electrochemical
electrostatic capacitor)
Exhibits mirror-image
voltammograms

Capacitance is fairly constant with potential for
RuO;; for single-state process, exhibits marked
maximum

Can exhibit several maxima for overlapping, multi-
state processes, as for H adsorption on Pt; Quite
reversible but has intrinsic electrode-kinetic rate
limitation determined by R«

Has restricted voltage range

Exhibits mirror-image voltammograms

2.1.1 Electrical double layer capacitor
As seen in Figure 2.1, an EDLC is usually composed of two current collectors, porous

electrodes with high surface area, a semi-permeable membrane, and liquid electrolytes.

22
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The separator is placed between the negative and positive electrodes, which prevents the

electric contact.

|:| Current collector

Electrode material with
high surface area

) Cation
® Anion

B Separator

Figure 2.1 Schematic of an EDLC
During a charge process, two electrodes are charged with different charges respectively.
For example, positive charges are accumulated in the positive electrode. To establish
electroneutrality, the counter ions from the liquid electrolyte will approach the electrode
surface as shown in Figure 2.1. There is no charge transfer between the electrolytes and
the electrodes involved in the charge storage/discharge process. Thus, the

charge/discharge process is also termed as “non-Faradaic”.

The EDLCs share a similar charge mechanism with traditional dielectric capacitor,
which is charge separation. However, EDLCs can deliver a substantially high energy
capacity than the traditional capacitors because of the following reasons: (1) the distance
across which charge transfer takes place is very small, in the order of ~nm [22]; (2)

electrode with large surface area are used so as to store more charges per unit weight.

There are several considerations people take into account to choose a specific material

for the electrode material in an EDLC:
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* High conductivity
* High surface area
* Good stability in terms of corrosion, high temperature

e Low cost

Carbon in its various forms has been widely used as the electrode materials for EDLCs
because they have several properties as listed above. Furthermore, it also has advantages

like different forms attainable, easy processability [45].

2.1.1.1 Carbon black

Carbon black (CB) refers to a group of industrial products involving thermal, furnace,
channel, and acetylene blacks. They consist of elemental carbon in the form near
spherical particles of colloidal size, coalesced into particle aggregates and agglomerates.

Partial combustion or thermal decomposition of hydrocarbons is applied to obtain CB

[46].

2.1.1.2 Carbon fibers

Carbon fiber is also known as graphite fiber or carbon graphite. The typical diameter
of the activated carbon fibers are ~10 um and the pore size is very narrow (<2 nm). The
porosity of the activated carbon fibers is largely situated at the surfaces of the fibers,

therefore good accessibility to active sites can be ensured.

A synergetic effect can be achieved because the EDL capacitance is combined with
pseudocapacitance. When carbon materials are enriched with heteroatoms (N or O)
containing functional groups, there will be an enhanced specific capacitance because of

the Faradaic redox reactivity originated from those functional groups [47].
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2.1.1.3 Carbon nanostructure

Carbon nanotubes (CNT) can be synthesized by the catalytic decomposition of certain
hydrocarbons. In the literature reports, the performance of the as-received CNTs is
always low. Therefore, methods to combine CNTs together with metal oxides or

conducting polymers have been proposed in order to increase the performance.

A very high specific capacitance value, 1170 F g, was reported for RuO,/CNT
nanocomoposite [48]. The RuO,/CNT film electrode had a 3-D interconnected nanopore
structure. To reduce the cost, other metal oxide/CNT nanocomposite electrodes were also
extensively studied. Amade et al. have proposed a single sequential process of sputtering,
annealing and plasma enhanced chemical vapor deposition to produce dense and uniform
vertically aligned CNTs [49]. MnO, was then electrodeposited lining the surface of the
vertically aligned CNTs. It was reported that the very aligned CNTs present several
advantages with respect to the non-aligned CNTs, such as low contact resistance, large
specific surface area, fast electron transfer kinetics, and low capacitive currents.
Chemical precipitation was employed to produce the NiOOH/multi-walled CNT, which

formed electrically conductive networks [50].

Dong et al. have synthesized polyaniline/multi-walled carbon nanotubes composites by
an in situ chemical oxidative polymerization method [51]. The behaviors of the
composite electrodes were studied in neutral system. In a study of polyaniline with
tubular shape, it was found that polyaniline can maintain the original tubular morphology
after heat treatment [52]. This kind of polyaniline-based CNTs were used as electrode
materials for supercapacitors in KOH solution, and results show that they have high

specific capacitance of 163 F g, and good cycle stability. The authors also found that the
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reason of good performance would be the presence of pyridine and quaternary nitrogen
when appropriate content of nitrogen was introduced, resulting in improvement of

electron mobility and the wettability of the electrode.

2.1.2 Pseudocapacitor

The charge storage capacity of a pseudocapacitor arises on electrodes when the
application of a potential induces Faradaic current from reactions such as electrosorption
or from the oxidation-reduction of the electroactive materials. The charge capacity of a
pseudocapacitor is typically greater than that of an EDLC, although EDLCs have faster

kinetics.

2.1.2.1 Metal oxides

Ruthenium oxide (RuQO;) based supercapacitors

RuO, as the electrode active material, either in its crystalline form or amorphous
hydrous form, is able to deliver a large specific capacitance [53]. Among those
transitional metal oxides SCs, RuO, has been the most successful one in term of a wide
potential window, highly reversible redox reactions, remarkably high specific capacitance,
long cycle life, and high electronic conductivity [45,54-58]. However, as a noble metal
oxide, the high cost of RuO; limits its commercial application. To address the high cost
problem and to maximize the performance at a minimized quantity of RuO,, thin layers
of RuO; have been deposited on carbon materials and conducting polymers. By doing so,
the advantage of RuO; can still be maintained while the amount of Ru consumption is
minimized. Table 2.2 summarizes the electrode properties and the electrochemical

performance of the RuO, thin film based SCs.



Table 2.2 A summary of the RuO; based SCs.
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Electrode properties SC cell Specific Reference
configuration capacitance
(Fgh

1 RuO, is heterogeneously nucleated, RuO,/H,SO4Pt 965 (400 mV s [59]
opening in the CNT are not blocked (0-1.0 V, 10-400
by RuO, deposit. RuO, on CNT with mV s™)
3-D nanoporous structure

2 Different morphologies with different RuO,/H,SO4Pt 760 (0.34 mg cm?)  [60]
deposition  rates, cracked mud (0-1.0 V,25mV 505 (1 mg cm?)
morphology s

3 As deposited hydrous and amorphous, RuO,/H,SO4/Pt 1170 (10 mV s [61]
crystallization at high temp annealing, (0-1.0 V) on CNT substrate
porous layers with fine particles, 50-
100 nm diameter, different
morphologies with different
substrates, amorphous RuO, on CNT
with 3-D nanoporous structure.

4 Different morphologies with different RuO,/H,SO4/Pt  220-380 [62,63]
pH values of bath, average particle (0-1.0 V) (different pH)
size 0.4-0.5 um.

5  Microstructure contains flows with RuO»/H,SO4/Pt 625 (5mV s™) [64]
grooves and voids, amorphous (0-1.0 V)

6  Amorphous, porous and RuO,/H,SO4/Pt 650 [65]
compact morphology (-0.1-0.6 V)

7  RuO,deposited on Ti planar sheet to RuO,/H,SO4/Pt 241 for RuO,/Ti, [66]
form particulate aggregates and RuO, (0-1.0 V) 640
can be feasibly incorporated into for RuO,-TiOy/Ti
TiO;nanotubes with an open pore
mouth structure.

8 Porous, hydrous, amorphous, flake- RuO,/H,SO.Pt 276 [67]
like morphology (-0.1-0.7 V)

9  Porous, hydrous, amorphous and RuO,/H,SO4/Pt 1190 [68]
compact morphology (-0.1-0.6 V)

10 673 m’ g surface area, 48.5 A mean RuO,/H,SO,/Pt 690 [69]

pore diameter, particle size depends
on Sn content.

with RuQ; as the active material.

RuO; + dH" + de’> RuO,.4(OH); with 0<d<2

The following reaction can be used to describe the energy storage mechanism of SC

2.1)
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There are four steps involved in determining the capacitive performance of ruthenium
oxides: (i) electron hopping within RuOx-H,O particles; (ii) electron hopping between
particles; (iii) electron hopping between electrode materials and current collectors; and

(iv) the proton diffusion within RuOy-H,O particles [70].
Manganese oxide (MnQO,) based supercapacitors

In recent years, manganese oxide (MnQO;) has received great attentions for its potential
as an alternative material to RuO,. MnO; is abundant on the earth, environmentally

friendly, and readily available at a much lower price than RuO, [71].

Like ruthenium, manganese has several oxidation states, namely, Mn(0), Mn(II),
Mn(III), Mn(IV), Mn(V), Mn(VI), and Mn(VII) [72]. However, good reversibility cannot
be obtained between all the oxide states. The most often studied phases are MnO, with an
oxidation state of 4+, Mn,0O3 with an oxidation state of 3+, or a mixture of the two phases
[73]. The following methods were employed to prepare the manganese oxides with
controlled morphologies and structures, nanocasting [33], thermal decomposition [74],
sol-gel method [75], sputtering deposition [76], and co-precipitation method [77]. Table
2.3 summarizes the electrode properties and the electrochemical performance of the

MnQ; thin film based SCs.

The charge storage mechanism for manganese oxides based SCs on surface adsorption
of electrolyte cations and proton incorporation of Mn ions oxidation/reduction is

described with the following reaction [84]:

MnOy(OC) + 5C + 8e” <> MnO,.5(OC)p:5 (2.2)
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Table 2.3 A summary of the MnO; thin film based SCs.

Electrode properties SC cell Specific capacitance Reference
configuration (Fgh
1 Poor crystallinity, crystalline size MnO,/NaCl/Pt 199 (50 mV s, [78]
6 nm, Porous structure 224 (10 mV s'l)
2 Amorphous by XRD, Different MnO,/Na,SOs 230 (25 mV s [79]

morphologies for different Pt
methods, Nanostructured hydrous
MnO,, Non-stoichiometric by
XPS

3 Higher nucleation rate with Triton MnO,/Na,SO4 355 (20 mV s [80]
X-100, Spherical grains, Pt
crystalline by XRD, greater
surface area with Triton X-100

4 Amorphous, with composites MnO,/Na,SO,/ 410 (10 mV s™) [81]
corresponds to  alpha-MnO,, Pt
clusters, rough morphology, 40-
70 nm particle size

5  Amorphous and hydrous MnO,, MnO,/Na,SOs 265-320 from GCD  [82]
by XRD Pt

6  Amorphous, annealing from 473 MnO,/KCI/Pt 330 [83]
to 873 K showed nanocrystalline
nature, surface with different
morphologies.

Cobalt oxide (Co0304) based supercapacitors

In addition to manganese oxides, cobalt oxides are also considered as good alternative
materials to replace ruthenium oxides in SC applications. Co3;O4 nanotubes were prepared
via the anodic aluminum oxide template method [85]. The BET surface area for the
Co304was found to be 218 m” g, and the specific capacitance was 574 F g at a
charge/discharge current density of 0.1 A g”'. The mechanism of the charge/discharge for
Co0304 was described by Co304 + OH +H,O < 3CoOOH + e'. Kandalkar et al. prepared
cobalt oxide thin film from cobalt chloride precursors by successive ionic layer
adsorption and reaction method on copper substrate [86]. Cobalt oxide thin film showed

maximum specific and interfacial capacitances of 127.58 F g and 0.37 F cm>,
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respectively. A hierarchically porous Co3;O4film with mesoporous walls was prepared via
a liquid crystal template electrodeposition method [87]. The hierarchically porous
architecture and its finer pores were able to enhance the mass transfer and increase the
specific surface area. In addition to the high specific capacitance, Wang et al. reported
that Co(OH), also have good efficiency, long-term performance, and good corrosion

resistance [88,89].
Nickel oxide (NiO) based supercapacitors

As shown in the reaction 2.3, Ni(OH), can be oxidized to NiOOH during a charge
process. This process is famous for its application in the secondary battery. However, the
relatively low conductivity of the Ni(OH), electrode has a negative effect to the power
performance. The multi-walled carbon nanotube with high electrical conductivity and a
mesoporous structure were employed as a conducting material because of their inherent
conductive networks [90]. The electrochemical results showed that the maximum specific
capacitance can reach 432 F ¢! for 10 wt% loading of Ni(OH), composite at a scanning
rate of 10 mV s™'. Micaceous nanoflakes Ni which have dispersed sandwich and shaggy
cauliflower shape were prepared through hydrothermal synthesis technique [91]. The
shaggy cauliflower-like nanoflake structure within NiO was able to supply effective
surface area for Faradaic redox of NiO, resulting in a high specific capacitance of 137.7 F
g, Inamdar et al. used the chemical bath deposition technique to synthesize a porous
NiO thin film from an aqueous nickel nitrate solution [92]. No noticeable degradation of
the NiO microstructure can be found after 1,500 cycles of charge/discharge, indicating a

good stability.
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Ni(OH),<> NiOOH + H™ +¢’ (2.3)
Other types of metal oxides based supercapacitors

The following table has summarized other types of metal oxides based SCs, including
Tin oxide (SnO,), Indium oxide (In,O3), Bismuth oxide (Bi,O3), Vanadium oxide (V;,05),

and Iron oxide (Fe;04).

Table 2.4 A summary of the metal oxide based SCs.

Electrode materials and Possible mechanism Specific Reference
properties capacitance
(Fgh

1  SnO, cathodically deposited Surface adsorption of 298 (10 mV [93]
onto graphite electrode. electrolyte cations C: s

2 Electrode deposition of SnO, (SnO)gmee + C° + € 285 (10 mV [94]
on stainless electrode —(Sn0;" C)gurface )

3 Electrochemically synthesized Intercalation of H™ or C° 43.07 in [95]
hydrophilic and followed by deintercalation NaOH
nanocrystalline SnO, film on upon oxidation:

ITO substrate SnO, +H + ¢ SnOH

SnO, + C"+ e SnO,C

4 Electrodeposition of nanorods 190 (10 mV  [96]
of In203 S-l)
5  Chemical deposition of 1049  for [97]
nanosphere  and  nanorod nanorod
In,Os0n ITO substrate In,O5;, 7.6
for
nanosphere
In203
6  Electrodeposition of Bi,Os thin Bi*" + OH < Bi(OH)," 98 [98]

films on copper substrate from 2Bi(OH)2+ + 20H < Bi1,03+
aqueous alkaline nitrate bath 3H,0

7  Electrochemically deposition 81 [99]
of pervoskite nanocrystalline
porous bismuth iron oxide
(BiFeOs) thin film electrode
from alkaline bath

8  V,0s gel/carbon composites 26 kW kg' [100]
was prepared by chemical and 80 Wh
reaction kg

9  Calcining V,0s aerogel in the A combination of an EDL 161 B0 mV [101]
furnace to get Vanadium Formation and the Faradaic s)
nitride (VN) powder redox reactions that occur on
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the surface of these partially
oxidized nitrides.

10

Fe,O; thin films were prepared
by chemical successive ionic
layer adsorption and reaction
method

The decrease in capacitance
has been attributed to the
presence of inner active sites
that cannot sustain the redox

178 (5 mV
s'l)

[102]

transitions completely at
higher scanning rates.

11 o-LiFeO, in nanosized or 50 for [103]
micrometric form nanosized
(l-LiFCOz

(10 mV s™)

170 in
Nast3

12 Electroplated
(FC304)

magnetite In Na,SO;, the capacitive [104]
current of magnetite
electrode originates from the
combination of EDLC and

the pseudocapacitance that

involves successive
reduction of the specifically
adsorbed  sulfite anions,

from SO through, e.g., S*,
and vice versa.

2.1.2.2 Conducting polymer

Another major type of electrode material for a pseudocapacitor is the conducting
polymer (CP). CPs are rendered conductive through a conjugated bond system along the
polymer backbone [105]. The conductivities of popular CPs are listed in Table 2.5. In
addition to high conductivity, CPs enable fast charge/discharge kinetics and fast doping
and de-doping processes [106]. The simplified charge/discharge mechanisms of p-doped

and n-doped CPs can be described as the following reactions:

Cp < Cp""(A), + ne’ (p-dope) (2.4)

Cp+ ne’— (C),Cp™ (n-dope) (2.5)

where Cp is conducting polymer, A” is anion, and C" is cation.
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Table 2.5 Typical conductivities of various CPs [105].

Polymer name Conductivity / S cm™ Reference
Polyaniline 0.1-5 [107]
Polypyrrole 10-50 [108]

poly(3,4-ethylenedioxythiophene) 300-500 [109]

Polythiophene 300-400 [109]

Polyaniline

As shown in Figure 2.2, polyaniline (PANI) consists of phenyl diamine and quinine
diimine repeating units. The reasons that PANI can be a promising candidate for
fabricating SCs with high electroactivity, high doping level, excellent stability,
environmental stability, easy processability, and controllable electrical conductivity [110-

112].

Figure 2.2 Chemical structure of intrinsic polyaniline, y is between o and 1, # is integer.
According to multiple reports, PANI SCs have a wide capacity range from 44 to 270
mAh g"'. The wide range comes from the factors including different synthetic routes,
polymer morphology, the amount and type of binders and additives, and the thickness of
the electrodes. Among the conducting polymer SCs, those based on PANI have the most
variable specific capacitance, indicating all those factors listed above have a huge impact

on the performance.
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Similarly as the carbon based materials and the metal oxides, CPs in their nano-size
form have high surface area and high porosity. Therefore the synthesis and application of
nano-sized PANI such as nanotubes and nanowire have been extensively studies.
Dhawale et al. have presented a one-step, template-free and seedless method for growing
nano-structured PANI electrodes [113]. The PANI has a nano-grained structure with an
average diameter of 20-30 nm. Specific capacitance value of 740 F g was obtained for
PANI nanotube structures (measured at charge/discharge rate of 3 A g™') with 13% loss in
specific capacitance over 1,100 cycles. Titanium nanotube template was employed by
Mujawar et al. in synthesizing hollow open ended PANI nanotubes [114]. The open
ended nano-structured polymers can provide intrinsically high surface area, leading to
high charge/discharge capacities and short diffusion distances for ion transport. PANI can
also be co-electrodeposited with MnOy as hybrid films in a nano-fibrous structure [115].
The addition MnOy of could change the morphology and the pseudocapacitive properties
of PANI. Hybrid film obtained from the solution of 0.1 mol L™ aniline and 120x107 mol
L' Mn*" showed a specific capacitance of 588 F g”' measured at 1.0 mA cm™in 1 mol L™
NaNO;, increasing 44% from that of similarly prepared PANI (408 F g™'). The film
maintained more than 90% percent of its capacitance after 1,000 charge/discharge cycles

at 2.4 mA cm™>.
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Polypyrrole
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Figure 2.3 Chemical structure of polypyrrole.
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As illustrated in Figure 2.3, PPy is a polymer formed from a number of pyrrole ring
structures. PPy offers a greater degree of flexibility in electrochemical processing than
most other conducting polymers [108]. However, due to the fact that PPy cannot be n-

doped, they can only be used as cathode materials.

Several methods have been proposed to improve PPy chain structures for application in
SCs, including the development of columnar morphology, self-doping by attachment of
ions, and use of aryl sulfonates to promote cross linking and hydrophilicity [116]. Among
them, enhancing the electrical conductivity and increasing the hydrophilicity of the
polymer structure for larger area is the key issue for application in SCs [117]. Pulsed
polymerization was used by Sharma et al. to synthesize PPy films [118]. Supercapacitor
device made by pulse PPy films exhibited high specific capacitance of 400 F g with a
high energy density of 250 Wh kg™ in comparison to the DC polymerized PPy (~225 F g’
" in aqueous electrolyte. The stability of the pulsed polymerized electrodes for 10,000
charge/discharge cycles at 5 mA cm™ supports the applicability of the pulsed
polymerization process for the electrodes. PPy/carbon aerogel were frequently found in

use as photovoltaic materials, but they can also be used as electrode material for SCs
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[119]. Results showed that in addition to EDL capacitance, the PPy/carbon areogel SCs
possess pseudocapacitance. The specific capacitance of the 35% PPy/carbon areogel
composite electrode in 6 mol L' KOH is approximately 433 F g'. The dense growth of
PPy leads to high capacitance per unit volume (400-500 F ¢cm™) [120]. However, one
disadvantage of the high density is that it causes limited access to the interior sites of the

polymer by the dopant ions, which will reduce the utilization of the material.

Single-charged anions such as CI', ClO4’, and SO3;™ were normally used to be doped
PPy. But if anions with more than one charge such as SO,* doped the PPy, physical
cross-linking of the polymer occurs [121]. SCs with such cross-linked materials have
high diffusivity, high capacitance, minimum volumetric change, and strong cation

exchange.
Thiophene-based conducting polymers

Thiophene-based conducting polymers have attracted attention because of their high
charge carrier mobility and environmental stability [122]. A number of n-dopable
thiophene based conducting polymers can be found in Table 2.6. Polythiophene are
commonly synthesized by chemical [123], electrochemical [124], ultrasonic assisted

electrochemical [125], photochemical [126], and template synthesis methods [127].

Table 2.6 Properties of derivatives of polythiophene in p-doped state [128].

Active material ~ Potential limit (V)  Specific charge Specific
vs. Ag|AgCl (Cgh capacitance (F g’
P-PFPT 0.3-0.9 146 244
P-MPFPT 0.3-0.9 127 212
PThCNVEDT 0-0.8 173 216
P-MeT -0.16-1.18 - 220
PEDOT -0.5-0.9 144 103

Carbon -1.5-2.1 82 133




37

Oxidants and surfactants were used to enhance the thermal, electrical and
electrochemical properties of polymers [129]. Senthilkumar et al. synthesized
polythiophene by iron (III) catalyzed oxidative polymerization method in aqueous
medium using various surfactants [130]. Polythiophene prepared using anionic

surfactants was spherical-like, and the specific capacitance was 117 F g,

Figure 2.4 Structure of poly(3,4-ethylenedioxythiophnen).

One popular thiophene derivative is poly(3,4-ethylenedioxythiophnen) (PEDOT). The
structure of PEDOT can be seen in Figure 2.4. PEDOT has a low band-gap of 1-3 eV, is
highly conducting in the p-doped state, has good thermal and chemical stability, and high
charge mobility [105]. Furthermore, PEDOT has low redox potential and fast redox
reactions. The charge reactions of PEDOT were reported to be faster than the discharge

reactions during the electrochemical charge/discharge [131].

PEDOT/carbon composite as electrodes for SCs was found to have high energy and
power density [132,133]. PEDOT/carbon composite can be synthesized in situ on carbon
materials by electrochemical or chemical-polymerization from the monomer. The
electrodes prepared by this method have higher conductivity than those prepared by

mechanically blending methods.
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Figure 2.5 (a) Schematic structures of graphene, PEDOT and G-PEDOT (Scheme 1); (b)
Schematic of synthesis of G-PEDOT (Scheme 2).

Alvi et al. have prepared Graphene-PEDOT (shown in Figure 2.5) electrodes for SC

application [134]. The Graphene-PEDOT electrode has shown a large current in charging

due to high charge mobility and immense conductivity. The average specific capacitance

was reported to be 350 F g™

2.1.3 All-solid-state supercapacitor

All forms of supercapacitors list in Sections 2.1.1 and 2.1.2 are liquid electrolyte based
supercapacitors. Although all-solid-state supercapacitors have many obvious advantages
over liquid electrolyte based supercapacitors including no leaking, no corrosion, easy
packaging, wide temperature range, light weight, and shape flexibility, efforts on
developing all-solid-state supercapacitors were rare and not successful suffering from low

specific power and energy. The accounts for these efforts present in literature are
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summarized in Table 2.7. The maximum specific power and energy was only 0.25 kW

kg and 9 Wh kg™ respectively.

Table 2.7 A summary of the performance of the existing all-solid-state supercapacitors.

Specific Specific Specific

capacitance power energy

Supercapacitor device (Fg?h (kW kg') (Whkg') Reference
Ppy(DS)/PMMA-+LiCl104+EC/Ppy(DS) 20-60 0.2 3 [135]
H3PM012040‘HHzO/N&ﬁOIl/HRUOz‘I’leO 112 0.2 3 [136]
HRuO; nH,0/Nafion/ HRuO,-nH,0 170 5.5 [137]
PANI/FEP-g-AA-SO;H/PANI 98 0.25 5.0 [138]

Activated

carbon/Nafion+PVDF/Activated carbon 90-130 3.8-54 [139]
PANI/EC+LiF/PANI 90 0.15 3.8 [140]
RuO,/LiPON/RuO,/Pt 0.02 [141]
PANI/phosphotungsten acid/PANI 260 0.16 9.0 [142]
Pyrrole/Nafion/Pyrrole 35 0.0037 34 [143]

2.2 Experimental methods for SC studies
2.2.1 Electrochemical measurements

2.2.1.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a quick screening procedure for identifying potential
capacitor materials [22]. In CV tests, the voltage is swept between two values at a
constant scanning rate (s = =d}7/d¢). The resulting current (/) is recorded as a function of
time. For an ideal EDLC, the shape of the CV is rectangular, indicating that the current is
independent of the potential. The capacitance is determined as C = I/s. However, for
those non-ideal EDLCs and pseudocapacitors, the rectangular shape is distorted. In these
cases, the current, /(f),is a function of time, and the capacitance is determined as
C = [I(t)dt. CV has become a major method for evaluating performance of SCs

because it is convenient for determining the cycle life [144]. In addition, through an
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analysis of the shapes of the voltammograms as a function of s, the information on

internal resistance effects and the consequent dissipative losses can be revealed.

2.2.1.2 Galvanostatic charge/discharge

Galvanostatic charge/discharge (GCD) 1is also known as constant current
charge/discharge. In GCD experiments, the device is charged and then discharged at
constant currents in a preset potential range. The following combinations are also applied

according to different experiment needs [22]:

1. Charge at a constant current followed by immediate discharge across various load
resistors. These tests are used to analyze the electrochemical performance such as
specific capacitance, specific power, and specific energy.

2. Charge at a constant current followed by an open circuit holding period while
recording the open circuit voltage of the device. Self-discharge can be studied with
this method.

3. Charge at various rates and discharge across a fixed load resistor.

The capacitance, power, and energy can be calculated through integration of the

voltage time transients according to:

[it
C = ’A—V (2.6)
E=1[V(t)dt 2.7

E _IJv(@®at

b=y [t

(2.8)
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where [ is constant current, V(?) is voltage as a function of time, and Atz is the time

interval for charge or discharge.

2.2.1.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is normally used by corrosion
specialists and electrochemical device researchers. It is a powerful and nondestructive
method that can be used to differentiate different processes and evaluate the kinetics of
the systems under investigated [145]. In the evaluation of an SC, the frequency-response

characteristics of an SC and its equivalent series resistance are very important [22].

EIS data can be displayed in either Bode plot or Nyquist plot. In the Bode plot, the real
and imaginary parts of the impedance can also be plotted against frequency on a log-log
scale. In the Nyquist plot, the imaginary part is plotted against the real part of the
impedance. The interpretation of the EIS data depends on a model of equivalent circuit.

Identifying an appropriate equivalent circuit to fit the EIS data can be a difficult task.

2.2.2 Instrumental characterization methods
Scanning electron microscope (SEM) and X-ray diffraction (XRD) have been

employed to characterize the electrode materials.

2.2.2.1 Scanning electron microscope

SEM images a sample by scanning it with a high-energy beam of electrons in a raster
scan pattern. The SEM is able to show very detailed 3-dimensional images at much
higher magnifications than those from a light microscope. Samples, at least the surface of
the samples, for SEM examinations, have to be electrically conductive and grounded to

prevent the accumulation of electrostatic charge at the surface. For nonconductive
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samples, certain pretreatment such as coating with a very thin layer of gold has to be

done to prevent charge accumulation at the surface.

SEM is commonly used in studying the micro- or nano-structures of the active
materials of various SCs in the nano scale [146]. SEM is also able to provide information

on the dispersion of the active materials in the supporting materials [147].

2.2.2.2 X-ray diffraction

XRD is a versatile, non-destructive method that reveals detailed information about the
chemical composition, crystallographic and micro structure of all types of natural and
manufactured materials. The following needs can be fulfilled by XRD: 1) measure the
average spacing between layers or rows of atoms; 2) determine the orientation of a single
crystal or grain; 3) find the crystal structure of an unknown material; 4) measure the size,

shape and internal stress of small crystalline regions [148].

For polymer electrolytes and polymer membranes, the information about the molecular
structure and atom arrangement can be obtained from XRD. In this way, the atomic

models for these polymer electrolytes or membranes can be established [149].

2.2.3 In situ study using X-ray absorption spectroscopy

To gain deep fundamental understanding of the electrochemical reactions at the
electrode/electrolyte interface and between mediators requires not only electrochemical
measurements including CV, EIS, and dynamic polarization, but also in situ and ex situ
physiochemical analyses. With respect to this, in situ methods are generally preferred to

ex situ methods because the ex sifu methods can only detail the consequence of a prior
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polarization but not the state at the polarization. However, to my knowledge, research on

in situ analysis of supercapacitors has been very limited.

X-ray absorption spectroscopy (XAS) is a powerful technique that provides element-
specific short range structural information. It can be applied to structurally ordered,
disordered, aggregated, and dispersed substances/species. It is well-known that one of the
major advantages of XAS is that it can be readily performed under polarization

conditions.

X-ray absorption edges were first observed by DeBroglie in 1916 [150]. Advances in
the following years were reported by Van Nordstrand [151] in exploiting edges and by
Sayers, Stern and Lytle [152] who demonstrated that the fine structure could be
understood by Fourier transformation. A typical XAS experimental system such as X-
10C at National Synchrotron Light Source (NSLS) in Brookhaven National Laboratory is
shown in Figure 2.6. The synchrotron X-ray beam passes through slits, a crystalline
monochromator for tuning the photon energy (0.1-100 keV), and a mirror to reach the

sample. The beam intensities before and after the sample are measured.

Side view

Sample
Source Slits Mono  Mirror P

Shielding B j
Wall S

T T T L3 ‘ T L] T L] | Ll o T T T T T L] T

0 5 10 15 20 meters

—

Figure 2.6 Experimental setup for XAS study of a sample.
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The principle of XAS is schematically illustrated in Figure 2.7. A narrow parallel

monochromatic X-ray beam of intensity /;, passing through a sample of thickness x will

get a reduced intensity / according to the expression:
1., (1
W(E) = —1n(—°) (2.9)
x I

where u(E) is the linear absorption coefficient, which depends on E, the X-ray photon
energy, the types of atoms, and the density p of the material. Figure 2.8 illustrates
schematically a XAS. At certain energies where the absorption increases drastically, and
gives rise to an absorption edge at E=FE,. Each such edge occurs when the energy of the
incident photons is just sufficient to cause excitation of a core electron of the absorbing
atom to a continuum state, i.e. to produce a photoelectron. Thus, the energies of the
absorbed radiation at these edges correspond to the binding energies of electrons in the K,
L, M, etc, shells of the absorbing elements. The absorption edges are labeled in the order
of increasing energy, K, LI, LII, LIII, ML,...., corresponding to the excitation of an

electron from the 1s (2S%), 2s (2S'%), 2p (2P'%2), 2p (2P3/2), 3s (2S%), ... orbitals (states),

respectively.
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Scattered x-rays — Electron
. Photo-
electron
. . i
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Figure 2.7 Schematic illustration of the principle of XAS.
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An XAS is generally divided into 4 sections: 1) pre-edge (E < E); 2) x-ray absorption
near edge structure (XANES), where the energy of the incident x-ray beam is E=E + 10

eV; 3) near edge x-ray absorption fine structure (NEXAFS), in the region between 10 up
to 50 eV above the edge; and 4) extended x-ray absorption fine structure (EXAFS),
which starts approximately from 50 eV and continues up to 1,000 eV above the edge.
Probably the first XAS studies of supercapacitors based on pseudocapacitance was the
work by Chang et al. [153]. Their experimental results clearly demonstrate that the
reduction/oxidation state of the active material, MnOy, in a liquid electrolyte
supercapacitor is a linear function of polarization of the supercapacitor. Chang’s group
also studied the charge storage mechanism of electrodeposited MnOy in various aprotic
ionic liquids (ILs) [154]. The analytical results show that thiocyanate (SCN ) anion can
reversibly insert/desert into/from the tunnels between the [MnOg] octahedral subunits
depending on the applied potential. This insertion/desertion process compensates or
neutralizes the space charge originating from Mn’>*/Mn*" redox transition in the electrode
upon charge/discharge. This actually gives rise to a fast charge/discharge or an ideal

pseudocapacitive behavior of the MnOy electrode.
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Figure 2.8 Schematic illustration of the ranges of a XAS.
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Watanabe et al. [155] designed an electrochemical cell for in situ XAS study of
electrochemical power systems including supercapacitors. Specifically, they used XAS to
monitor the chemical state of Co or Co" insertion in a conducting polymer, PPy. The
EXAFS they obtained reflects the average radial distribution function around Co atoms.
At -0.60 V, the peak at around 1.3 A is related to a Co-O distance. This peak could also
be associated to a Co-N distance due to the similarity of the backscattering amplitudes
and phase shifts of both elements. At -0.80 V, there is a small contribution of the light
elements (O/N) and Co-Co distances show up. At this potential, one observes distances
characteristic of next-nearest neighbors (higher than 3 A), indicating medium range order
of the atomic shells. Finally, at -1.20V, there are only Co-Co distances indicating that Co
is completely reduced.

There have been more reports on in situ XAS study of Li ion batteries. Chan et al.
studied LiMn,0O4 for Li-ion battery and correlated the Mn-O and Mn-Mn bonding lengths
with the applied potential [156]. Nam et al. studied LiFe;sMn;sCo,4Ni;4PO4 cathode
using in situ XAS. They found that the three plateaus shown in the charge curve can be
ascribed to redox specific reactions: Fe*'/Fe**, Mn*"/Mn®*, and Co*'/Co®". However,
Balasubramanian et al. studied a LiNijgsCog 150, cathode in a Li-ion battery [157]. They
found the redox state did not correlate with the charge/discharge states. Deb et al.
Li;.0sNig35C0025Mno 4O, cathode material coated with LiCoO; [158]. The XAS data
revealed that the distances between the metal and oxygen and between the metal atoms
varied with the charge/discharge states almost reversibly. In summary, in situ XAS can
provide the information regarding to redox state, bonding, and molecular structure of the

electrode in the supercapacitors and Li-ion batteries.
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2.2.4 Electrochemical scanning tunneling microscopy

Unlike other techniques for imaging materials in atomic scale, the principle of STM is
remarkably simple as shown in Figure 2.9. A bias voltage is applied between a sharp
metal tip and a conducting sample to be investigated (usually metals and semiconductors)
[159]. Then, bringing tip and sample surface within a separation of only a few angstroms
unit, a tunneling current can flow due to the quantum mechanical tunneling effect before
‘mechanical point contact’ between the tip and sample. If the tunneling current is
maintained was a constant when the tip is scanning over the surface by means of a
feedback loop, separation between the tip and sample surface will be tightly controlled as
a constant due to the fact that the current is very sensitive to the separation. Thus, by
monitoring the position normal to the surface, a 3-D image of the surface can be obtained.

This scanning principle results in a unique microscopy:

1) STM is free from image distortion due to aberration of a lens system that exists for
other microscopy methods.

2) The spatial resolution is not diffraction-limited. The spatial resolution is even
smaller than the wavelength of electron. Under certain conditions, STM can reveal
features within one atom or the electron orbitals.

3) Due to a low energy (in eV level in comparison to MeV level for SEM, TEM,
SIMS, etc.) the method is absolutely non-destructive.

4) STM can be operated well in vacuum, air, and liquid. If the liquid is an electrolyte
and the electrochemical potential of the sample can be controlled with a

potentiostat, the STM is also called electrochemical STM or EC STM.
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Figure 2.9 Schematic illustration of the operational principle of a STM.

Electron Tunneling

In classical physics an electron cannot penetrate into or across a potential barrier if its
energy E is smaller than the potential @ within the barrier. A quantum treatment predicts
an exponential decaying solution for the electron wavefunction in the barrier (Figure

2.10). For a rectangular barrier the wavefunction is [159]:

W(d) = ¥(0)e*d where i = Y20 (2.10)

The probability of finding an electron behind the barrier of the width d is

W(d) = [¥(d)|* = [¥(0)|?e~2 (2.11)



49

Sample Tip

Figure 2.10 Mechanism of electron tunneling.

In STM a small bias voltage V is applied so that due to the electric field the tunneling
of electrons results in a tunneling current I. The height of the barrier can roughly be

approximated by the average workfunction of sample and tip.
1
® = 2 (Cbsample + (Dtip) (212)

If the voltage is much smaller than the workfunction eV <<®, the inverse decay length

for all tunneling electrons can be simplified to

V2mo
h

~
=

(2.13)

The current is proportional to the probability of electrons to tunnel through the barrier:
[ Yoo W, (0)[2e~2xd (2.14)

En=EF—€

By using the definition of the local density of states for € - 0

Pz E) = 3f,op-cPu(2)? (2.15)
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The tunneling current can be expressed by

[ < Vpg,(0,Ep)e 2% =~ Vp,,(0,Ep)e 1025V®d where [d] = 4; [@] = eV  (2.16)

With 5 eV as typical example for a workfunction value a change of 1 A in distance
causes a change of nearly one order of magnitude in current. This facilitates the high

vertical resolution.

EC STM vs. SECM in probing electrochemical interfaces in liquid electrolyte

The broad application of scanning probe techniques such as electrochemical scanning
tunneling microscopy (EC STM) have contributed significantly to a microscopic
(atomistic) understanding of reactivity of solid/liquid electrodes [159-160]. The most
detailed pictures could be obtained for ion-transfer and phase formation reactions at
single crystal noble metal electrodes [161]. The main reason is that EC STM is able to
localize electrochemical reactivity only if this is accompanied by changes in sample
topography, e.g. by concurrent deposition, adsorption or dissolution reactions. Parallel to
the advance of EC STM, scanning electrochemical microscopy (SECM) was developed
as a new tool for localized electrochemistry [162-165]. It shares the scanning principle
with EC STM but it can be distinguished from EC STM by an entirely different mode of
action. Hence SECM can provide complementary information. Currently strong efforts
are under way to increase the resolution of SECM and to access the nanometer size
regime because many electrochemical phenomena are localized at much smaller
structures [166-169]. Important applications include initiation of pitting corrosion [166],
mass transport though membranes [169], and fuel cell optimization, where catalytic

reactions proceed at noble metal clusters [167,170]. In order to allow SECM
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measurements in the nanometer dimension, a number of technical challenges have to be
overcome. Firstly, suitable nanometer-sized electrodes must be prepared that have
insulating shielding preferably of known geometry. The probes must be positioned and
scanned above the sample with a sample distance of some 10 nm, i.e. much larger than
the tunneling distance but smaller than some electrode radii of the probe, while avoiding
mechanical contact between sample and probe. Secondly, in order to observe
electrochemical reactivity at individual nanometer-sized features, such features have to
be prepared on the sample surface with such a large distance that SECM can resolve the
signals of individual features. In order to achieve the last point it is advantageous to make

use of various probe-induced mechanisms to modify solid/liquid interfaces [160,162,165].

Previous approaches used commercial STM instruments to adjust the sample with
extremely small tilt with respect to the horizontal scanning plane and to acquire a
reference point for the sample position. The probe was then retracted and scanned in a
fixed plane over the sample using the generation/collection mode which can work at
larger probe sample separations than the feedback mode [166-167]. However, it is very
difficult to exclude the possibility of mechanical contact between the probe and
protruding regions of the sample. The problem of protruding features was circumvented
in the approach of Meier et al. who positioned the probe in the EC STM mode over a
protruding sample and retracted the tip from there [170]. The electrochemical data were
recorded in the generation/collection mode at fixed probe position. Combined
topographical and electrochemical imaging was performed on samples that were not
immersed in a bulk solution but wetted through pores [169]. Noncontact imaging was

also performed in generation/collection and feedback modes at sub-merged samples [168].
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Although EC STM can be used to study the interfaces between an electronic conductor
and electrolyte, all studies as far as I know were conducted in bulk of liquid electrolytes.
There has been no study on the interface between an electronic conductor and bulk
polymer electrolyte. The reasons are very simple: 1) if the STM probe that as sharp as
having one atom at the tip touches a solid, it will lose its high spatial resolution and 2)
traditional understanding is that tunneling current (in the level of nA) can be detectable
only when the STM tip is a few angstroms from the surface of the electronic conductor.
Thus, if the electrolyte film on top of an electronic conductor is thicker than a few
nanometers, traditional understanding is that this sample cannot be studied using a STM,

not even mention if the electrolyte film is hundreds of nanometer thick.
2.5 Fundamentals of Atomistic Modeling
2.5.1 Ab initio modeling of materials

2.5.1.1 Adiabatic approximation
The basis of ab initio modeling of materials is the time-independent Schrodinger

equation in which the state of a molecular system is described with a wavefunction:
H({7} ARDW(F}ARY) = EGRDW(F} AR} (2.17)

where H ({F},{E}) is a Hamailtonian of a many-ion-many-electron system with n
electrons and N nuclei, W({7},{R})is the wavefunction, E({R})is energy, {#}are the

position vectors of electrons, and { ﬁ} are the position vectors of ions [171]. The first step

towards simplification and solutions of the Schrodinger equation is the adiabatic or Born-

Oppenheimer (BO) approximation that separates slow nuclear motion from fast electronic
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motion. In order to do this, one has to assume that irrespective of the instantaneous
configuration of the ions, the electrons are at every moment in their ground state. The

system is described by two effective Hamiltonians, shown in Equation 2.18 and Equation

2.19:

e (2.18)

N I A R o=
H, = Z: ———+ZV L R)|+
elec £ |: 2m a’—/_l—2 4 el—zon(z l)

for electrons and

R R )+E, (R ) (2.19)

2[ o aRzl 22 oo

. - . .. .th = . ..
for ions, where 7 is the position vector for the i electron, R,is the position vector for
b 1 1

the i™ ion, m is the mass of electron, M, is the mass of the i" ion, e is electronic charge,
) I

|4

el-ion

is potential for the direct electron-ion interaction, V.

ion—ion

is potential for the direct
ion-ion interaction, and E_ is the electronic total energy as a function of the ionic

coordinates {R, }.

2.5.1.2 Hatree-Fock approximation and single electron Hamiltonian

Under the Hartree-Fock (HF) approximation, the function of 3n variables for the
solutions of the electronic Hamiltonian is reduced to n functions, which are referenced as
molecular orbitals (MOs), each dependent on only three variables. The HF theory is to
approximate the many-electron wavefunction by an antisymmetrized product of one-
electron wavefunctions and to determine these wavefunctions by a variational condition

applied to the expected value of the Hamiltonian in the resulting one-electron equations,



54

v,y (7)

()= Y s [ o O en @

! i 92 N R | P
(Z[_zm(wiz+2Ve1—1on(riaR1)}+2Z;H

(2.20)

where the pair-wise electron-electron repulsion is replaced by the interaction of the i™
electron with the average electrostatic field created by the charge distribution of all other
electrons and an additional exchange term keeping electrons of like spin (S; = S;) away

from each other to account for the Pauli principle.

2.5.1.3 Density function theory

Directly solving the HF equations is difficult and time consuming. For analyzing many
quantum chemical problems, a density function theory (DFT) is often employed. DFT
methods are based on the famous theorem by Hohenberg and Kohn who demonstrated
that the total energy of a many-electron system in an external potential is a unique
functional of the electron density and that this functional has its minimum at the ground-

state density [172]. Expressing the electron density n(7)as a sum over one-electron

.. -2 . . . .
densities |1/j(}”1 )| and using the one-electron wavefunctions as the variational parameters

leads to the Kohn-Sham one-electron equations as follows:

ho o’ ul L= » o n(F') - - -
= Vercion 15 R)) + € f_, —dr'+V,.(r)|p,(r) = ey, (r) (2.21)
2m or = |r —r'|

L V(F) = %’;(:)J (2.22)

)= Y, )
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where the exchange-correlation potential has been expressed as the functional derivative

of the exchange-correlation energy. While Equation 2.21 is exact within DFT, the energy

functional £ Xc[n(i7 )] is usually unknown [173].

2.5.1.4 Ab initio quantum chemistry computation

The most important feature of the ab initio quantum chemistry computation is the
capability of describing the breaking and formation of chemical bonds, chemical
reactions, or electron transfer. Although a few modern quantum mechanics methods
including generalized valence bond (GVB) and Gaussian dual space density function
theory (GDS-DFT) are available, the calculation are often too slow for studying polymers

and catalysts [174-177].

2.5.1.5 Ab initio Molecular Dynamics

Another challenge for quantum mechanics theories is to compute the dynamic
properties or to model the physicochemical processes of a system by solving the
equations of motion based on the adiabatic Hamiltonian of the ionic subsystem (Equation

2.19).

In 1985, Car and Parrinello introduced a very useful concept that the optimization with
respect to the ionic and electronic degrees of freedom need not be done separately. In this

concept or theory, one can use a coupled set of pseudo-Newtonian equations of motion
for the ionic coordinates {R, }and the electronic orbitals {y/, } as follows to determine the

motion and electronic states:

M, R (1) = - 9EC g}% }(’t‘gl/’f}) (2.23)
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and

aE({R1}={w1}) +EAU(<¢/‘1/}Z>_6’/) (2.24)

P =- o, (1) o

where the Lagrange multipliers A ;are used to ensure conservation of orthonormality of

the {1y, } during the dynamical evolution of the system [178].

2.5.2. Classical molecular dynamic modeling

Quantum molecular dynamics (MD) simulations can usually treat 10>-10° atoms in a
real time of a few nanoseconds. In a MD method, a molecular system is described with
the Newton’s laws. However, although the total energy of the system is not a functional
of electronic wavefunctions and is expressed explicitly as a function of the nuclear or

ionic positions as U(R, R,,...,Ry), it is usually evaluated using the ab initio methods.

Thus, the atoms are treated as classical particles moving on the Born-Oppenheimer

potential energy surface (PES) where U (El,ﬁz,...,ﬁ]v) equals to a constant, and the

quantum mechanical motion governed by the Schrodinger equation is replaced by

Newton's second law:

F =ma, (2.25)

where m; is the mass of the i" atom, a,is the acceleration of the i atom, and F, the

resultant force acting on the i™ atom. The force is calculated from the interatomic

potential energy according to Equation 2.26,
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U
—=-VU (2.26)

F;=_ = i
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Two primary aspects to the practical implementation of molecular dynamics are: (i) the
numerical integration of the equations of motion along with the boundary conditions and
any constraints on the system and (ii) the choice of the interatomic potential. For a single-
component system, the potential energy can be written as an expansion in terms of »n-

body potentials:

VRN =2 SUR D +5 SURLRLR D+ @2

ci#] ciE Rk

where R, = R, — R are inter-atomic separations and U, represents interactions between

pairs of atoms, U,depends on the relative orientations of triplets of atoms, etc. The

choice of potential is determined by the bond type, the desired accuracy, transferability
and the computational resources [179]. Quantum mechanical calculations can give a
guide to obtain an ideal molecular force field. For example, Goddard et al developed
DREIDING force field [180]. They claimed that the force field can be used to predict
structures and dynamics of organic, biological, and several main-group inorganic

molecules.

For all MD force fields, the parameters are determined by quantum chemical
calculations or by fitting to thermo-physical and phase coexistence data. There are two
major limitations for MD simulation methods. Although the computational effort
required for MD simulations is much less than that for ab initio simulations, the

processes of interest such as atomic diffusion and conduction are multiscale phenomena
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that span a spatial scale range from nanometers to millimeters and time scale range from
10"°-10™" s of molecular vibration period to 10°-10” s, a minimum time required for
conventional diffusivity measurements in studying PEFCs. Unless the results of a MD
simulation can be comparable with the experimental results measured in a macroscopic
system and in a timescale during which the phenomenon of interest occurs, it is not
convinced that the MD method is useful for studying PEFCs or for atomistic computer
design of new materials for PEFCs. The second major limitation is that classic MD

methods cannot describe bond breaking and formation and chemical reactions.
2.5.3 Advancement of MD methods

2.5.3.1 Empirical Valence Bond Models

Valence bond (VB) theories or empirical valence bond (EVB) methods have been
developed in order to solve this problem with bond potential functions that (i) allow the
change of the valence bond network over time and (ii) are simple enough to be used
efficiently in an otherwise classical MD simulation code. In an EVB scheme, the
chemical bond in a dissociating molecule is described as the superposition of two states: a
less-polar bonded state and an ionic dissociated state. One of the descriptions is given by

Walbran and Kornyshev in modeling of the water dissociation process [175,181].

2.5.3.2 MD modeling with reactive force field
Goddard et al. developed and validated the reactive force field (ReaxFF) to describe
complex reactions (including catalysis) nearly as accurately as QM in some cases but at

computational effort comparable to classical molecular dynamics [176,182]. Similar to
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empirical nonreactive force fields, the reactive force field divides the system energy up

into various partial energy contributions,

E =FE, . +E

system

+Eunder +E +Epen +Et0rs +E

conj

+ EvdWaalv + ECoulomb (228)

over val

A fundamental assumption of ReaxFF is that the bond order BOZ.;. between a pair of

atoms can be obtained directly from the interatomic distance 7; as given in Equation 2.30.
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The bond order is the exponent of a summation of three terms. The first term is the

contribution of ¢ bond characterized with pyo,1 and pro . It is unity when 7; is below 1.5
A but negligible when 7, is above 2.5 A. The second term is the contribution of the first
m bond characterized with pyo3 and ppos. It is unity when 7, is below 1.2 A and
negligible when 7 is above 1.75 A. The third term is the contribution of the second
bond characterized with puos and pro. It is unity when 7, is below 1.0 A and negligible

when 7, is above 1.4 A. The partial energy contributions related to bonds, E,,, E

ond ° over?

E

tors

E and F
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are all functions of bond order BOI;.. All valence
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terms (bonds, angles, torsions) go to zero, as the bonds are broken ( B Ou =0). Thus, in the

ReaxFF modeling methods the force field the description of bond formation/breaking is

smooth as a function of bond order. The bond orders are determined only by the



60

interatomic distances and are updated for every iteration. This allows automatically

recognize and handle changes in connectivity as reactions proceed.

2.6 Atomistic modeling and molecular dynamics studies of an interface structure in
the PEFC

Seeking a breakthrough in electrocatalysis of oxygen electroreduction reaction (OER)
in cathodic catalyst layer is one of the major issues in the current PEFC research. The
exchange current density for oxygen reduction is about 6 orders of magnitude lower than
that for hydrogen oxidation. The slow rate and associated high overpotential at the
cathode of PEFC limits their specific power output (kW kg') and overall efficiency.
Generally speaking, if the voltage of a single cell is maintained at 0.8 V, a significant
efficiency loss (30%) is due to the cathode overpotential although a high platinum
loading (e.g. 0.5 mg cm™) that may contributes a high device cost is used. If the exchange
current density for OER is increased significantly by 2-3 orders of magnitude, the
specific power can be increased by many times at the same output voltage and efficiency.
Thus, the ratio of performance to the cost is increased by that many times. It is commonly
accepted that the transport processes, the adsorption/desorption, and reaction path in the
specific interface structure between the polymer electrolyte and catalysts dictate the
electrochemical activity of the catalyst layer. This underlies the fact that the
electrochemical activity of the OER at cathode for the Pt/Nafion electrolyte interface is 3
orders of magnitude lower than that of a Pt/H,SO; interface [183-184]. Specifically, the
exchange current density on Pt/C catalyst in conjunction with Nafion electrolyte is
reported 8.0x107 A cm™ for oxygen reduction at the cathode (ca. 10° A cm™ for

hydrogen oxidation at the anode) on the basis of the area of the catalyst layer [185]. This
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is equivalent to 2.0x10™ A cm™ on the basis of true active area of Pt crystallites. However,
in 0.5 mol L H,SO, and with specific adsorption, Pt crystallites show an exchange
current density between 5.0x107 and 6.0x10° A cm™ on the basis of true active area of Pt
[186]. Thus, the exchange current density at the Pt/Nafion interface is 2-3 orders of
magnitude lower than that at the Pt/liquid electrolyte interface. Therefore, if the
Pt/polymer electrolyte interface is as effective as the Pt/H,SOj, interface, the specific
power of PEFC may be increased by many times. Lack of understanding of the catalyst
layer may underlie the fact that 30 years’ great efforts on development of the catalysts
and polymer electrolytes have not resulted in a desired progress. Better understanding on
the catalyst/polymer electrolyte interface structures and its implication for OER may be
the key for a breakthrough. In the last 10 years, a growing number of ab initio studies of
OER on transition metals and alloys have been reported. These theoretical studies shed
light on the understanding of microscopic mechanisms. However, at the present time, ab
initio modeling is unable to provide convincing descriptions for the interface structure
and detailed reaction steps due to the limitation with over-simplified models and
extremely short timescale. Although MD methods can be used to establish an interface
between the polymer electrolyte and catalysts with a realistic size, the results are not
convincing because classical MD methods are not supposed to describe interactions
between polymer electrolyte and catalysts involving bond breaking and formation.
ReaxFF based MD studies may enable us to determine the fundamental processes at

realistic electrode-electrolyte interfaces. However, no result has been published yet [182].
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2.6.1 The interface structure

It is believed that the greatest challenge to understanding and optimizing PEFC
performance is to comprehend the processes taking place at the interface between the
hydrated polymer electrolyte (Nafion) and the cathode (carbon-supported Pt
nanoparticles). It is essential to understand how the protons and electrons are transferred
across the cathode/membrane interface, particularly, how this is affected by the
distribution of water at this interface. However, in earlier simulations on the
electrochemical reactions no electrolyte molecules were involved [187-191]. It is
amazing that these earlier simulation results based on the so-called “vapor-phase” models
have been used as basis for development of catalysts in PEFCs. The apparent oxygen
reduction reaction rate is governed by a series of physicochemical processes that occurs
at the buried electrode interface. First of all, diffusion of oxygen supplies reactants via
two paths: 1) through the polymer electrolyte and 2) through the exposed region on the
catalyst. Although most authors believe that the first path dominates, the possibility of the
second path cannot be eliminated. Other issues regarding to diffusion of oxygen include:
the effect of the support and catalysts on the diffusion of oxygen, the roles of the water
layer, polymer clusters, and specific adsorbates at the interfacial area, and impact of the
electrical field at the interface. Adsorption/desorption is often considered as the rate
determining step (rds) of OER. Adsorption can dramatically alter the structure and
electrical field distribution and hence impact the entire OER process. Electron and proton
transfer at the interface is directly related to the electrical field or EDL and must be
heavily affected by the interface structure or specifically the adsorption of polymer

functional groups, distribution and orientation of water, and adsorption of oxygen. Finally,
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formation and rejection of water is the last step of the reaction. Modeling of the

electroreduction of oxygen first requires a precise description of the interface structure.

Indeed, the EDL structure has been one of the major topics of electrochemistry in
liquid electrolytes. Numerous studies on atomistic modeling of the electrode/water
interface have been reflected in a bulk of literatures. In earlier years, empirical force
field models were created [192-196]. Latterly, ab initio simulation derived metal-water
and metal-ion pair potential based MD models appeared. Quantum mechanics models
were created with periodic boundary conditions and with empirical electrical field of a
continuum positive charge “jellium” [197-201]. Pseudopotentials for the electrode were
used to define the interface structure [202-205]. Ab initio valence electron cluster models
are often specified as interface model but only include a few atoms [206-213]. Many
theoretical analyses obtained a picture that the metal-water interface is highly organized
and there is a peak of water density near the electrode at room temperature [192-198,202-
205]. This ordered structure is often referred as “icelike” or a prevalent hydrogen-bond
ring structure. This has also been detected experimentally using X-ray reflectivity by
Toney [214]. It has also been demonstrated, however, that although the time averaged
structure is icelike, at any individual moment the water arrangements at the surface are
completely random. Understanding of the structure of water layer is relevant for
modeling PEFC because presence of water on catalysts does greatly impact the
performance of PEFC. However, it is also important to understand the impact of the
polymer clusters on the EDL and OER process. Unfortunately, the number of

publications on the EDL structure of catalysts/polymer electrolyte is very limited. To date,
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understanding of the EDL in PEFC largely relies on ab initio modeling for the EDL at the

catalyst/water interface.

2.6.1.1 Ab initio modeling of interface structure in aqueous solutions

Unfortunately, there has hardly been any ab initio work on the structure of
catalyst/polymer interface. On the other hand, there is a bulk of literature on the
structures of catalyst/water interfaces. These studies are considered as being relevant for
PEFCs because it commonly accepted that the water layers between the polymer and
catalysts play a major role in OER. These studies were probably stimulated by the
famous experimental findings by Toney et al. who investigated the interfacial structure of
water molecules near charged metal surfaces using in situ X-ray scattering techniques
[214]. The major findings are that water is ordered in three molecular layers above the
metal surface and the orientation of interfacial water molecules depends on the sign of the
charge density of the surfaces. In addition, they concluded that the area density of water
next to a charged surface is very high compared to its bulk density. For example, the
surface density of water molecules next to a positively charged silver electrode with a
potential of 0.52 V relative to the potential of zero charge is about two times as great as
that of bulk water [214]. Because of the ordering and high density of water, it was
suggested that the dynamics of water molecules near charged surfaces would be very

different from that of the bulk molecules.

Establishment of a correct electrical field as a function of electrode potential at the
interface is a crucial and difficult issue for modeling the interface structure. Lozovoi et al.
pioneered the use of a potential reference and a homogeneous countercharge and modeled

field-evaporation effects [215]. Filhol and Neurock applied this idea to the
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electrode/water systems via the creation of two potential references-a vacuum state and
an aqueous state [216]. Briefly, a net surface charge density was introduced to the
electrode via the variation of the number of electrons available to the self-consistent
calculation, and overall cell neutrality condition was maintained by applying a
homogeneous background charge for mimicking the presence of a diffuse ionic

distribution close to the interface.

Taylor et al. further advanced the method by introducing explicitly a plane of ions with
the countercharge rather than a homogeneous countercharge in the liquid phase [217].
The electrochemical potential of the interface was established by adding a charge on the
Pt slab while adding a compensating charge in the electrolyte side of the interface (Figure
2.11). The potential at an arbitrary position z and Fermi potential of the electrode is given
in reference to the potential at the center of the vacuum. The second reference is in the
middle of a portion of electrolyte that is fixed far from the electrode while the rest of
system is relaxed in response to the applied charge. The potential at all other position, z,
including Fermi potential of the electrode is shifted according to the second reference

point.
8,(2)=4,(2) -4, (R) + ¢, (R) (2.30)
@,(F) = ¢,(F)-¢,(R)+¢,(R) (2.31)

where the subscript ¢ represents the amount of charge on the Pt electrode, ¢, (z) and
Py (F)are the referenced potential at z and the referenced Fermi potential respectively,

¢;] (z) and ¢c'] (F)are the un-referenced potential at z and the un-referenced Fermi
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potential respectively, and ¢, (R) is the potential at the reference point in the portion of

electrolyte in reference to the vacuum reference point (the first reference). The electrode

potential vs. an SHE, U, is given by
U, =-48-¢,(F) (2.32)

At a given potential, the AIMD was run up to 30 ps for structure optimization.
Electrochemical reactions were analyzed using DFT methods. Their results demonstrate
that use of a homogeneous countercharge in aqueous solution is a good approximation
but it is not in vapor phase. Although via other experimental and theoretical studies,
water is in a so-called icelike ordered state, they did observe that the repulsion and
rotation of water dipoles at the interface in a random way. This is one of many cases
showing that atomistic simulation in “liquid phase” can reveal some of very important

behaviors that cannot be directly obtained with the “vapor phase” models.
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Figure 2.11 A schematic diagram illustrating the electrostatic potential profile as a
function of position across the normal axis of the unit cell. The system shown here
contains two symmetric Cu(1 1 1)/H,O slab faces contained within the periodic
simulation cell [217].

Following this approach, Janik et al. studied the electrochemical reactions using 20-30
water molecules for mimicking the water layer on a Pt slab under periodic boundary
conditions but without accounting for the role of polymer. They evaluated the interface
structure considering the adsorbed oxygen (Figure 2.12) [218]. Interesting findings also
include that O, may tends to have a n;-like structure with a tilt to the Pt surface; however,
previous vapor-phase calculations found that O, only adopts this 1, mode at full surface

coverage. They also evaluated the adsorption energetics as a function of potential in the
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standard hydrogen electrode (SHE). These energetics normally are not monotonic

functions of potential.

Figure 2.12 Optimized structures of the initial adsorbed molecular O, and the OOH*

intermediates over aqueous solvated Pt(1 1 1) surface as determined by DFT [218].
Ab initio molecular dynamics (AIMD) simulation is a useful method in determining the
interface structure without relying on any assumption. Izvekov et al. investigated
adsorption of water on Cu(1 1 0) [204]. They claimed that the simulation results were in
good agreement with the experimental results. It was found that there is a strong coupling
of the water overlayer with the metal crystal electronic states. However, the surface-states

charge density is undisturbed by the presence of water.

2.6.1.2 MD modeling of interface structure on catalysts in aqueous solution
Raghavan et al. described a form interaction potential between rigid water and a rigid
platinum metal surface [219]. Using this potential they performed a MD simulation on
water lamina restricted by two Pt(1 1 1) surfaces. At 300 K the contact water layer to the
metal surface displays a solid-like behavior that was evidenced by patches of ice-like

structure observed in the simulation. The next two layers of water display ordering
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similar to ice-I. Beyond these three layers the structure and dynamics of water are bulk-

like.

Spohr investigated the effects of the empirical electrostatic boundary conditions on the
interface properties of water and on the adsorption of ions [220]. Spohr also conducted
molecular dynamics simulations of water layers confined by two Pt(1 0 0) surfaces. The
structure is revealed mainly with one-particle density profiles and solvent pair correlation
functions. He found that the surface-induced structural heterogeneity ranged up to

distances of 10 A and that the central water layer is bulk-like.

The structure of water near charged surfaces was studied by Berkowitz et al., Kiseley
et al., and Snnapati et al. [221-225]. These authors carried out MD simulations of both
nonpolarizable SPC/E and polarizable PPC models of water near charged metal surfaces
and found no dramatic increase of the water density and disruption of hydrogen bonding

near the charged surfaces.

The dramatic increase of water density at a charged surface was observed by Toney et
al. in their in situ X-ray scattering experiments has not yet been confirmed by simulation
results [203,226]. In another MD simulation work, Kiselev et al. found that self-diffusion
coefficient strongly decreases with increasing electric field [188]. However, no difference
between the self-diffusion coefficients for motion parallel and perpendicular to the

external field was observed.

Halley et al. employed a MD method for the simulation of metal/water interfaces [203].
They found that the occupancy of on-top binding sites for water in this model as applied

to a (1 0 0) surface of ‘copper’ was very sensitive to potential. They suggested that this
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may provide an explanation for some previously unexplained features of X-ray data on
water structure and noble metal/water interfaces. They also noticed that the strong
bonding of water on a metal surface may result in metastable charging of the interface in

molecular dynamics timescales.

2.6.1.3 MD modeling of interface structure of catalyst/polymer electrolyte interface
To date, it is difficult to model the interface between catalyst and polymer electrolyte.
MD methods allow simulation of a system with 10°-10° atoms. Thus, MD simulations are
suitable for describing a system with the realistic size of a metallic catalyst on carbon
support in contact with a cluster of polymer electrolyte (Figure 1.5). The problem is,

however, whether these simulations are correct.

Balbuena et al. involved polymer molecules in the MD modeling of the metal
catalyst/Nafion interface [227]. Figure 2.13 shows all the sulfonated groups surrounding
a metal cluster and their distances to the catalyst particle. They used this method to
estimate the number of Pt atoms that are directly accessible by protons migrating through
the water clusters formed in the hydrophilic sites of a Nafion cluster. The diffusion of
protons to the reaction centers on top of Pt surface is a crucial step of OER. They found
that within simulation timescales (maximum production time of 400 ps), once the
polymer is attached to the carbon support or catalyst, its constituent atoms generally
vibrate around their equilibrium positions and little further configuration changes are

observed in the side chain.
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Figure 2.13 Interactions of Nafion’s side chains and a Pt nanoparticle. Atoms that are in
regions around the sulfonated groups have been enlarged to improve visualization. Color
codes: H (white), red (O), F (green), C (gray), S (yellow), Pt (light brown) [227].

Balbuena et al. also conducted simulations at various water concentrations for various
water contents (Figure 2.14). At low water contents (A=5), small water clusters are almost
not connected with each other (Figure 2.14(a)). At a very high water concentration
(A=45), water forms a continuous phase (Figure 2.14(c)). When A is about 24, close to the
amount in fully hydrated Nafion membranes at room temperature, the interface is defined
by a semi-continuum water film (Figure 2.14(b)) where some water clusters with
diameters of about 1 nm are interconnected by multiple water bridges. The average water
density in this phase is estimated to be about 0.682 g cm™, a much lower value than that

of the bulk water phase at 353 K.
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Figure 2.14 Distribution of water near the catalyst at different A values: (a) A=15, (b) A=
24, and (c) A =45. Nafion is not shown in order to clearly illustrate the water clusters. At
A = 24 the clusters (highlighted) are defined showing connectivity among them [227].

Recently, Goddard et al. have developed ReaxFF potentials covering the following

aspects of PEFC chemistry in the form shown in [182,228]:

(1) Reactions at metal surfaces. They have developed ReaxFF for Pt/C/H/O, Ru/H/O and
Ni/C/H/O interactions in order to enable a large-scale dynamical description of the

chemical events at the fuel cell metal anode and cathode.

(2) Oxidation/reduction reactions. They have fitted ReaxFF against a wide range of metal

oxidation states to ensure that ReaxFF describes redox reactions accurately.

(3) Hydrogen transport. The approach that they have used to predict proton transport
through complex membranes such as Nafion is to use ab initio methods to determine the

barriers for migration of hydrogen as a function of the donor—acceptor separation and
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then to employ a statistical method that is based on the ab initio results. This method
allows a proton jump among water clusters when the configuration around the proton is

appropriate.

Although the interface models by the MD methods provide a picture of the atomic
distribution of the interface, because of the limitation of the MD method, the details of
the interface structure in the vicinity of the electrode is not accurate. The effect of
polymer side groups and backbone on the interface structure, specifically the EDL is not
addressed with sufficient confidence. The AIMD simulations have already demonstrated

striking differences with those performed using classical pair potentials (MD force field).

2.6.2 Oxygen electroreduction reaction with an emphasis on charge transfer at
metal/water interface

The research on charge transfer at metal/water interface is considered as a first stage
towards a more realistic model including polymer and is considered as being relevant to

the study of PEFC. In a description of quantum mechanics, charge transfer occurs when:

®-eV =1-AG, (2.33)

where @ is the workfunction of the metal electrode, ¥ is the potential difference between
the electrode and electrolyte at OHP, / is the ionization potential of the reactant, AG; is
the change of its solvation (hydration) energy upon electron transfer or charge transfer.
Equation 2.33 expresses that at the equilibrium state of the charge transfer reaction at the
interface the Fermi’s level in the electrode should matches the lowest unoccupied

molecular orbital (LUMO) or highest occupied molecular orbital (HOMO) of the
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reactants. In a general description of quantum statistical theory, the electrochemical

current density, j, is given by literatures [229-230].

P % o0 _ AEa (Z,Q 234
J g [C]( e ]exp(at)fzmin ke(z,Q)exp( T )dz (2.34)

where €2 is the orientation degree of freedom, z is the reactant-metal surface distance,
Zmin 18 the minimum distance of the reactant to metal surface, [C] is the bulk reactant
concentration, wey is the effective frequency of classic vibration modes of reacting cluster,
k. is the electron transfer coefficient, o; is the electron tunneling factor, and AE, is the

activation energy. Thus, the electron transfer at the interface is dictated by the EDL
structure described with the HOMO or LUMO levels, the wavefunctions (‘I’l-tr and IP? ),

vibration of reacting molecules, the electron tunneling factor, and z,;,. In the liquid
electrolyte, z,, is similar to the OHP and only ~0.5 nanometers from the metal surface
(Figure 1.4 (b)). The activation energy, AE,, is a function of the potential drop across the
EDL or overpotential and the detailed equilibrium and dynamic structures of EDL. Most
of simulation studies in this topic are in fact purported to evaluate the activation energy
but rarely to evaluate the electron transfer coefficient. Without a correct description of the
electron transfer coefficient but only a good description of the activation energy, it would
be difficult to predict the OER behavior of a given system without a fitting to
experimental results. Thus, the ab initio models cannot be verified and the modeling
methods are not reliable tools for designing and evaluating a new catalyst/polymer

electrolyte system.
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The OER is a multi-electron reaction which may include a number of elementary steps
and involve different reaction intermediates. There are several pathways for O,
electroreduction: (1) a “direct” four-electron reduction to H,O (in low pH media) or to
OH’ (in high pH media); (2) a two-electron pathway involving reduction to hydrogen
peroxide; (3) a “series” pathway with two- and four-electron reduction; (4) a “parallel”
pathway that is a combination of (1)-(3); (5) an “interactive” pathway in which the
diffusion of species from (2) or (3) path into a “direct” path is possible. For Pt catalyst,
four-electron reduction is believed to be the dominant one. However, the exact
mechanisms are still unclear for all of these paths. Even for the first electron transfer
step, there are two different views based on ab initio simulation results [231-232]. One of
major problems for previous studies is that the models are too much simplified to reveal
the effect of polymer. In fact, there has hardly been any simulation work on OER at the
catalyst/polymer interface. Most of relevant studies use either vapor phase interface
models or catalyst/water interface models. The electrode potential was usually not

established explicitly in the way used by Taylor et al. and Janik et al. [233-234].

Anderson and his coworker carried out a series quantum chemistry studies of oxygen
reduction reactions [208-213]. Anderson and Abu first studied reversible potential and
activation energies for uncatalyzed oxygen reduction to water and the reverse oxidation
reaction using the MP2/6-31G** method. The electrode was modeled by a non-
interacting electron donor molecule with a chosen ionization potential (IP). The primary
assumption is that when the reactant reaches a point on the reaction path where its
electron affinity (EA) matched the donor IP, an electron transfer is initialized. The

donor’s IP or reactant’s EA was related to the electrode potential by,
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U=1P &V —4.6 eV =EA /eV —4.6 eV (2.35)

where “4.6” is the reference hydrogen electrode. They calculated the reaction energies of

the following four-electron transfer reduction and two-electron transfer reduction:
Ox(g) +4H (aq) + 4e (U) > 2H0(aq) (2.36)
Ox(g) +2H'(aq) + 2¢ (V) <> Hy0x(aq) (2.37)

With temperature, entropy and enthalpy correction, they obtained free energy change
AG’. The reversible electrochemical potential was calculated by the equation
AG’

Ul =-—" 2.38
F (2.38)

where n is the number of electrons transferred in the reaction, and F is the Faraday
constant. The calculated reversible electrochemical potential was 1.18 V for four-electron
transfer compared with 1.23 eV for the experimental number. For the two-electron
transfer the electrochemical potential was 0.61 eV and the experimental number was 0.70

eV. They calculated the activation energy of the four one-electron transfer steps:

Os(g) + H'(aq) + & (U) — HO»+(aq) (2.39)
HO,+(aq) + H'(aq) + ¢ (U) — H,0,(aq) (2.40)
H,0x(aq) + H'(aq) + ¢ (U) — HO+(g) + H,0(aq) (2.41)
HO«(g) + H+(aq) + e~(U) — H,0(aq) (2.42)

The charge transfer reaction was modeled with a configuration shown in Figure 2.15.
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Figure 2.15 Structure model for charge transfer reaction at a Pt site.

One of the important issues is how to establish a correct electrical field in the reaction
center. Because in reality, the electrolyte contains many ions, the contribution of all of
them is estimated as a function of electrolyte ionic concentration by assuming that H;O"
at the reaction center experiences an average potential due to interactions with all the
anions and cations in the electrolyte. Thus, Madelung sums of the potentials due to ions
in a various regular arrays (crystal lattices) were calculated [212]. In these sums, the total
infinite sum of interactions is equal to a single coulomb interaction. Anderson et al.
assumed a rock-salt structure, for which the coulomb potential is given. The Madelung
sum condenses all of the contributions to the potential at the reaction center to a single

point charge as shown in Figure 2.16.
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Figure 2.16 The Madelung sum of all the coulomb interactions of the electrolytes and
their counterparts in base reduce to interactions between point charges as shown and the
reaction center.

Using this interface model and the method for establishing an electrode potential,
Anderson et al. evaluated the potential energy surface of each of the elementary reactions
and identified the transition state [212]. The lowest energy of the system had electron
affinity equal to 4.6 eV + eU (U, the potential of the electrode). They studied the
elementary steps in the electrode potential range of 0-2V (vs. SHE) and noticed that H,O,
reduction (Equation 2.42) had the highest activation energy. These results were consistent
with experimental observation of H,O, generation over the weakly interacting electrodes
like mercury and gold. The activation energies increased as the electrode potential
increased. The activation energies for the four steps are in the order: third step (Equation
2.42) > first step (Equation 2.40) > second step (Equation 2.41) > fourth step (Equation

2.43).
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Anderson et al. reported the effect of platinum on oxygen reduction using a similar

MP2 method [235]. A single platinum atom was used for coordinating with O,, HO,",

H,0, and HO:
Pt O, +H'(aq) + ¢ (U) — Pt OOH (2.43)
Pt OOH + H'(aq) + ¢ (U) — Pt (OHOH) (2.44)
Pt OHOH + H'(aq) + ¢ (U) — Pt OH + H,0 (2.45)
Pt OH + H'(aq) + ¢ (U) — Pt OH, (2.46)

With this simple model, they found that binding the Pt atom to HO,- and H,O;
stretched O-O bonds. Order of the effect was H,0,>0,>HO,:. The Pt atom had a
significant effect on the most difficult reduction step, the reduction of HOOH to HO-

+H,0 (Equation 2.45).

Li and Balbuena conducted a study of the first electron transfer step (Equation 2.47)

using the DFT method with a catalyst model of five Pt atoms [236].
PtsO,(ads) + H'(aq) + e — PtsOOH (2.47)

The solvation effect was modeled through hydration of a proton by three water
molecules (H;0'(H,0),). The effect of the electrode potential on the Pt/adsorbate/H;0"
complex was considered by assuming that the reactant complex (PtsO,-H3;O) was
electrically neutral. In the model, the potential energy surface of the reaction is a function
of the bond length of the adsorbed O, molecule, the shortest distance between the
adsorbed oxygen and the water oxygen, and the shortest distance between the proton and

the water oxygen. They revealed that the heat of the reaction (Equation 2.47) was 9.44
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eV. They claimed that the proton transfer may not be involved in the rate-determining
step and that a negative charge on the cluster/adsorbate complex results in a significant

decrease in the activation energy.

Norskov et al. studied the binding energy of the reactants and intermediates using a

DFT method involving the following one-electron reaction in a dissociation mechanism

as follows.
0.50; + *—>0* (2.48)
O*+H'+e¢ — HO* (2.49)
HO*+H +e¢ — H, O+ * (2.50)
where “*” denotes a site on the surface [237]. They also investigated the following one-

electron reactions in an association mechanism that involved the adsorbed molecular

oxygen in the electron transfer as follows.

0, + * — Oy* (2.51)
Ox* + (H +¢) — HO* (2.52)
HO* + (H' +e) — H,0 + O* (2.53)
O* + (H +¢) — HO* (2.54)
HO*+ (H +¢)— H,O + * (2.55)

They calculated energies of different intermediate states. The results demonstrated that

there was a correlation between oxygen reduction activity and the binding ability of O
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and OH. They further claimed that at high potential adsorbed oxygen was very stable and
that proton and electron transfer was impossible. In addition, they proposed that the
origin of the overpotential for Pt was the O and OH adsorption and that both dissociative

and associative reaction paths may contribute to the OER.

Jinnouchi and Okazaki performed AIMD studies of the first-electron transfer reaction
with 1 H;O", 9 H,O, and 12 Pt atoms at 350 K as shown in Figure 2.17 [238]. The
adsorbed water molecules and the hydronium ion hydrated the adsorbed oxygen atoms,
and proton transfer through the constructed hydrogen bonds frequently occurred. When
the conformation of these species satisfied certain conditions, the oxygen dissociation
with the proton transfer reaction was induced and three OH were generated on the
platinum surface (Figure 2.18). The authors concluded that the oxygen dissociation
tendency is one of the dominant factors for the reactivity of the cathode catalyst. This
work demonstrates the power of AIMD that does not require specific assumption in order

to describe charge transfer.
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Figure 2.17 Mechanism of the first electron transfer in an oxygen reduction reaction.
Wang and Balbuena performed an AIMD study of this one electron reaction
O,+H'(H,0)3/Pt(1 1 1) at 350 K [239]. They discovered that the proton transfer took

place first and then chemisorption was observed. This first step induced the electron
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transfer from the slab. Finally, the HO-O-Pt dissociated into H-O and O without a clear
barrier. To study the effect of an electrical field, they modeled the system of O, +
H'(H,0)3/Pt(1 1 1) with an extra electron. The proton transfer intermediate was formed
in the earliest stage. This finding is similar to results reported by Jinnouchi [238]. Wang
and Balbluena suggested that the mechanism for the first electron transfer involved the
three major steps with the following order: (1) proton transfer; (2) electron transfer; (3)

dissociation and hydroxyl adsorption (Figure 2.18).
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Figure 2.18 Proposed mechanism for the first electron transfer of OER.

Above simulations of the OER are based on models of a few atoms or a cluster of
reaction center. Moreover, the electrode potential and the EDL are not explicitly
established in the models or are established using ways of seemly oversimplification.
Janik et al. conducted periodic density functional theoretical calculations with the double-
reference method developed by Filhol and Neurock [216,218], to determine the potential
dependence of the reaction energy and activation barrier for the reduction of O,* to
OOH* on the fully hydrated Pt(1 1 1) surface. Their method allows for tuning the
electrode potential with a slab representation of the electrode surface. They found that
electron transfer precedes the protonation of the adsorbed O, molecule. This occurs when
the H' completely joins H,O to form a H;O" that is connected to the adsorbed O,

molecule by hydrogen bonding through two additional water molecules. The observation
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that the electron transfer precedes the proton transfer is different from that found by
Wang and Balbuena [239]. The overall barrier to the first reduction step is the sum of the
energies for the proton and for the electron to be incorporated within the reactive
complex. They suggested that in order to simulate the OER process reliably it is
necessary to include the extended electronic structure of the electrode, sufficient number
of water molecules and the approaching proton in the DFT model system. With regard to
this requirement, this study is more realistic than the other studies. Yet, even in this work,
polymer atoms were not included apparently due to lack of suitable computational

hardware or software or both at that time.



CHAPTER 3 ALL-SOLID-STATE MEDIATOR SUPERCAPACITOR

WITH NAFION AS THE SEPARATOR

Nafion is a sulfonated tetrafluoroethylene based fluoropolymer-copolymer developed
by DuPont Company. The unique property of Nafion as a proton conductor has attracted
lots of attention in the PEFCs. In addition to high ionic conductivity, Nafion also has
excellent thermal and mechanical stability. The structure of Nafion backbones is shown
in Figure 3.1. Nafion in the form of membrane contains hydrophobic domains that are
populated by -F groups and hydrophilic domains that are surrounded by sulfonated
groups. It is believed that the dimension of the hydrophilic domains is about a few
nanometers [26]. The protons in Nafion may be partially bonded to the sulfonated groups
and partially free. The prevailed theory with respect to the transport of protons is the
Grottheus mechanism. Essentially, the charge center of water/proton networks can move
as a consequence of bond formation and breaking between protons and surrounding water
molecules. Thus, existence of water is a necessity of proton conduction in Nafion. In fact,
the conductivity of proton in Nafion strongly depends on the water content, A, of Nafion,
which is defined as number water molecules per sulfonated group. For instance, at 50%
relative humidity, the water content is about 3 while at 100% relative humidity, water
content is about 22. At water content of 22, the conductivity of Nafion is 0.1-0.2 S cm™,
which is very high in comparison to other polymer electrolytes. For this reason, Nafion

was used as the separator for the all-solid-state mediator supercapacitors.

84
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Figure 3.1 Molecular structure of Nafion.

3.1 Experimental

3.1.1 Preparation of PEO-based suspensions for electrode loadings

A mixture of PEO (M.W.=400,000, Sigma-Aldrich) and LiClO4 (Fluka, >98%) was
dissolved in acetonitrile (Sigma-Aldrich) and then was stirred at 60°C for about 4 hours
until the mixture turned into a homogeneous translucent gel. The molar ratio of PEO
monomer to LiClOy in the gel is 8:1. Mediators, including Nal (Alfa Aesar, 99.55%) and
I, (Alfa Aesar, 99.8%) were then added into the PEO/LiClO4 polymer gel. The gel was
stirred for 1 hour until it turned translucent and homogenous. The gel was divided into
two aliquots. One of them was stored aside for conductivity measurement, while the other
one was mixed with carbon black (VULCAN XC72R) to form electrode suspension. The
electrode suspension was sonicated for 1 hour before it was loaded on the current
collector. Then the electrode was allowed vaporized at room temperature for 1 hour until
the loading became dry. Supercapacitors consisting of electrodes with carbon black, but

without mediators, were used as control references.

3.1.2 Preparation of supercapacitor assemblies
Figure 3.2 shows a schematic of the structure of the sandwich-like solid-state

supercapacitor. In the middle is a Nafion® 117 membrane (Alfa Aesar), which served as
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the separator. A piece of carbon nanofoam (Marketech International Inc.), which served
as the current collector, was loaded with the electrode suspension. Two electrodes (2.0
cm?) either loaded or not loaded with mediators and a Nafion membrane were pressed at

about 4500 psi and 100-110 °C for 1 minute.

Nanofoam carbon paper

Positive Electrode: PEO/
LiClOg4]+mediators+carbon
black

Positive Electrode: PEO/
LiClO4]+mediators+carbon
black

| Natiop® Membrape |

Nanofoam carbon paper

Figure 3.2 Schematic of a supercapacitor assembly.
3.1.3 Experimental characterization and evaluation

3.1.3.1 Conductivity measurement

PEO/LiClO4 and PEO/LiClO4/mediators were very soft gel-like materials. Therefore,
membranes of these materials had to be casted on PTFE sheets, and allowed 1 hour for
drying. The lateral or in-plane conductivity of the films were evaluated using a four-
electrode AC impedance method which was described in details in a previous publication

[240].

3.1.3.2 Performance evaluation of the supercapacitors
The performance of the supercapacitors was studied using CV (voltage range of 0.0-

1.0 V, scanning rate of 25-200 mV s™) and GCD (charge/discharge current density of 5-
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20 mA cm™) methods. All experiments were carried out at room temperature using a

Gamry electrochemical measurement system.

In the self-discharge experiments, the supercapacitor was charged to 0.95 V,
afterwards the open-circuit voltage was monitored as a function of time over a duration of

50,000 seconds.

3.1.4 X-ray absorption spectroscopy study

An all-solid-state mediator supercapacitor was fabricated using the methods described
in Section 3.1.2. A piece of carbon nanofoam (2.0 cm?®) was loaded with
PEO+LiCIO4+EC (18 mg), Nal (10 mg), I, (1 mg), and carbon black (1.4 mg) and was
used as the working electrode. Another piece of carbon nanofoam loaded with
PEO+LiCIO4+EC (29.4 mg) and carbon black (5.5 mg) was used as the counter electrode.
A hydrated Nafion® 117 membrane served as the separator. The assembly (working
electrode / Nafion membrane / counter electrode) was pressed at about 4500 psi and 100-
110 °C for Iminute. The supercapacitor was then charged and discharged at constant
current of 5 mA using a portable Gamry electrochemical system (Series G 750
Potentiostat / Galvanostat / ZRA). A schematic of the spectroelectrochemical cell used

during the course of the XAS investigations is shown in Figure 3.3.
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Figure 3.3 A schematic of the spectroelectrochemical cell used for the in situ XAS
investigations of an all-solid-state SC. The dimensions are in inches.

The X-ray absorption fine structure (XAFS) experiments were conducted on the
bending magnet station X-11A of the National Synchrotron Light Source with the
electron storage ring operating at electron energy of 2.8 GeV and a stored current in the
range of 200 to 300 mA [241]. The XAFS spectra were collected in transmission mode at
room temperature using a variable exit double-crystal monochromator with two flat
Si(311) crystals detuned by 20% to reduce the harmonic-content of the beam. The
incident and transmitted beam intensities were monitored using 30 cm long ionization
chambers with Ar flowing. A third 15 cm long ionization chamber with Ar flowing was
used to monitor the transmitted intensity of a reference I, standard to ensure accurate
calibration of the energy scale. The XAFS spectra at the I K-edge (33,169 eV) were
collected under in situ conditions using specially designed spectroelectrochemical cell
(Figure 3.3) with electrodes containing Nal/l, mediators charged and discharged at

constant current of 5 mA to varying anodic and cathodic potentials. Electrodes containing
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either Nal or I, mediators were also analyzed under open-circuit condition for

comparison purposes.

The XAFS spectra were analyzed using the Athena Software package [242]. The
XAFS was calibrated with respect to the I, K-edge energy at half-height, which has been
assigned to 33,169 eV. The K-edge absorption was isolated by fitting the pre-edge region
(-300 to -100 eV) to a first order polynomial, extrapolating over the entire range of the
spectrum, and subtracting the background from the entire spectrum. Energy independent
step normalization was applied by fitting the post-edge region (150-800 eV) to a cubic
polynomial and extrapolating back to the edge energy. The photoelectron wave number, k,
was defined relative to the edge energy at half-height. The extended x-ray absorption fine
structure (EXAFS), y(k), was extracted using multi-node cubic spline procedures, which
minimized the amplitude of non-physical peaks in the 0-1.5 A region of the Fourier
transform. The Fourier transforms were generated using k’-weighted EXAFS spectra

over the range of 2.0-10.0 or 2.0-13.0A™" with a Hanning window of 1.0 A™".

Quantitative analyses of EXAFS spectra and Fourier transforms were also made using
the Artemis software package [242]. The data were fitted using theoretical standards
calculated based on ab initio self-consistent real space multiple-scattering formalism of
the FEFF code (version 8.2) [243-244]. The FEFF calculations were performed using
established structural models for I, [245] and Nal [246]. The Fourier transforms were
generated using k*-weighted EXAFS spectra over the range 2.0-10.0 A with a Hanning
window of 1.0 A™!. The fits were performed in real space using appropriate windows for
the first shell contribution. In fitting the data, the many body amplitude reduction factor

(SZ) was floated while the coordination number (N) was constrained to its
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crystallographic value. The coordination distances (R), disorders (¢°), and inner potential
(E,) were used as variables in the fit. The number of fitting parameters was kept below
the maximum number of independent data points allowed by the Brillouin theorem [247].
The goodness of each fit is given by the value of the R-factor, which is the sum of the
square of residuals between measured and model data normalized to the magnitude of the

measured data.

3.2 Conductivity of the PEOQ/LiClO4 with mediator

Table 3.1 lists the lateral conductivities of PEO/LiClO4 membranes without and with
Nal/I, mediators. It can be seen that the average conductivities are 6.2x10™ and 2.0x107
S cm™, respectively, for the membranes without and with mediators. The conductivity
increased significantly with the addition of the mediators. It is worth mentioning that
when I, is combined with I, there will be a fast reaction between them to form I3 (I,+I°
«I37) [248]. If it is true, three iodine-containing species, I, I', and I3, are involved in the
conduction process. The overall conductivity, given in Equation 3.1, is the sum of two
components: 1) the physical migration of the ionic species, and 2) the electron exchange
reaction that causes an apparent charge displacement. The mechanism of the second
process in this case can be described with Figure 3.4. The processes of electron exchange
between mediators are as follows: 1) approach of two mediators; 2) collision occurs and,
electron transfers from I3 to I, or I3 to I'; 3) separation of the mediators. Thus, the
conductivity can be described by the following equation, which is derived from the
Dahms-Ruff equation: [249-251]

26 0% k
a=(k_TDAX)CA +(—3;:}ex )Ci

(3.1)
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where the subscripts AX and A denote I3” and I respectively, D4x is the physical
diffusion coefficient, ¢4 is concentration, d4y is the center-to-center intersite distance at
the exchange reaction, k., is the exchange reaction rate of the two reactions described in
Figure 3.4. Note that the second term in Equation 3.1 describes the exchange-reaction-
based conduction, which exists only in the presence of the mediators. Thus, an
enhancement effect to the overall conductivity can be obtained [248]. According to Ref.
[248], when the concentration of mediators is low (0.01 mol L™), the contribution of
electron exchange reaction may be negligible. But at a high concentration of mediators
(~2.57 mol L in this case), the second term in Equation 3.1 may become a major

contribution to the overall conductivity.

Table 3.1 Conductivity of membranes without and with mediators.

Membrane Conductivity (Scm™)  Average conductivity (S cm™)
6.61x10™
without mediators 6.44x10™ 6.22x10™
5.60x10™
2.33x10™
with mediators 1.87x107 2.02x107

1.86x107
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Figure 3.4 Schematic of electron transfer processes between iodine species: (a) between

I3 and I,; (b) between I3 and I'.

3.3 CV results

Before each CV test, an electrochemical impedance spectroscopy measurement was
conducted. For the carbon black supercapacitor (CB SC) the series resistance was about
1.0 Q. Figure 3.5 illustrates the CVs of a CB SC at different scanning rates. The specific
capacitance of the CB SC at the scanning rate of 25 mV s was 44.7 F g within a
voltage window of 0.0-1.0 V. For the CB SC, the CV curve shows a roughly rectangular
shape, implying that the SC with the current configuration has a good capacitive behavior
[252]. However, for a SC with Nal/l, mediators or Nal/I, SC, peaks can be observed in
the voltage range of 0.0-0.7 V, indicating a battery-like behavior with Faradaic
charge/discharge. At a voltage higher than 0.7 V, the SC shows a capacitive behavior. An
enhancement factor by ~3 can be seen through a comparison of the specific current

density of the CB SC and that of the Nal/I, SC within the voltage range of 0.7-1.0 V.
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Figure 3.5 Cyclic voltammograms of (1) the CB SC and (2) Nal/I, SC with scanning rates

of 25, 50, 100, 150, and 200 mV s

The specific capacitance can be calculated by the following equation: [253]

C = Min(qq.qc)
AV-mgctive

(3.2)

where ¢, and ¢, are the sums of charge calculated for the anodic and cathodic polarization

half cycles, respectively, A4V is the voltage window of the CV test (1 V), and mycive 1s the

total mass of active materials (carbon black for the CB SC and carbon black plus

mediators for the mediator SCs). The specific capacitance values are listed in Table 3.2.

According to Table 3.2, the maximum specific capacitances of the CB SC and Nal/I, SC

within a voltage window of 0.0-1.0 V were both obtained at the scanning rate of 25 mV s

!, which were 44.7 and 209.0 F g”' respectively. The increment factors were between 3.9

and 4.7 for the specific

capacitance, indicating the enhancement effect of Nal/l,

mediators. In addition, the data show that the specific charge decreases with increasing

the scanning rate for both supercapacitors.
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Table 3.2 Specific capacitance of CB SCs and Nal/I, SCs at different scanning rates but

within the same voltage window of 0.0-1.0 V.

Scanning rate Specific capacitance of CB Specific capacitance of Nal/I,
(mVs™) SC(Fg) SC(Fg)
25 44.7 209.9
50 38.2 159.4
100 35.0 139.8
150 33.5 130.1
200 32.1 140.9

The inset figures in Figure 3.5 show the dependence of the peak current on the
scanning rate. A linear relationship can be established between the peak current and the
scanning rate, which is a characteristic of ideal SC behavior. The capacitance can also be
calculated using the following equation, which is also called differential capacitance
[254]:

I_dq_dq_dV
T dt dv dt

= Caiff "V (3.3)

By using Equation 3.3, specific differential capacitance can be evaluated as being 38.2
F g for the CB SC and 192.0 F g for the Nal/I, SC. These two values are in good
agreement with the corresponding values evaluated using Equation 3.2 for the lowest
scanning rate. At a high scanning rate, the response of the capacitor is difficult to match
the scanning rate, resulting in a lower capacitance. If the specific capacitance at 5 mV s™
is used as the baseline, the maximum reduction of the capacitance is 28% for CB SC or
33% for Nal/I, SC. It is not a surprise that the reduction of CB SC, an EDLC, is smaller

than that of Nal/I, SC, a pseudocapacitor because the charge/discharge rate of the former

is controlled by diffusion of ions while that of the latter is controlled by both transport of
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ions and electrochemical reactions at the interfaces. It is unusual that the difference
between the reduction rates are relatively small only 5%. This indicates that although
mediator SC is a pseudocapacitor, the charge/discharge rate is comparable to that of an
EDLC and that mediator improve the transport and electrochemical reaction rates.

Chae et al. in a review paper proposed to use an electronic band theory to explain why
some systems show an ideal pseudocapacitive behavior (rectangular CVs) and others
show non-ideal behavior with peaks [255]. The main point is that not all Faradaic
processes can result in a capacitive behavior and that the ideal capacitive behavior is in
relation with electron delocalization in conducting polymers or in conduction band of
semi-conductors whereas the non-ideal behavior is in relation with the localized
electronic states in insulator-like redox pairs. A strong evidence for this theory is given in
a work by Glarum and Marshall who used an in situ electron spin resonance (ESR)
method to detect changes of the electronic states of a conducting polymer in H>SOj4
during CV tests [256]. The dependence of current on voltage in the current supercapacitor
may be explained by the band theory as following: at lower voltage range (0.0-0.7 V), the
electronic states in the mediators are localized, resulting in a battery-like behavior;
however, at higher voltage range (0.7-1.0 V), electron delocalization occurs and the
current become independent on the voltage, which is characteristic of a capacitive
behavior. Further study on this issue with in sifu monitoring of the electronic states is
necessary for verifying this explanation. To the best of our knowledge, the chemical and
electrochemical mechanisms with the mediators in solid-state SCs are still poorly

understood. However, basic characteristics of chemistry or electrochemistry in liquid
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electrolytes may provide guidance for understanding the processes in solid-state SCs.

Possible redox reactions in aqueous solutions are given as follows: [257-258]

37 -2e < I (3.4)

27 =2¢ <1, (3.5)
.3

I; -e <—>512 (3.6)

Reactions 3.4-3.6 can be recognized as origin of the Faradaic charge/discharge of the

Nal/I, SC within the voltage range of 0.0-0.7 V.

3.4 GCD results

Results obtained from GCD tests are presented in Figure 3.6. The tests were conducted
in a voltage range of 0.0-0.9 V at different current densities. As the current density
increased, the SC both charged and discharged at a faster rate. Furthermore, the
charge/discharge curves were symmetric, indicating a good reversibility [259]. It is well
known that the voltage dependence of charge/discharge curves for an EDLC is linear
with time, while in the case of Faradaic charge/discharge, the voltage dependence of the
charge/discharge curve is nonlinear with time due to the fact that the reaction rate is a
function of voltage [260]. These results were in line with those obtained in the CV tests
in that both revealed the effect of Faradaic charge/discharge originated from the redox

reactions of the mediators.
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Figure 3.6 Representative cell voltage versus time curves for a Nal/I, SC with constant
charge/discharge current densities of (a) 20, (b) 15, (¢) 10 and (d) 5 mA cm™.
Specific energy (SE), and average specific power (ASP) are important properties for
characterizing the performance of a SC. SE can be calculated from the GCD data using

7 Jj+At V(¢)dt
m =< 3600

the following equation: SE = , where [/ is the discharge current

density, V() is the voltage as a function of time, At is the discharge time and m is the total

mass of active materials in both electrodes [261]. The ASP is defined as A4S P = SE

At
[262]. The specific energy as a function of average specific power for the SCs without
and with mediators is shown in Figure 3.7, in the form of a Ragone plot. With the

addition of Nal/I, mediators, the Ragone plot of the SC shifted to a higher specific power

and energy region, showing a significant enhancement effect of the mediators. Therefore,
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in addition to maintaining a greater charge capacity, the Nal/I, SCs can simultaneously

deliver a greater specific energy and power.
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Figure 3.7 Ragone plots for a CB SC (A ) and a Nal/I, SC (e).

3.5 Cycling stability and self-discharge

For a SC to be applicable to industry, high cycling stability and slow self-discharge are
also important requirements. Therefore, both cycling stability and self-discharge
experiments were conducted. Figure 3.8 illustrates the result of a long-term
charge/discharge cycling stability. Although there were appreciable variations in the first
3,000 cycles, the total specific charge stabilized after 3,000 cycles maintaining about 90%
of its initial charge capacity. The exact mechanism for this phenomenon is the subject of

a future study, but it is not a surprising behavior because the mediators may tend to reside
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at pores in the amorphous regions and some other preferred sites in the mixture of PEO
polymer electrolyte and carbon black [263-264]. Thus, the mediators may start to
aggregate in the initial stage of cycling but eventually settle down. Figure 3.9 shows the
result of the self-discharge experiment for a Nal/I, SC. The supercapacitor was charged
to 0.95 V, and the open-circuit voltage was monitored as a function of time over a
duration of 50,000 seconds. From the self-discharge curve it can be seen that the present
Nal/I, SC has a reasonably slow self-discharge rate. Although there’s a sharp voltage

drop in the first 400 seconds, thereafter, the voltage tends to be stable around 0.7 V.
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Figure 3.8 Normalized total charge as a function of the charge/discharge cycle number.

The charge/discharge current density is 25 mA ¢cm™ and the voltage window is 0.0-1.0 V.
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Figure 3.9 The decline of open circuit voltage of a Nal/I, SC with time following a

charge process to 0.95 V.

3.6 X-ray absorption spectroscopic study

3.6.1 Experimental results

Table 3.3 The components of the electrode samples for XAS measurements.

Sample Name PEOH(J;S;I)O +EC I,(mg) Nal(mg) Carbon black (mg)
I, electrode 53.5 99.1 0 54
I, flake 0 0 0
Nal electrode 61.2 0 109.0 6.1
Nal powder 0 0 0
Nal/l, electrode 179.5 9.4 95.5 13.9

100

The baseline I-K-edge k> -weighted EXAFS spectra and their phase uncorrected Fourier
g g p p

transforms (FT) for the I, electrode and I, flake are displayed in Figure 3.10.

A
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comparison of experimental and simulated data is shown in Figure 3.11. The k*-weighted
EXAFS spectra and their phase-uncorrected Fourier transforms of the Nal electrode and
Nal powder are displayed in Figure 3.12. A comparison of experimental and simulated

data is displayed in Figure 3.13.
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Figure 3.10 Baseline I-K-edge k*-weighted EXAFS spectra and their phase-uncorrected

Fourier transforms of I, electrode and I, flake.
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Figure 3.11 Fourier transforms of measured and simulated k*-weighted EXAFS for the I,

electrode and I, flake.
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Figure 3.12 Baseline I-K-edge k> -weighted EXAFS and their phase-uncorrected Fourier
g g g p

transforms of the Nal electrode and Nal powder.
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Figure 3.13 Fourier transforms of measured and simulated k*-weighted EXAFS for the
Nal electrode.

Three groups of in situ I-K-edge XAFS and XANES spectra, which are given in Figure
3.14, were recorded for the mediator SC. The first group was recorded at open circuit
voltage (OCV, -0.08 V). The mediator SC was then charged from -0.08 to 0.80 V at 5
mA, and a second group of spectra was recorded. The third group was done after
discharge the SC to its OCV at 5 mA. In situ k*-weighted EXAFS spectra extracted and
their phase uncorrected Fourier transforms of XAFS spectra provided in Figure 3.14 are
shown in Figure 3.15. Comparisons of Fourier transforms of measured and simulated k*-

weighted EXAFS for the mediator SC are shown in Figure 3.16. The structural and
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energetic parameters of the materials under different conditions are summarized in Table
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Figure 3.14 In situ I-K-edge XAFS spectra (left) and XANES region (right) of the

spectroelectrochemical cell polarized to different potentials.
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Figure 3.15 In situ k*>-weighted EXAFS spectra extracted and their phase uncorrected

Fourier transforms of XAFS spectra described in Figure 3.14.
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Figure 3.16 Experimental and Fourier-transformed data for the mediator SC after

charging to 0.80 V (left), and discharge to -0.08 V (right).

Table 3.4 Summary of local structure parameters for I, flake, I, electrode, and Na/l,

electrode polarized at different potentials.

Sample Bond N R(A) o°(10°A% E,(eV)
I, flake I-I 1 2.723(3) 3.2(4) 5.7(7)
I, electrode I-1 1 2.754(8) 4.3(6) 7.1(19)
Nal Electrode I-Na  1.7(2) 3.086(10) 13.9(15)  4.2(8)

Nal/l, electrode charged
from -0.08V to +0.8V

Nal/l, electrode discharged
from +0 8V to -0.08Y I-1 2.43) 2.944(9) 10.7(14) 7.4(9)

LI 13Q2) 2.776(10)  8.9(15)  4.0(12)

N-Coordination number, R-first shell distance between atoms, o — first shell disorder,
E,- inner potential.

3.6.1 Result analysis

According to Ref. 266, in liquid state, the first shell distance between iodine atoms is
only 2.70 A and transformation from liquid to solid phase will increase the first shell
distance. The first shell distance and disorder of iodine in the electrode relative to iodine
in the flake increased from 2.72 to 2.75 A. The first shell distance for iodine flake
corresponds to the intramolecular distance within the iodine molecule and agrees with the
literature reported value of 2.72 A [264-267]. In addition it is clear that iodine in the

electrode is present in the solid state rather than in the liquid state [266]. The FT data for
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the I, flake (Figure 3.10) display a strong double peak structure in the 1.8-2.8 A region
and a second much weaker double peak structure in the 2.8-3.6 A region. However, the
FT data for the I, electrode consists of only the first double peak structure without a
contribution from the second shell of atoms. This importantly indicates lack of a
contribution from the second shell of atoms which confirms that iodine in the electrode is
present with a high degree of structural disorder between molecules within a single layer.
In fact, it is desired to achieve a highly dispersed distribution for iodine mediators within
polymer electrolyte because this will provide a high utilization rate for the mediators in
the electrodes of a supercapacitor.

The EXAFS oscillations and the radial structure function of Nal in the electrode differ
significantly from those of Nal in powder form (Figure 3.12) indicating a structural
modification as a result of possible interactions with PEO and other components in the
electrolyte. Iodine in the electrode, is coordinated with 1.7(2) Na at a distance of 3.09 A
with a moderate degree of disorder of 0.0139 + 1.5. However, an XRD study [268] of a
PEO-Nal complex revealed that iodine in this complex is coordinated with 1 Na at 2.91 A
and 1 Na at 3.20 A which corresponds to 2 Na at an average distance of 3.05 A. The
present EXAFS results for the Nal electrode are close to those reported in the XRD study.
The small differences between the EXAFS and XRD results are likely due to the fact that
our electrode contains LiClO4, EC, and CB in addition to be PEO. The slightly lower
XAFS-based coordination number of 1.7(2) relative to the XRD-based coordination
number of 2 could be due to the presence of iodide ions I'.

In the in situ study, the XAFS spectra were collected while holding the cell at the end

the potential range of the charge and discharge cycles. The XAFS spectra (Figure 3.14)
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are featureless due, in part, to the large natural width of the I-K-edge (10.6 eV) [269-270].
However, the edge energy at half-height shifts to lower energy when the cell is charged
and discharged relative to the initial state of the cell when it was held at OCV. The shift
is a clear indication of the change in oxidation state and/or local structure of iodine as a
function of cell condition. The EXAFS oscillations (left figure in Figure 3.15) clearly
show significant differences between the OCV, charged and discharged states of the
supercapacitor. The Fourier transforms (right figure in Figure 3.15) show a clear
distinction in the local coordination geometry of iodine depending on the polarization
condition of the supercapacitor. The FT data for the OCV condition clearly shows
contributions from I-I and I-Na as one would expect. However, upon charging, the I-Na
contribution disappears while the I-I contribution is significantly enhanced. Furthermore,
upon discharging the charged cell, the I-I contribution shifted to a higher distance and its
intensity is further enhanced.

Comparisons of Fourier transforms of measured and simulated k*-weighted EXAFS for
the SC charged at 5 mA from -0.08 to 0.80 V and the SC discharged at 5 mA from 0.80
to -0.08 V are shown in Figure 3.16. Due to the limited data range in the case of the cell
held at OCV, it was not possible to uniquely extract the local structure parameters for the
I-I and I-Na species. Upon charging, I is coordinated with 1.3(2) I atoms at a distance of
2.78(1) A which is only slightly larger than the I-I distance 2.75 A for the case of I, in
electrode. Such a distance is only slightly larger than that observed for solid I, but is
significantly less than that observed for I3, which is normally reported near 2.93 A.

However, the coordination number is very close to that for I3, which is 1.33.
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Upon discharging the SC, iodine is coordinated with 2.4(3) iodine atoms at a distance
of 2.94(1), which is significantly greater than that reported for solid I, (2.72 A) but less
than that for Nal (3.09 A). However, such a distance is close to those reported for
polyiodide ions such as I3 in KI3-H,0O (2.93A) [271] or in [CsHs),Fe]l; (2.93 A) [257].
The increase in the coordination distance from 2.78 to 2.94 A is consistent with the
increase in the coordination number from 1.3(2) to 2.4(3) and suggests the possible
formation of clusters and/or linear chains containing large number of iodide atoms.

These results suggest that I is oxidized to I, according to 2I' — I, + 2e” during the first
charge cycle while I, is reduced to I3 according to 3I,+2e” — 2I3 during the discharge
cycle. These redox reactions have been reported to occur at the carbon/iodide interface

giving extremely high capacitance [257].

3.7 Conclusions
1. All-solid-state mediator SCs were fabricated by using Nafion membrane as the
separator, PEO/LiClO4 as the solid-state electrolyte, and dispersed Nal/l, mediators as

active materials.

2. The addition of Nal/I, mediators improved the specific energy and specific power of
the SC by ~8 and ~4 folds respectively in comparisons with those of the CB SC, showing

a significant enhancement effect of the mediators.

3. The all-solid-state Nal/l, supercapacitor shows clear battery-like behavior at lower
polarization and capacitive behavior at high polarization owing to localization and de-

localization of the electronic states in the composite electrode.
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4. The in situ XAS study provides a better understanding of the charge/discharge
mechanism of the Nal/I, mediator SC, that is, over the voltage range between 0.0-1.0 V,

the redox states of mediators vary between I3 and I,.



CHAPTER 4 ALL-SOLID-STATE MEDIATOR SUPERCAPACITOR

WITH PVDF/LiTFS MEMBRANE AS THE SEPARATOR

In Chapter 3, all-solid-state SCs were fabricated using Nafion membranes as the
separator, and a PEO polymer electrolyte doped with Nal/I, mediators as the electrodes
[273-274]. Previous results have shown that SCs prepared using this novel method can
achieve high specific capacitance, high specific power, high specific energy, long cycle
life, and low self-discharge. This demonstrates that in addition to carbon materials, metal
oxides, and electronically conducting polymers, mediator-doped polymer electrolytes are
a fourth type of material that can be utilized to fabricate all-solid-state SCs. The reasons
that a Nafion membrane was chosen to be the separator are its low resistance, good
mechanical strength, thermal stability, and chemical stability. However, the voltage
window for Nafion-based SCs is between 0.0 and 1.0 V or between -1.0 and 0.0 V, which
limits full utilization of the high valence states of the active materials. Thus, in this
chapter, a PVDF/LiTFS membrane was made to replace the Nafion membrane as the
separator. Because the membrane and the mediator-doped PEO electrolytes did not
contain water, it was envisioned that the voltage window could be greater than 1.0 V. The
performance of the SC was evaluated using cyclic voltammetry (CV) and galvanostatic
charge/discharge (GCD) methods. The main objective was to demonstrate that with a
PVDEF/LiTFS membrane as the separator, a high performance all-solid-state SC could be

realized.

109
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4.1 Experimental

4.1.1 Preparation of PVDF/LiTFS membrane

PVDF powder (M.W.=534,000, Sigma-Aldrich) was mixed with LiTFS powder
(~99.995%, Sigma-Aldrich). The mixture was dissolved in acetone (99.9%, Sigma-
Aldrich) and then stirred at 60°C for approximately 4 hours until it became a
homogeneous translucent gel. The mass ratio of PVDF to LiTFS was 1:1. The gel was
cast into evaporation dishes and allowed to dry for 12 hours to obtain a thin, semi-

transparent PVDF/LiTFS membrane.

4.1.2 Preparation of PEO-based suspensions for electrode loadings

Three types of electrode suspension, composed of PEO/LiClO4 and active materials,
were prepared with the method described in Section 3.1.2. The contents of the three types
of electrode suspensions, namely, the carbon black (CB) suspension, the Nal/I,/CB

suspension, and the K3Fe(CN)¢/K4Fe(CN)s/CB suspension are listed in Table 4.1.

Table 4.1 Contents of three types of electrode suspension.

Composition (wt%)

Suspension
hame PEO LiClO4 CB  Nal L, KyFe(CN)s  KsFe(CN)s
Carbon black 61.4 186 200 0 0 0 0
Nal/I,/CB 614 186 20 67 113 0 0
K4Fe(CN)y/

614 186 20 0 0 9.5 8.5
K3Fe(CN)¢/CB
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4.1.3 Preparation of supercapacitor assemblies

A nanofoam carbon paper was acquired from Marketech International Inc. The
specification of the carbon paper is as follows: density, 0.25 to 1.0 g cm™; BET surface
area, 400 m°> g’'; average pore size, 0.7 nm; electrical resistivity, 0.010 to 0.040 ohm-cm.
The prepared PEO-based suspension was dropped on a piece of nanofoam carbon paper.
After loading with suspensions, the electrodes were dried naturally in air for

approximately 12 hours and then kept in a plastic bag.

To make a SC assembly, the PVDF membrane prepared in Section 4.1.1 was used as
the separator. Two carbon electrodes (2.0 cm?) loaded with active materials and polymer
electrolytes, and a PVDF membrane were pressed at approximately 1,000 psi for 1

minute to obtain a sandwich-structured SC, as shown in Figure 4.1.

Nanofoam carbon paper

Electrode loading with
mediators, CB, and PEQ/LiClO,

Electrode loading with
mediators, CB, and PEO/LiClO,

Nanofoam carbon paper

Figure 4.1 Schematic of an all-solid-state supercapacitor assembly.

4.1.4 Characterization
Lateral or in-plane conductivities of the PVDF/LiTFS and Nafion films were evaluated

using a four-electrode AC impedance method described in detail in a previous publication

[240].
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Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) measurements
were conducted at ambient temperature using solid-state electrochemical cells or SC
assemblies in the form shown in Figure 4.1. The SC was connected to a potentiostat
(Gamry) with a frequency response analyzer module interfaced to a personal computer.
The performance of the SCs was studied using CV (voltage range of 0.0 to 3.0 V,
scanning rate of 10 to 200 mV s™) and GCD (charge/discharge current density of 10 to 25

mA cm™).

4.2 Conductivity analysis of the PVDF/LiTFS membrane

The conductivity of the membrane separator in a solid-state SC is crucial to its
performance. Therefore, the conductivity of the PVDF/LiTFS membrane was measured
using the four-electrode EIS method. In addition, for comparison, the conductivity of a
commercial Nafion® 117 membrane was also evaluated with the same method, and the
data are given in Table 4.2. Before conducting the conductivity measurement with the

Nafion membrane, it was fully hydrated and activated in 1 mol L™ H,SO4 for 12 hours.

Table 4.2 Conductivities of PVDF/LITFS and Nafion 117 membranes at ambient

conditions.
Membrane Conductivity, Sem™  Average conductivity, S cm™
1.730x10~
PVDF/LiTFS 1.747x107 1.74x107
1.745x107
2.715x10~
Nafion 117 2.734x10 2.83x107

3.041x107
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As shown in Table 4.2, the average conductivity values for the PVDF/LiTFS and
Nafion membranes are 1.74x107 and 2.83x10% S cm™ at 25°C, respectively. The
conductivity of the PVDF/LiTFS membrane is lower than that of a fully hydrated Nafion
membrane. However, the relatively high conductivity and stability of the PVDF/LiTFS
membrane have made them outstanding among the currently studied lithium-ion-
conducting polymer membranes [275-276]. On the other hand, the ionic conduction in
Nafion membranes depends on the hydration level, which means that if it is dehydrated
under ambient conditions, the conductivity will decrease [277]. The ionic conduction in
polymers containing lithium ions is believed to rely on the diffusion of lithium ions,
which have a small ionic radius, through the free volume in the polymer [278]. This
implies that with a PVDF/LiTFS membrane, a high ionic conductivity can be obtained

without the presence of water in the polymer.
4.3 Cyclic voltammetry

4.3.1 Supercapacitors with carbon black

To establish a reference for evaluating the effects of the two kinds of mediators, an all-
solid-state SC that contained only carbon black (CB) as the active material was
assembled, and its performance was evaluated using CV. Figure 4.2 illustrates the CVs of
a CB SC at different scanning rates. No redox peaks were observed in the CVs of the CB
SC, indicating that this kind of SC is a typical EDL SC. Figure 4.2 also shows that the
current density increased as the scanning rate decreased. It is widely accepted that the CV
of an ideal EDL SC is rectangular-shaped. However, for the CB SC in the present

configuration, the CVs at different scanning rates were not rectangular-shaped, showing
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poor reversibility [279]. This poor reversibility may result from a high series resistance

(10.9 Q) of the CB SC.
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Figure 4.2 Cyclic voltammetry curves as a function of potential scanning rate for a

supercapacitor with carbon black as the active material.

Table 4.3 Summary of the specific capacitance for the carbon black SC, the Nal/I,/CB SC,
and the K4Fe(CN)¢/K3Fe(CN)s/CB SC.

Specific capacitance, F g

. -1
Scanning rate, mV's Carbon black Nal/l/CB  K4Fe(CN)¢/KsFe(CN)s/CB

10 40.7 209.0 138.8
25 204 145.4 99.8
50 10.2 107.5 82.5
100 7.9 89.0 50.4

200 5.8 52.9 36.5
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According to the CV results, the specific capacitance with respect to the active material
is calculated using Equation 3.2 [279]. The specific capacitance values are listed in Table
4.3. According to Table 4.3, the specific capacitance of the CB SC was 40.7 F g at a
scanning rate of 10 mV s, and the capacitance decreased upon increasing the scanning

rate.

4.3.2 Supercapacitors with sodium iodide/iodine (Nal/I;) mediators

Figure 4.3 shows CV curves for a Nal/I, SC at scanning rates from 10 to 200 mV s
All of the CVs showed a slightly distorted rectangular shape without distinct, sharp redox
peaks [138]. In addition, both the absence of sharp redox peaks and the presence of high
current density compared to that of the CB SC are characteristic features of
electrochemical materials with pseudocapacitance [142]. The specific capacitance was
209.0 F g™ at a scanning rate of 10 mV s™'. The specific capacitances of the Nal/I, SC
were 5 to 10 times greater than those of the CB SC depending on the scanning rate,
showing an enhancement effect of the Nal/l, mediators due to the pseudocapacitance.
Moreover, with the Nal/l, SC, the changes of current polarity when the voltage scan was
reversed were much faster than those of the CB SCs, indicating a lower internal
resistance and good reversibility [139]. This was confirmed by the EIS results (data not
shown), which showed that the internal resistance was only 3.6 Q. In this system, the
mediators behave as both conducting charge carriers and charge storage materials.
According to the discussion in Ref. [273], the pseudocapacitance of the Nal/l, SC
originates from the following redox reactions: I»(s) + 2e"= 2I" and I3 + 2¢” = 3I". However,
for the SC with Nal/I, mediators, no sharp redox peaks were observed in the CV results,

revealing a typical capacitive behavior that can be found in other systems with
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pseudocapacitance [280-282]. The addition of mediators increases the capacitance by
contributing pseudocapacitance, which is a dominant component in the overall
capacitance. Moreover, it can also be concluded from Figure 4.3 that the current density
increased proportionally with the scanning rate, which is also considered a typical

characteristic of an EDL SC [283].
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Figure 4.3 Cyclic voltammetry curves as a function of potential scanning rate for a

supercapacitor with Nal/I,/CB as the active material.

4.3.3 Supercapacitor with K;Fe(CN)¢/KsFe(CN)s mediators

K;3Fe(CN)s and K4Fe(CN)gare known to engage in fast electron transfer between
themselves [22]. The carbon nanofoam electrodes employed contained PEO/LiClOs,
K;3Fe(CN)s/K4Fe(CN)g, and carbon black. Figure 4.4 shows CV curves at scanning rates
from 10 to 200 mV s™. The shapes of the CV curves for the KsFe(CN)s/K4Fe(CN)s SC

were similar to those observed for the Nal/I, SC and other systems with pure capacitive
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behavior. However, a pair of broad redox peaks appeared at approximately 0.5 V. The

redox peaks are believed to be related to the redox reaction K;Fe(CN)s + ¢ + K™ =

K4Fe(CN)g [284].
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Figure 4.4 Cyclic voltammetry curves as a function of potential scanning rate for a
supercapacitor with K;Fe(CN)s/K4Fe(CN)e/CB as the active material.

The specific capacitance of the KsFe(CN)¢/KsFe(CN)s SC as a function of the scanning
rate is also listed in Table 4.3. The specific capacitance was 138.8 F g' at a scanning rate
of 10 mV s, which is much less than 209.0 F g, the specific capacitance of the Nal/I,
SC at the same scanning rate. It is worth noting that the theoretical specific charge of the
K3Fe(CN)s/K4Fe(CN)s mediators (in a molar ratio of 1:1) is 138.3 C g™, which is smaller
than the theoretical specific charge of 239.1 C g™ for the Nal/I, mediators (in a molar
ratio of 1:1). The specific capacitance increased as the scanning rate decreased, which is a
behavior similar to both the CB SC and Nal/l, SC. However, for this

K;3Fe(CN)«/K4Fe(CN)s SC, the specific capacitance was 3 to 6 fold that of the CB SC,
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depending on the scanning rate. Thus, the enhancement effect was not as pronounced as

with Nal/l, mediators.

4.4 Galvanostatic charge/discharge

Galvanostatic charge/discharge (GCD) tests were also conducted to evaluate the
performance, specifically the specific energy and specific power of SCs with Nal/I, and
K;3Fe(CN)¢/K4Fe(CN)g mediators, and the results are shown in Figure 4.5 (A) and (B).
The tests were conducted in a voltage range between 0.0 to 2.5 V at charge/discharge
current densities of 10, 15, 20, and 25 mA cm™. Figure 4.5 shows that for both SCs,
regardless of the value of the charge/discharge current density, the discharge curves were
essentially linear over the entire discharge period except for a small sharp drop in the
very initial stage, which corresponds to the ohmic loss due to series resistance. The
linearity of the discharge curves indicated that the mediator SCs described in this work

have typical capacitive characteristics and resemble an EDL SC.

From the discharge profiles of the mediator SCs, the specific energy and the average
specific power were calculated. The specific energy values as a function of specific
power for both mediator SCs are shown in Figure 4.6 in the form of a Ragone plot. In
addition to maintaining a greater charge capacity, both mediator SCs could
simultaneously deliver a high specific energy and power. The Nal/I, SC exhibited a better
performance in terms of specific energy and specific power than the
K;3Fe(CN)¢/K4Fe(CN)g SC. This is in line with results of the CV tests. The maximum
specific energy of the Nal/I, SC with a PVDF separator was 49.1 Wh kg™ with respect to
the mass of active material, which is about 2 times the maximum specific energy of an

SC with a Nafion separator and Nal/I; mediator [273]. The higher specific energy for SCs
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with a Nafion separator is mainly due to the greater voltage window for the SC with a

PVDEF/LiTFS separator compared to SCs with a Nafion separator.
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Figure 4.5 Representative cell voltage versus time curves for: (1) Nal/I,/CB SC and (2)
K;3Fe(CN)¢/K4Fe(CN)s/CB SC, with constant charge/discharge current densities of (a) 25,

(b) 20, (c) 15 and (d) 10 mA cm™.
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Figure 4.6 Ragone plots for a Nal/I,/CB SC (A) and K3Fe(CN)¢/K4Fe(CN)s/CB SC (@).
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4.5 Effects of mediator concentration on the performance

In a previous publication [274] on the SCs with Nafion membranes as the separator,
the effect of the concentration of Nal/I, mediators on specific capacitance is discussed.
The results showed that the specific capacitance was increased from 107 to 150 F g
when the loading of the mediators was increased from 5 to 33%. A cooperative effect of
the electrode components, electrolyte, carbon black and mediators was used to explain
this phenomenon. The electron transfer among the active materials is more difficult at a
lower concentration than at a higher concentration. Furthermore, unlike the case of other
types of SCs where ion access/transport to the active materials/sites dominates the
charge/discharge process, in the present SCs, where the mediators are dispersed among
ions in the solid-state electrolyte, the electron transfer among the active materials

dominates the charge/discharge process.

However, is this still true for a mediator SC with PVDF membranes as the separator?
In this section, the effect of the mediator concentration on the performance of the Nal/I,

SCs is investigated.

Four types of SCs with mediator concentration of 5%, 10%, 20%, and 30% were
prepared, and the electrochemical performance were evaluated with GCD. The voltage
range for GCD tests was: 0-2.5 V, and the charge/discharge current densities were 10, 15,

20, 25 mA cm’, respectively.

The dependence of specific capacitance, specific power, and specific energy on the
mediator concentration at various charge/discharge current densities are given in Figures

4.7-4.9. Since there are three types of performance (specific capacitance, energy and
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power) and two parameters (concentration of mediators and the charge/discharge current

density), a number of conclusions can be made from Figures 4.7-4.9 as following:

1.

4.

Specific capacitance and energy increased with the decrease of charge/discharge
current density. This phenomenon is in agreement with that of the CV results,
which shows that both specific capacitance and energy are better when the
scanning rate is slower.

From Figure 4.7 it can be concluded that for mediator SCs with PVDF/LiTFS as
the separator, the greater the mediator concentration, the greater the specific
capacitance. This is also in line with result of SCs with Nafion membrane as
separator.

The specific energy of the mediator SC first increases, then decreases with the
increase of the mediator concentration. The maximum energies were obtained
when the mediator concentration is 20%.

Similarly to the specific energy, there’s a maximum value for the specific power.

In Figure 4.10, the conductivity of PDVF electrolyte doped with Nal/l, mediator is

plotted as a function of the concentration. It is very interesting to observe a similar trend

to that of specific energy and power. This fact simply means that charge transfer in the

mediator-doped polymer electrolyte becomes slower at a concentration greater than 20%.

However, according to Dahms-Ruff equation (Equation 3.1), the conduction of a media

containing mediators should increase with increase of the concentration. A rational

explanation is that the concentration in the Dahms-Ruff equation actually means activity

or concentration of dissociated mediators excluding aggregated mediators. When the

concentration of mediator is small, they are readily solvated and dissociated and can
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contribute to charge transfer. However, if the concentration is above a limit, association
will prevail and render a lower concentration of solvated mediator or a lower activity.
Because of the higher resistance, the average power of the device will be lower according
to Equation 1.8. If all the mediators are active and effective the specific capacitance
should be proportional to the concentration. However from Figure 4.7, the specific
capacitance increases slightly with concentration. Because the active or effective
mediator decreases above a concentration of 20%, it is likely that the charge shielding or
dielectric constant increases. Because of relatively low power at a concentration above
20%, the charge tends to release at a lower voltage as being manifested by the slight
asymmetrical charge/discharge curves and the specific energy becomes lower at a

concentration above 20%.
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Figure 4.7 Dependence of specific capacitance of the Nal/I, mediator SCs on the

concentration of the mediators at various charge/discharge current densities.
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Figure 4.10 Dependence of the conductivity of the electrode on the concentration of the

Nal/I, mediators at various charge/discharge current densities.

4.6 Conclusions
1. Membranes composed of PVDF and LiTFS in a weight ratio of 1:1 were prepared, and
their conductivity was 1.74x10> S cm™. This kind of membrane was then used as the

separator in a solid-state mediator SC.

2. With the use of water-free PVDF/LiTFS polymer membranes and PEO/LiClO4
polymer electrolytes, the operating voltage window of mediator SCs can reach 2.5 to 3 V,
resulting in a significant increase of the specific energy compared with mediator SCs

with a Nafion separator, for which the operating voltage window is only 1.0 V.

3. Two types of mediators containing Nal/I, and KsFe(CN)s/K4Fe(CN)s were added into
the PEO/LiClO4 polymer electrolyte to improve the performance of the solid-state SC.
Compared to 40.7 F g, which is the specific capacitance of a CB SC at a scanning rate

of 10 mV s™, the specific capacitances of the Nal/I, and K3Fe(CN)s/K4Fe(CN)s SCs at a
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scanning rate of 10 mV s were 209.0 and 138.8 F g”', respectively. The enhancement of
the performance of the mediator SCs with respect to the CB SC is mainly due to an
enhancement of the conductivity of the electrolyte in the porous electrodes and the

pseudocapacitance provided by the mediators.



CHAPTER 5 A FUNDAMENTAL STUDY OF INTERFACES IN

POLYMER ELECTROLYTE FUEL CELL

5.1 Molecular dynamic simulation of Pt/liquid electrolyte and Pt/Nafion interfaces

5.1.1 Simulation methods

A mechanical dynamics (MD) simulation module, FORCITE (Accelrys Inc.), was used
to conduct MD simulations. The forcefield used in the simulations was PCFF. PCFF is a
consistent family of forcefields. The family were parameterized against a wide range of
experimental observables for organic compounds containing H, C, N, O, S, P, halogen
atoms and ions, alkali metal cations, and several biochemically important divalent metal
cations initially and later were extended so as to have a broad coverage of organic
polymers, (inorganic) metals, and zeolites. For MD modeling in the present study, each
atomistic model was first geometrically optimized. After the optimization, the dynamics
simulation was then carried out for the model. In the dynamic simulation, the duration
time was 500 ps, the ensemble was NVE, and the initial temperature was set to be 450
and 500 K. After the 500 ps dynamics simulation, the temperature of the model will be

stabilized at different temperatures.

126
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5.1.2 Molecular dynamics models

5.1.2.1 Nafion clusters in catalyst layers vs. free Nafion clusters

(a) (b)

Figure 5.1 MD models for (a) a free Nafion cluster, and (b) a Nafion cluster in the gap
between two carbon slabs with a face index of (111).

As shown in Figure 5.1(a), a MD model (unit cells) for simulating free Nafion clusters
were constructed. The model consists of H,O, H;O", H', methanol, and Nafion backbone
and side chains. Although in reality, the bonds in H3;O" can undergo formation or
cleavage, the bonds remain intact in the present MD simulations because the simulations
purport to evaluate the contribution of the “vehicular diffusion” or physical diffusion
versus the structural diffusion. The model was set up with a water content level of 4. It
was demonstrated in the previous study that at this water content level, physical diffusion
dictates the conduction whereas the contribution of structural diffusion is negligible. In
addition, the simulation results of the MD model for a free Nafion cluster are in good
agreement with the experimental results on the transport properties in a piece of pure

Nafion membrane.
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As shown in Figure 5.1(b), a model with a Nafion cluster sandwiched by two carbon
slabs with a face index of (1 1 1) and distance of 10 nm are created to mimic the Nafion
clusters between carbon supports in catalyst layers. The procedure is to transfer the free
Nafion cluster model in Figure 5.1(a) into the two carbon slabs and run an energy
minimization calculation session to allow reconciliation between the Nafion cluster and
the carbon slabs. The surface atoms of the carbon slabs can be charged to mimic the
situations when the catalyst layers are charged during operation. In the current studies the
charge density varies from -0.005 to 0.05 e per surface atom. The electroneutrality of the
model is maintained by introducing more negatively charged sulfonated groups than
positively ions when a positive charge is introduced on the slabs, and by introducing less
sulfonated groups than the positive ions when a negative charge is on the slabs. In order
to conduct a MD simulation, the initial velocity of every atom in the model was randomly
determined according to Boltzmann statistics. The time step was set at 1.0 fs and duration

was 500 ps.

The position vector of each particle, R;(?), is saved as a function of time. The

diffusivity of a specific molecule or ion was evaluated using [240,285]:

IR AR | _R(OT
D, =gy lim D (R -ROT) (5.1)

where N, is the number of diffusing molecules. The sum term on the right side divided by

N, is the mean square displacement (MSD).

The water content in the unit cells in Figure 5.1 is defined as the molar ratio of water to

the sulfonated group in Nafion and expressed as an empirical function of relative
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humidity according to the experimental data presented in Refs. [286] and [287]. At a
relative humidity of 50% the water content is about 3 and in liquid water the
corresponding water content is about 22. The density of Nafion, p, is a function of water

content, A.

Table 5.1 lists the calculated diffusivities of species in the models shown in Figure 5.1.
The last line of Table 5.1 shows data obtained in the case of free Nafion cluster. The
diffusivity of hydrogen in Nafion 117 at 300 K, 1 atmosphere, and a relative humidity of
~60% is 6.83x10° cm” s”'. According to the hydrogen crossover data in a Nafion
membrane published by Cheng et al. [288] and Henry’s constants published by Mann et
al. [289], the diffusivity of hydrogen in Nafion should be 9.0x10° cm® s™' under similar
conditions. Thus, the present simulation results for the free Nafion cluster are in good
agreement with the experimental results. According to Cheng et al., the experimental
diffusivity of hydrogen in catalyst layer should be on the order of 10 cm” s™ [288]. The
present results for diffusion of hydrogen are generally consistent with the experimental
observations. For diffusion of oxygen in Nafion, the data reported by Secanell et al. is
8.45x10° cm® s which is also close to the value of 1.09x10” cm®s™ obtained using the

MD simulation method [290].

The data in Table 5.1 also indicates that the diffusivity of hydrogen in the Nafion
cluster between the carbon slabs is 3-8 times greater than that in the free Nafion cluster.
Increase in diffusivity in the Nafion cluster between carbon slabs is a generic
phenomenon for other species including O,, H;0", H,0, and CH;0H. This may be
explained by the strong interaction between the Nafion cluster and the carbon slabs. It is

interesting that the maximum diffusivity appears when the magnitude of charge density is
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low or zero. The charges on the carbon slabs attract oppositely charged species (H;O" or
sulfonated groups) and polar species (H,O and CH3OH). The oppositely charged species
exert attractions to similarly charged species. Thus, charging the carbon slabs may

impede the movement of these molecules and ions.

Table 5.1 Computational results of diffusivities of species in the Nafion cluster for the

model shown in Figure 5.1.

Charge per DH2 Do2 DH30+ DH20 DCH30H
surface C atom, e (cm’s™) (cm?s™) (cm?s™) (cm?s™) (cm?s™)
-0.005 247x10%  7.04x10°  8.95x10°  2.57x10”°  2.10x107
-0.0005 2.92x10%  3.46x10°  598x10°  1.68x10°  1.43x107
0.0 247x10%  8.22x10°  1.26x10°  2.89x10°  2.04x107
0.00005 596x10*  2.11x10°  1.16x10°  3.04x10°  1.49x10”
0.01 2.10x10"%  1.67x10°  4.73x10°  9.50x10°  1.16x107
0.05 25310 1.70x10°  6.12x10°  1.04x10°  1.75x107

Free Nafion

6.83x107° 1.09x10°  2.60x10°  6.38x10°  5.31x10°
cluster

5.1.2.2 Pt(111)/Nafion interface vs. Pt(111)/liquid electrolyte interface

The MD models were created as shown in Figure 5.2. The electrode model is a
tetrahedral Pt crystal with four facets of (111) type seating on top of a carbon slab. The
four facets were exposed to the electrolyte environment. There are 802 Pt atoms and 4800
C atoms. Three types of clusters were placed in the vacuum space above the
configuration to create electrode/electrolyte interfaces: (a) Pt/(H,O+H3;0"), (b) Pt/H,SOs,
and (c) Pt/Nafion. In the Pt/Nafion model, the Nafion cluster contains Nafion backbones,

functional groups, H,O, and H;O".
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N

Figure 5.2 A Pt crystal with five (111) faces on top of a carbon slab with a (111) face.

Figure 5.3 The configurations after a first stage of a MD run: (a) Pt/(H,O+H;0"), (b)
Pt/H,SOy4, and (c) Pt/Nafion.
Figure 5.3 show the configurations of the three Pt/electrolyte models after a 500 ps

MD dynamics simulation. For the Pt/(H,O+H;O") and the Pt/H,SO4 models, all the
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molecules from the electrolyte settle down uniformly near the Pt surface. In the case of
Pt/Nafion model, although the Nafion molecules finally settle down on the Pt surface, it
is clear that the distribution of the Nafion chains on Pt is not as homogeneous as for the

other two models.

(a) (b)

Figure 5.4 Side view of the compact layers formed near the Pt surface after 500 ps MD
dynamics simulation for (a) Pt/H,SO4 and (b) Pt/Nafion models at different temperatures.
A similar phenomenon for all the three types of Pt/electrolyte systems is that distinct
compact layers were formed near the Pt surface. The side views of the compact layers of
Pt/H,SO4 and Pt/Nafion are given in Figure 5.4, which show that a well-defined compact
layer is formed near the Pt surface for all the systems. Specifically, it can be seen from
Figure 5.4(a) that for the Pt/H,SO4 model, two well-defined compact layers were formed

under the temperature of 243.5 and 284.5 K. When the temperature is higher, the second
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layer is not as regularly arranged as it is under lower temperature. However, for Pt/Nafion

model (shown in Figure 5.4(b)), only one well-defined compact layer is observed.

Table 5.2 Position of the first and second peaks in radial distribution function.

First and second peak (A)

Charge Temperature
System ~ YPe (K) PtH,0 PtH,0'  Pt-SOy Pt-F
286.5 Toe vl 323 275
Neutral 302.8 o o 3.39 2.85
436.4 ol o 3.29 3.05
307.4 on o 3.49 2.89
PyNafion  -31¢ 3275 o S 351 2,67
353.6 PSR 3.59 2.83
302.5 Yo 66771 337 2.69
3le 317.5 2ol 533747 319 281
343.4 T il 3.43 2.89
Newtral 3135 500 304 3.59
PUH,SOs -3¢ 318.8 o - 375
3le 314.2 2.97 3.33 3.67

4.93 4.71
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In addition to the neutral state, MD simulations were carried out on polarized Pt
surface, where -31 e or 31 e were assigned to all the Pt atoms equally. According to Ref.
[291], these charges give a potential difference at the interface of about -0.5 and +0.5 V
respectively. The results are summarized in Table 5.2. It can be seen that for the
Pt/Nafion interface a positive charge on the Pt surface displaces the peaks for the radial
distribution between H;O" and Pt far away whereas the effect of polarization on other
species is minimum. The effect on H;O" is greater at lower temperature than at higher
temperature. In the case of Pt/H,SO, interface, the effect of polarization on all species is
minimum. This result is in line with the fact that the reaction rate or exchange current
density for oxygen reduction reaction is lower for Pt/Nafion system than that for
Pt/H,SO,4 system. For the Pt/H,SO, system, H;O' are not repelled by the positive

charges on the electrode where H;O" in Nafion are not easy to access the electrode

surface to participate in the reaction: O, +4H,0" +4e” =6H,0.

5.1.3 Discussion on spatial ordering of water molecules on Pt surface

Figure 5.5 illustrates the positions of the oxygen and sulfur atoms in the first layer on
top of Pt crystal for Pt/(H,O+H;0"), Pt/H,SO,, and Pt/Nafion models. Figure 5.5(a)
clearly shows that the oxygen atoms in water preserve the structure of the (111) face of Pt
crystal. Although generally speaking, the water molecules are arranged in a good spatial
periodicity or ordering, there are imperfections. Figure 5.5(b) illustrates the first layer of
H,0O and H,SOj4 on top of Pt crystal. It is very interesting that the oxygen atom in HSO4
tend to locate the “right” place to maintain the periodicity or special ordering of the first
layer on Pt surface. This spatial ordering is destructed in the case of Pt/Nafion interface.

As shown in Figure 5.5(c), the unoccupied locations are actually occupied by F atoms.
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Thus, the ordering of water molecules is destructed. The areas with adsorbed F atoms

block the transport of H>O and H;0" at the interface.
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Figure 5.5 Positions of oxygen atoms of H,O, H>SOy, or sulfonated group on top of Pt
crystal with a (111) face for (a) Pt/(H,O+H30"), (b) Pt/H,SO4, and (c) Pt/Nafion models.

Red: oxygen; blue: Pt atom; yellow: S atom.
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of atoms™ ]
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Figure 5.6 Histogram of distance of water molecules from the “right” positions that

assume a perfect periodicity.
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In order to quantify the ordering of the first layer on Pt surface, information entropy is

evaluated using the following equation:

§S=-ZLiplg(p) = -2 18 () (5.2)

where N is the total number of atoms in the system, and #; is the number of atoms located
in each sub-interval in the histogram of the distance of water molecules from the “right”
positions that assume a perfect periodicity (Figure 5.6). The results are listed Table 5.3. It
is clear that the first layer in the case of Nafion has the highest entropy whereas that for

pure water has the least.

Table 5.3 Information entropy for the first layer on the surface of the crystal.

System Temperature (K) Entropy
288.3 1.000
Pt/Nafion
313.2 1.210
284.5 0.912
Pt/H,SOq4
303.5 0.902
257.5 0.876
Pt/H,O

295.9 0.947
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5.2 Ab initio models: Pt/Nafion interface vs. Pt/H,SQO, interface

5.2.1 Observation of association and dissociation of proton in H,SO4 and Nafion

Figure 5.7 Cartoons showing dissociation and association of proton in H,SOs.
Figure 5.7 shows a set of snapshots an ab initio simulation conducted at room
temperature. Two protons in a H,SO4 molecule are blue colored. It can be seen that at 30
fs, one proton form a bond with a water molecule. At 76 fs, the proton disbands with the
H,SO,4 molecule. The charge of this proton is transported a distance of a few molecules
away in 1,000 fs. However, another proton is very stable in the HSO4 anion. This is in
agreement with the common understanding that it is easy for H,SO4 to form one H;O"

and one HSO, anion but difficult to form two H;O" and one SO,* anion.

Figure 5.8 includes four snapshots of the Nafion cluster during a geometrical
optimization, showing the dissociation of sulfonated group (-SOs;H) and the transport of

proton. The original hydrogen atom in -SOsH is highlighted in light purple. In step 1, it
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can be seen that a covalent bond is established between this hydrogen atom and an
oxygen atom from a nearby water molecule. In step 5, the bond O-H bond in the
sulfonated group is broken, resulting in a H;O" and a -SO;". These two steps denote the
dissociation of sulfonated group. In step 10, another hydrogen atom in the H;O" (shown
in dark purple) formed a covalent bond with a second water molecule. The original H-O
covalent bond breaks in step 12. As a result, a transportation process is fulfilled in these

following two steps.

Figure 5.8 Cartoons showing dissociation and transportation of proton in Nafion.

5.2.2 Establishment of the interface models

According to the results of the MD simulation, the structure of the electrolyte at the
interface is highly ordered and periodic. Thus, the ab initio molecular dynamics (AIMD)
study was uniformly conducted using periodic boundary conditions. Typical ab initio
models are shown in Figure 5.9. These are two unit cells with a Pt slab and clusters of
H,SO4 and Nafion electrolyte on the top of the Pt slab. For these two unit cell, there are
terraced Pt atoms on the surface of the Pt slab. These locations with terraced Pt atoms are
considered as active sites on Pt catalysts. However, in the present study, unit cells with a

smooth Pt surface were also created.
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(b)

G ‘ff".&.‘

Figure 5.9 Ab initio models of terraced Pt surface with (a) H,O, H;O", and HSOy’, and (b)

Nafion clusters.

5.2.3 Ab initio molecular dynamics simulation results

The charge on the Pt slab and energy of the system as functions of time are shown in
Figures 5.10-5.13. Both charge and energy fluctuate with time and they correlate with
one another. According to Balbuena et al., the fluctuation of the charge can be used to
evaluate the electron exchange current density [292]. However, in the present work, I
prefer not to adopt this approach. The reason is that the size of the models is too small
and the time duration is too short which are limited by the capability of existing
computers in most present and previous ab initio simulations. Although I have
established a workstation with 100 CPUs, completion of an ab initio computation for the
models with duration of 1,000 fs would require one month. In fact, the main idea of this
work is to combine MD, AIMD, and quantum statistical methods to evaluate the

exchange current density at the interfaces but not to rely only on AIMD to reveal the
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charge transfer processes. Rather, the major goal of the ab initio simulation is to provide
the amplitude and period of charge and energy fluctuations. These parameters will then
be used for the quantum statistical computations. Two interesting findings from the
AIMD simulations are as follows. First, although the Pt is not charged initially, the total
charges of the Pt slabs are all positive. This means the interfaces are spontaneously
polarized with electrons passing across the interface from Pt slabs to the electrolytes. This
can be considered as a proof of the assumption that any interface between dissimilar
materials should be polarized in certain extent and form a double layer. Second, the
relative amplitude of energy fluctuation is greater for smooth surface than that for
terraced surface. The peak of the energy fluctuation can be considered as the energy
barrier for the system to transit from one to another charged state [293], or activation
energy. The results show that for the smooth surface the activation energy is greater than
that for the terrace surface or the terraced surface is more active than the smooth surface.
This is in line with the commonly accepted understanding that terraced Pt surface is more

active [294].

Figure 5.14 illustrates the potential distributions at the interfaces. At the interface
between H,SO,4 and positively charged Pt slab, the electrical field is positive in the
contact layer and negative in the electrolyte beyond the contact layer. This is in line with
commonly accepted theory regarding the electric double layer in liquid electrolyte. The
minimum potential is marked as the inner Helmholtz face. However, for the Pt/Nafion
interface, the distribution is not uniform. There are several maxima and minima.
However, the general trend for the Pt/Nafion interface is similar to that for the Pt/H,SO4

interface.
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Figure 5.10 The charge on a smooth Pt slab interfacing with water molecules and H;O"

ions and the total energy of the system as functions of time.

14
-16320.2 T2
-16320.3 T 10

% ] o

— -16320.4 Tos =

] - %]

=) ] 2

2 ] ®

o -163205 - 06 o~

c ] o

o ]

-16320.6 Foa
—#— Energy vs.time ]
-16320.7 —&— Charge vs. time o2
-16320.8 L1 100
0 50 100 150 200 250
Time / fs

Figure 5.11 The charge on a terraced Pt slab interfacing with water molecules and H;0O"

ions and the total energy of the system as functions of time.
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Figure 5.12 The charge on a terraced Pt slab interfacing with H,SO4 solution the total

energy of the system as functions of time.
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Figure 5.13 The charge on a terraced Pt slab interfacing with a Nafion cluster and the

total energy of the system as functions of time.
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Figure 5.14 Potential distribution at Pt/electrolyte interfaces.

5.3 Quantum statistical computation

5.3.1 Computational approach
The general description of the quantum statistical method for evaluating the

electrochemical exchange current density, j, given by the following formula [295]:

j = ZalC)EGexp (o)) f;,  ke(z Dexp (—F22Dydz (53)

where Q is angular degree of freedom; z refers to the reagent-metal surface distance; [C]
is the bulk reagent concentration; o;is the electron tunneling factor; AE, (z, Q) is the
activation energy; k is the Boltzmann constant and 7' is the temperature in the experiment;
Weris the effective frequency of classic vibration modes of reacting cluster; and k. is

electron transfer coefficient.
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Weg can be estimated by,

W = 25+ 21 (5.4)
k, can be evaluated by,
AEe
_ 1 _ 2
k. =1 exp(hweff *T) (5.5

where the resonance splitting of the potential energy surface AE, can be evaluated via a

perturbation the approach,

AE(2,2)
ZZ = f!pi(Ucoul + Uedl)eqlf dv (56)

In the formula, ¥;and Wrare wavefunctions in the vibration of reacting molecules that
can be evaluated using an ab initio method; Uy and U, are columbic potential of the

reactant and EDL potential in the interface area, respectively; e is unit charge of electron;

The parameter r takes the following form,

1

r = (m)2 (5.7)

where E;,+ E, is sum of the inner- and outer-sphere contributions.

The strategy for the quantum statistical computation using Equations 5.3-5.7 procedure
is as follows. First, the MD simulation results will be used to determine the general
structure of the interface. The electron tunneling factor, activation energy, and
wavefunctions are evaluated using the ab initio method. The ab initio molecular

dynamics simulations yield a temporal series of molecular configurations including
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activation energies, vibration energy, charges, and wavefunctions at each step. By
applying the famous Ergodic hypothesis for a canonical ensemble, all of the
configurations generated in the MD and AIMD simulations can be treated as possible
configurations exist at a time in a large system. Thus, an average over all these
configurations gives the quantity for a realistic system. Table 5.4 shows constants from
Equations 5.3 to 5.7 for computing the electrochemical exchange current density. Third,
following simplification has been made. In computing the electron tunneling factor and
the resonance splitting of the potential energy surface AE,, only the highest occupied
molecular orbitals (HOMOs) are considered. It is believed that the contribution of the
lower orbtals is orders of magnitude less than that of the HOMOs. Thus, for Pt we only

consider 6s and 6p orbitals.

Table 5.4 Constants assumed value in our calculations.

Parameter Unit Values with unit
K JK! 1.38x10™
T K 300
[C] mol L™ 0.1
E C 1.6x10™"

Ucoul + Uedl Vv 1
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5.3.2 Results
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Figure 5.15 Current density vs. steps for four types of interfaces.

Figure 5.15 shows the total current density as function of simulation step or
configurations in the trajectory of simulation for four different cases. They are: 1) flat
Pt/(H,O+H30") interface; 2) terraced Pt/(H,O+H3;0") interface; 3) terraced Pt/H,SO,
interface; and 4) terraced Pt/Nafion interface. It is clear that the interface with a terraced
Pt has much greater current density than the interface with a flat Pt surface. The current

densities for protonated water and H,SO4 solution are much greater than that for Nafion.

5.4 STM study of the Pt/Nafion and Carbon/Nafion interfaces

5.4.1 Experimental approach

Two types of substrates were used. The first type was polycrystalline Pt sheets. The
second type was highly oriented pyrolytic graphite (HOPG) plates. Both types of samples
were acquired from Alfa Aesar. Before coating with Nafion film, the Pt sheets were

cleaned up using sulfuric acid and rinsed with distilled water and acetone. The Pt sheet
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was then dried with pure N, to remove the residues. The surfaces of HOPG samples were
prepared by peeling off the surface layer using a piece of adhesive tape. This exposed a

clean and fresh HOPG surface.

Diluted Nafion solution (5 wt%, Sigma Aldrich) was dropped on the surfaces of Pt
sheets or fresh HOPG samples. The weights of the coated Pt sheets were weighed before
applying Nafion solution and after Nafion film was dry. The increment of the weight was
0.1 mg. Since the density of dry Nafion ionomer was about 2.0 g cm™ [287] and the area
of the Pt sheet was 1.0 cm®, the thickness of the film was 500 nm. As shown in Figure
5.16, on top of the Nafion film a Ag|/AgCl and Ag strip were painted using silver
adhesive blended with AgCl powder and silver adhesive respectively and they were used
as reference and counter electrodes respectively. In addition, a U-shape Ag strip was
painted and used for discharge purpose. Release of the charge that may accumulate in the
Nafion film proved to be important for obtaining the high resolution and stable images of
the coated samples. The arrangements of the electrodes for all HOPG and Pt samples
were similar. Two Ag strips and the sample substrate were connected with a potentiostat
to apply potential. The sample substrate was also connected in a circuitry to apply a bias
voltage between the STM tip and the substrate. The potential and bias voltage were

applied independently.

In order to confirm the thickness of the film, the Nafion film was peel off from a
HOPG sample and the sample was examined with SEM. The micrographs of a coated
HOPG sample are shown in Figure 5.17. The left micrograph (1) shows that the film

uniformly covered the substrate. It is clear that part of the Nafion film was torn away
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from the HOPG substrate. The right micrograph (2) shows under a greater magnification

that the thickness of the film was a few hundred nanometers.

PVIr tip
Ag/AgCl as reference
electrode Ag as counter electrode
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Figure 5.16 Schematic of the experimental setup for EC STM imaging of a Nafion coated

substrate: (a) cross section view; (b) top view.
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Figure 5.17 SEM micrographs of Nafion-coated HOPG sample: (1) lower magnification
and (2) higher magnification. The Nafion film was peeled off but part of the film

remained on the HOPG substrate.
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5.4.2 Results

The images shown in Figure 5.18 were obtained from Pt sheets. The left was from a
blank Pt sheet and the right was from a Nafion coated Pt sheet. Both images are very
similar. The average size of the crystals on the Nafion-coated Pt sample was much
greater than that on the blank Pt sample. Figure 5.19 shows images of a blank and Nafion
coated HOPG. It is clear that the spacing between neighboring atoms or periodicity of the
arrays was about 2.50 A in good agreement with the theoretical value of 2.461 A for
HOPG. For the Nafion-coated HOPG sample, the image shows a similar symmetry but a
much greater periodicity (~20 A). Figure 5.20 shows three most commonly recorded

structures. They are triangular shapes, diamond shapes, and hexagonal net.
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Figure 5.18 STM topographic images of Pt sheet samples: (1) A blank Pt sheet and (2) A

Pt sheet coated with Nafion film (Potential: -0.40 V, bias: -0.2 V).
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Figure 5.19 STM topographic images of HOPG samples: (1) A blank HOPG sheet and (2)

A HOPG sheet coated with Nafion film. (Potential: 0.0 V, bias: -0.4 V)
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Figure 5.20 Three most commonly recorded structures: (1) triangular; (2) diamond; and
(3) hexagonal or honeycomb.
Figure 5.21 shows periodic structures in one area of a Nafion-coated HOPG sample
with different magnifications. The scanned area for the upper left image was 2000 nm x

2000 nm. At the bottom part of this image, there were some blur features close to the
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cracks, which were believed to be the cracks on the HOPG when it was cleaned with an
adhesive tape before coated with Nafion. These features became clear when the scan area
was set farther from the cracks as shown in the upper center image. When the
magnification was doubled in the upper right image, the size of the triangular features
was about 160 nm and periodicity was about 200 nm similar to those in the upper center
image. When the magnification was further doubled in the bottom left image, the size and
periodicity remained the similar. The magnification for the bottom center image was 40
folds of that for the upper center image. The triangular features disappeared. However,
arrays of atom-like features appeared. The horizontal and vertical periodicities were
about 40 and 20 A respectively. All these observations demonstrate that the periodic
features observed on the Nafion-coated HOPG samples were not fake images but
reflected a real structure at the HOPG/Nafion interface.

Figure 5.22 shows the responses of the images to change of the applied potential. The
initial applied potential was 1.0 V. When the applied potential was switched from 1.0 to -
1.0 V, the periodic arrays (deformed hexagonal net) temporarily disappeared and then a
different type of periodic arrays (triangular shapes) appeared. When the applied potential
was switched back to 1 V, the periodic arrays of triangular shapes disappeared and at the
bottom hexagonal net reappeared. At 0 V, the arrays were equilateral triangles. When the
potential was switched to -0.45 V, these triangles disappeared. At the bottom part of the

bottom right image, a net type of features appeared.
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5.4.3 Discussion

Wang et al. studied dry-prepared and di-chloroethane-treated HOPG samples [296].
They found essentially, there were two types of patterns: the triangular and honeycomb
structures that can be simultaneously observed at grain boundaries. A general layer-
sliding model was utilized to explain the experimental results: sliding of the HOPG
topmost layer was used to explain the origins of the triangular and honeycomb structures,
and molecule intercalation into inter-layer spacing between the first and second layers of
HOPG induced inhomogeneous deformation of the HOPG topmost layer that accordingly
generated the Moiré patterns of the HOPG sample in di-chloroethane.”

Sun et al. studied supperlattice formed on blank HOPG samples [297]. Their
conclusion was “Based on the above simulations, the STM data could be well understood
in the terms of the rotational moiré pattern hypothesis. The shifts in different directions
are formed by either intralayer twisting or gliding. These kinds of motions of the carbon
atoms in a graphite layer make the boundary region highly strained.”

According to the conclusions the previous studies on essentially blank HOPG samples,
the STM images may reveal different types of patterns including the triangular,
hexagonal (honeycomb),and superlattice structures. However, with existing theories, it is
still difficult to explain why both Nafion-coated Pt and HOPG samples show enlarged
structures. The rate of enlargement was between 5-20 times.

Probably the first difficult question that is required to provide an explanation with
respect to the present experimental results is: how can electron tunneling occur in a
Nafion film with a thickness of at least 100 nm? According to existing theoretical

analysis, in air or vacuum, the tunneling distance is in the range of a few angstroms. Tang
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et al. investigated thin PTFE film of a few nanometers on HOPG, and they observed
some blur periodic patterns [298]. Based on their observations, they proposed the
electrical field is so strong at the STM tip that the dielectric film was broken down and a
current passed through the break-down path. However, we did examine the film after
many days of experiment on the used samples. No sign of break-down was found. In
addition, in the present case, the thickness of the film was much greater than what they
examined.

Lindsay et al. proposed that the pressure applied by the tip and resonance between
some atoms or molecules and the tip might permit electron tunneling in a thick polymer
film on top of a HOPG sample [299]. This theory required that the tip actually pressing
into the polymer. We think this is an impossible assumption because we found that a
single touch if the tip would make it impossible to obtain an image with an atomic
resolution.

Yuan et al. [300] and Carrara et al. [43] presented independently another mechanism
that STM can image a non-conducting film via current flow in water film on the outer
surface of the the non-conducting film or water clusters in a non-conducting film. In this
case, the STM functions in a similar way to a scanning electrochemical microscopy
(SECM). However, it is well known that with SECM the imaging resolution is in
micrometer level.

Similar to other polymers, the bulk of Nafion consists of both amorphous and
crystalline domains [301]. The amorphous domains are water containing and ionic
conducting phases while crystalline domains are hydrophobic and non-conducting phases.

It was estimated that degree of crystallinity was 8-12 wt%. Ludvigsson et al. studied
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recast Nafion film on a single crystal silicon using FTIR and XRD methods [302]. The
XRD revealed a wide amorphous peak right after the film was formed but a very sharp
peak at a spacing of 2.72 A after it was stored in ambient conditions for a week,
indicating a partial crystallization. Wood et al. studied the structure of Nafion film on Pt
and glassy carbon using neutron reflectometry, they found that the interfacial and even
the bulk structures were affected by the substrate structure [303]. Kendrick et al. studied
Pt/Nafion interface using IR and atomistic simulation (DFT) methods [304]. They
concluded that the side chain and CF, groups anchored to Pt and form an integrated part
of the Pt/Nafion interface and that the -CF, groups were ordered were the interface.

With the assumption that the Nafion is partially ordered, a possible explanation for this
phenomenon would be the resonant tunneling between the tip and the electronic
conductor through such a thick Nafion film. In order to illustrate this possibility, a series
of 2-D multi-barrier models are introduced as shown in Figure 5.23 for mimicking the
electronic structure of Nafion. Because recast Nafion film is not a crystalline structure but
can be viewed as a structure between periodic and completely random structures, we
propose these following parameters. The first height of the barrier is 10.25 eV resembling
the gap between the tip and Nafion film. Usually the workfunction is about 5 eV for a
metal. Thus the top of the conduction band in the tip is at the 5eV level in Figure 5.23.
Inside Nafion, there are hundreds of barriers with random heights, widths, and distances
between neighboring barriers. However, the average height is 5.25 eV. The average width
and distance are 2 A. The last barrier has a height of 7 V.

The transmission coefficient can be evaluated by solving the time-independent

Schrodinger Equation (Appendix). For a model with 250 barriers and a total width of



156

100 nm, the transmission coefficient versus energy of free electrons is illustrated in
Figure 5.24(a). A result with completely periodic 2-D structure with the 2™ to 249"
height being 5.25 eV and the width and distance being 2 A is also shown in Figure 5.24(b)
for comparison. For both periodic and non-periodic potential barriers, there is one band
of 249 energy states between 2 and 3.2 eV below the internal barrier height of 5.25 eV
with significant transmission coefficients. However, for free electrons with kinetic energy
of 5.25 eV, the transmission coefficient is negligible. Similar analyses and observations
can be found in Ref. [305-306] in which the authors evaluated the transmission
coefficient of free electrons through a multibarrier semiconductor heterojunctions.
However, in these analyses the semiconductor heterojunctions are completely periodic

structures.

V,=10.25 eV e e o T ——

V,,=7¢eV

250

Figure 5.23 A 2-D potential barrier model emulating a junction of STM tip/air/Nafion
film/HOPG or Pt. There are total 250 barriers. The heights of the potential barriers are
random numbers between 5.0 and 5.5 eV. The widths of the barriers and distances

between the barriers are also random numbers.
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However, with existing theories, it is still difficult to explain why both Nafion-coated
Pt and HOPG samples show enlarged structures under STM. In fact, we tried to use a
Nafion 112 membrane with a thickness of 1,000 nm to cover the surface of an HOPG.
The tip could not be engaged with the sample. We also tried to coat the surface with a
PVDF film. The tip was able to engage and the STM images could be obtained but the
image was unclear and unstable.

Halbritter analyzed resonant tunneling phenomenon at the interface between metal and
oxide [307-308]. He concluded the hybridization of the conduction state and the localized
state enhanced electron tunneling. Probably, the hybridization at the interface between Pt
or HOPG and covalently (strongly) bonded Nafion forms a structure that maintains the
symmetry but has a large scale. More research will be conducted to reveal the mechanism
for the phenomenon.
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Figure 5.24 Transmission coefficient of electron tunneling versus electron kinetic energy:
(a) The thickness and spacing between the energy barriers are 2 A; (b) The thickness and

spacing between the energy barriers are random number with an average of 2 A.
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5.5 Conclusions
The following conclusions can be made based on the theoretical and experimental

results:

1) Polarization has very significant effect on H;O" at Pt/Nafion interface but minimum
effect on protons at Pt/H,SO, interface. Negative charges have minimum effect for both

interfaces.

2) Ab initio simulation can spontaneously generate polarized interfaces or EDLs and

dissociation/association of protons from electrolytes.

3) Fluctuations of energy correlate with charge transfer across the interface, from which

the energy barriers for charge transfer can be estimated.

4) Quantum statistical calculations correctly predict the trends of the electrochemical

current density.

5) Images with atomistic resolutions for Nafion-coated Pt and HOPG samples can be
obtained with a STM. The images can be recognized as a reflection of the morphology
and structure at the interfaces between Nafion film and electron conducting substrates.
The interface structures are highly ordered structures in line with the atomistic simulation

results.

6) It is possible that electrons tunnel in a 100 nm Nafion thin film via a resonant

tunneling between the STM tip and molecules in the contact layer at the interface.



Appendix

Time independent Schrodinger equation:

2 2
. . d
In the regions between potential barriers, — — Zj =FEy
2m dx

»dy
2m dx’

-(E-Vw

Inside the energy barriers, —

The solution of the Schrodinger equation is
X<O, 7)[/0 = eikx + Boe_ikx

O<X<a, wl = Alel(lx + Ble_qu

a<x<atb, y, = Aze”“ + Bze_’/“

atb<x<2a+b, 3 = 4;¢"3" + Bye 3"

X>2503+250b, 1/}500 = Asooeikx

The boundary conditions are as follows:

At the left sides of the barriers:

Ky, Sigma(2n —Ky 1 Sigma(2n
2ns15igma( )_I_an”e 2ns1Sigma(2n)

A4, e

ikSigma(2n) -ikSigma(2n) _
- +B,.e =4

2n+1e

. ikSigam(2n) - -ikSigma(2n) _ ixc),,1Sigma(2n) —Ky,,1Sigma(2n)
ZkAzne - lkBZne - K2n+lA2n+le - K2n+lB2n+le
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Sigma(2n-1) = (i (a;+b))-0,

Where m is the mass of electron and fiis Planck’s constant.
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