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ABSTRACT OF THE DISSERTATION

Materials Characterization for Three-Dimensional Electrochemical Energy Storage Devices

by

Jonathan Sai Jet Lau
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2018
Professor Bruce S. Dunn, Chair

Three-dimensional electrochemical energy storage devices are a promising solution for
decoupling the energy and power densities of micro-scale devices. The use of the third-dimension
allows for increased active material loading and surface area, leading to higher energy and power
densities for a given footprint area compared to thin-film devices. Towards the realization of this
technology, novel materials must be developed for these applications including conformal solid or
pseudo-solid electrolytes, conformal redox-active material, and three-dimensional scaffolds. In this
dissertation electrochemical impedance spectroscopy and redox probe analysis are adapted to obtain
complementary information regarding the ion transport and morphology of these materials for their
potential use in three-dimensional energy storage devices. Electrochemical impedance spectroscopy is
used to characterize transport properties, including ionic and electronic conductivities, and chargetransfer resistances through careful analysis of impedance spectra using appropriate circuit models.
One particularly significant result is the use of transmission line models which enables the
interpretation of more convoluted impedance spectra in order to determine material and electrode
ii

properties that have a significant impact on device performance. An example of this is the work on
porous electrodes where the influence of ion transport in the electrolyte phase is found to limit the
performance of high mass loading electrodes. These insights are difficult, if not impossible, to obtain
through conventional electrical or electrochemical techniques. Redox probe analysis is used to
characterize critical aspects of thin-film morphologies including the presence of microdefects and/or
intrinsic porosity. This characterization occurs at the nanometer-scale where no other methods exist
to quantitatively determine pinhole size and areal density or porosity levels over large areas of thin
films (~1 cm2). The redox probe method is also advantageous because it offers the selective probing
of features that run through the entirety of the film thickness. Finally, the fabrication of full cells is
used to preliminarily demonstrate the potential of these materials, and EDLC and hybrid devices are
used to validate computational models and demonstrate the conversion of low-grade heat to
electrochemical energy that have important implications for micro-scale and three-dimensional
electrochemical energy storage devices.
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“I am sorry,” sighed the tree. “I wish that I could give you something… but I have nothing left. I am
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Then listen close to meAnything can happen, child,
ANYTHING can be
-“Listen To The Mustn’ts” by Shel Silverstein
…
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List of Acronyms/Glossary
ALD- Atomic Layer Deposition. ALD is a deposition technique that consists of the sequential dosing of
gaseous chemical precursors that result in self-limiting reactions for the synthesis of inorganic
compounds. Each precursor is pulsed into the reaction chamber under vacuum and allowed to fully
react with the surface. A carrier gas (typically N2) is then used to purge the chamber in order to remove
any unreacted precursor or reaction by-products prior to exposure to a different precursor. Multiple
precursors (and their corresponding self-limiting reactions) can be used to synthesize ternary,
quarternary, etc. compounds in global cycles.

iCVD- initiated Chemical Vapor Deposition. iCVD is a deposition technique that consists of the
introduction of a volatile initiator with monomers to synthesize polymer films via radical
polymerization. Heated filaments are used in the thermal decomposition of the initiator and allow the
substrate to be kept at a lower temperature to allow for the adsorption of species required for
polymerization. The use of an initiator allows for polymerization via low energy pathways (e.g.
polymerization of vinyl bonds) and the avoidance of side reactions such as the degradation of
functional groups.

oCVD- oxidative Chemical Vapor Deposition. oCVD is a deposition technique that consists of the
introduction of a volatile oxidant and monomers to synthesize polymer films via step-growth
polymerization. Reaction between oxidant and monomer in the vapor phase leads to the formation of
radical cations of the monomer. These moieties subsequently react and form dimers that have
extremely low vapor pressure and polymerization continues via a step-growth mechanism on the
substrate. oCVD is uniquely suited for the synthesis of thin, conformal films of conductive polymers
that are often insoluble due to their rigid backbone structures.
viii

CV- Cyclic Voltammetry. CV is an electrochemical characterization technique in which the potential of
the working electrode is swept through a potential range versus the counter or reference electrode at
a given sweep rate. The current is recorded as a function of the potential and the resulting
voltammograms can be used to understand electrochemical reactions in the cell. The potential of
redox peak currents can be used to identify electrochemical reactions and the dependence of the peak
currents on the sweep rate can be used to analyze the kinetics of these reactions.

GV- Galvanostatic Cycling. GV is an electrochemical characterization technique in which a constant
current is applied to the working electrode while the potential is monitored versus the counter or
reference electrode. The capacity of the cell is determined from the current and the charge or discharge
time. As GV is a DC technique, it provides information about the cell under practical operating
conditions. Currents are often normalized to the theoretical capacity of the cell (e.g. 1C is equal to
charge or discharge in 1 h; 10C is equal to charge or discharge in 0.1 h).

EIS- Electrochemical Impedance Spectroscopy. EIS is a technique used to characterize the impedance of
materials under an applied field. In a typical measurement, a small AC potential (1 to 10 mV) is applied
across a range of frequencies (1 MHz to 100 mHz), and the shifted in the phase and magnitude of the
current response allows the impedance of the system to be calculated. Knowledge of the relevant
electrochemical phenomena (e.g. transport, charge-transfer, etc.) can be used to deconvolute and
interpret impedance spectra. The exact determination of resistances (e.g. electronic, ionic, chargetransfer) and capacitances (e.g. dielectric or electric double-layer) can be made by fitting the spectra to
equivalent circuits composed of ideal circuit elements.
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Chapter 1. Introduction to Three-Dimensional Electrochemical Energy Storage
1.1. Electrochemical Energy Storage Technologies
The research and development of electrochemical energy storage has enabled unbridled
innovation in the modern era. Electrochemical energy storage devices have the collective ability to
satisfy a wide range of energy and power requirements and have facilitated the creation and adoption
of technologies ranging from portable electronics to electric vehicles. Electrochemical energy storage
technologies can be categorized into two main classes based on the mechanism of charge storagecapacitors and batteries.
Capacitors are the simplest form of electrochemical energy storage technology. These devices
store energy in an electric field through the separation of charges on parallel electrodes. The use of a
dielectric material that undergoes polarization in the presence of an electric field increases the energy
stored in the capacitor according to Equation 1.1 and Equation 1.2:
#
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Equation 1.1

)* )+ ,

Equation 1.2

-

where E is energy, C is capacitance, Q is charge, V is voltage, εr is the relative permittivity of the
dielectric material, ε0 is the permittivity of free space, A is the area of the electrodes, and d is the
spacing between oppositely charged electrodes or the thickness of the dielectric. The linear
relationship between the charge stored and the voltage of the device gives rise to linear voltage profiles
during the charge and discharge of dielectric capacitors.
Electric double-layer capacitors (EDLCs, also known as electrochemical capacitors) have
higher energy densities than dielectric capacitors enabled by the use of a liquid electrolyte. Upon
charging, ions in the electrolyte migrate to the oppositely-charged electrode and form an electric
double-layer composed of an inner Stern layer and outer diffuse layer of ions. Upon discharging, the
1

electric double-layer disperses and electrolyte returns to its initial state. The spacing, d, in an EDLC is
not the distance between electrodes, but rather the spacing between an electrode and its respective
Stern layer composed of oppositely charged ions. Typically, this distance is less than 1 nm.1 The
decrease in d and increase in A through the use of high surface area (1000-2000 m2 g-1) carbon
materials,2 result in a several orders of magnitude increase in the energy density of EDLCs over
dielectric capacitors. A schematic of an EDLC is shown in Figure 1.1.
Charge storage in dielectric capacitors and EDLCs is non-faradaic, and the absence of chargetransfer required for redox reactions results in high specific power densities and long device lifetimes
(~106 cycles).3 However, the amount of energy stored is proportional to the electrochemically active
surface area of the electrodes, resulting in relatively low specific energy densities compared to other
electrochemical energy storage technologies including batteries.
Batteries store energy electrochemically by utilizing the difference in the chemical potentials
of two electrodes. The spontaneous chemical reactions of these electrodes are mediated by an
electrolyte and yield electrons that flow through an external circuit and enable work. The reversibility

Figure 1.1. Schematic and coordinate system of an EDLC consisting of Stern and diffuse layers between two
planar electrodes.1

2

of these reactions leads to the classification of batteries as either single-use (primary) or rechargeable
(secondary) devices. Lithium-ion batteries (LIBs) are the most common secondary battery technology
for consumer electronics and a growing field of other applications. LIBs consist of an anode (i.e., an
electrode with a high lithium-ion chemical potential), a cathode (i.e., an electrode with a low lithiumion chemical potential), a separator, and liquid electrolyte. A schematic of a LIB is shown in Figure
1.2. Upon charging, lithium ions are driven up the chemical potential gradient as the cations deintercalate from the cathode (typically a lithium transition-metal oxide e.g., lithium cobalt oxide,
LiCoO2), diffuse through the liquid electrolyte (mixtures of cyclic and linear carbonates mixed with
lithium salts e.g., LiClO4 or LiPF6), and intercalate into the anode (typically graphite).

Figure 1.2. Schematic of a LIB consisting of a gaphite anode, a transition-metal oxide cathode, and a nonaqueous electrolyte containing a lithium salt.4
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Upon discharging, lithium ions follow the chemical potential gradient as the reverse process occurs
and electrons flow through the external circuit.
The energy of a battery can be expressed using Equation 1.3:
𝐸 = 𝑄𝑉

Equation 1.3

where E is energy, Q is the charge and V is the nominal cell voltage. Lithiation and delithiation often
induces a phase transition in the electrode materials, giving rise to distinct voltage plateaus. The
difference in the voltage of these plateaus for the anode and cathode determine the nominal cell
voltage. In contrast to capacitors, batteries have constant voltage profiles during charge and discharge.
The use of bulk redox reactions for charge storage leads to the high specific energy densities of
batteries compared to capacitors and EDLCs. However, the power densities of batteries are often

Figure 1.3. Ragone plot depicting the specific energy and power densities for various electrochemical energy
storage devices.5

4

limited by slow, solid-state diffusion, and the phase transitions that occur during each charge-discharge
cycle result in relatively low device lifetimes (~102-103 cycles).3 The performance of the different
electrochemical energy storage technologies is shown in Figure 1.3.
An emerging technology for electrochemical energy storage is the combination of EDLC and
redox-active electrodes in a hybrid device. To maximize the energy and power densities of these
devices, pseudocapacitive electrodes can be used in place of traditional battery electrodes.
Pseudocapacitive charge storage (or pseudocapacitance) arises from faradaic reactions that occur at
surface or near-surface redox sites.6 Comparison of the electrochemical signatures of EDLC, LIB, and
pseudocapacitive materials from cyclic voltammetry and galvanostatic cycling is shown in Figure 1.4.
Pseudocapacitive materials demonstrate high energy and power densities as they are not
limited by slow solid-state diffusion. In surface pseudocapacitance, redox occurs at surface or near-

Figure 1.4. Representative cyclic voltammograms (a, b, d, e, g, and h) and galvanostatic profiles (c, f, and i) for
EDLC, battery, and pseudocapacitive materials.7
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surface cation sites e.g., RuO2 and MnO2. In intercalation psuedocapacitance, charge storage occurs
throughout the active material and ion diffusion is facilitated by ion pathways in the crystal structure
e.g., Nb2O5, MoO2, and MoS2. In contrast to traditional battery materials, intercalation
pseudocapacitive materials do not undergo a phase transition, thereby enabling high power densities
and long device lifetimes. The phenomena of surface and intercalation pseudocapacitance are intrinsic
to materials (e.g., RuO2, MnO2, and Nb2O5) but may also be engineered in materials through
nanostructuring (e.g., MoO2 and MoS2). The combination of EDLC and pseudocapacitive electrodes
in a hybrid (asymmetric) device can thus bridge the dichotomy of electrochemical performance in
EDLCs and lithium-ion batteries.

1.2. Three-Dimensional Electrochemical Energy Storage Devices
Emerging miniaturized technologies including microelectromechanical systems (MEMS) and
Internet of Things (IoT) devices present a unique challenge to traditional electrochemical energy
storage technologies. The different electrochemical characteristics of capacitors and batteries lead to
a trade-off in energy and power densities. In applications where both high energy and power densities
are required (as in MEMS and IoT devices where long lifetime and ability to wirelessly
telecommunicate are essential), this requires the use of combination storage systems in which
capacitors or electrochemical capacitors and batteries are used synergistically. However, footprint area
is a valuable commodity in miniaturized devices, and the combination of different energy storage
devices to satisfy the energy and power requirements for a given application is a luxury one can ill
afford.
Thin-film batteries are typically used in microdevices to satisfy the energy requirements for a
range of applications. Thin-film batteries are all solid-state devices composed of thin films of cathode
(e.g., LiCoO2 or LiMn2O4), solid electrolyte (e.g., lithium phosphorus oxynitride, LiPON), and anode
6

(e.g., lithium metal) deposited through physical vapor deposition.8 A cross-section schematic of a thinfilm battery is shown in Figure 1.5a. The energy and power densities of these devices are proportional
to the electrode thicknesses and areas, respectively. However, the thickness of the active material films
is limited to <4 µm as the fracture of and bonding between films becomes an issue.8,9 Additionally,
the electrode surface area is limited by the footprint area of the device. Thus, outside of incremental
improvements to electrode materials for thin-film batteries, a large increase in the energy and power
densities of electrochemical energy storage devices for microdevices requires serious consideration.
Three-dimensional (3D) microbattery architectures are a promising solution for decoupling
the energy and power densities of battery chemistries. The use of the third-dimension allows for
increased active material loading and surface area, leading to higher energy and power densities for a
given footprint area compared to thin-film batteries. In working towards the realization of 3D
microbatteries, lithium-ion battery electrodes based on aperiodic,10–22 continuous,23–26 concentric
tube,27–31 and other designs32–35 have been explored. A schematic of a continuous 3D microbattery
architecture is shown in Figure 1.5b. In this design, an array of posts composed of anode material is
pre-fabricated, a conformal solid electrolyte is deposited onto the array, and a cathode slurry is backfilled to create a full cell. 3D microbatteries allow for greater tailoring of the energy and power densities
(a)

(b)

Figure 1.5. Schematic of (a) a thin-film battery and (b) a continuous 3D microbattery.8
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of devices for given applications. The energy density of the microbattery is proportional to the volume
of the electrodes while the power density is proportional to the surface area, and the only limiting
factor is the ohmic resistance (and corresponding potential drop) along the posts.
3D architectures such as scaffolds or frameworks can also be utilized for EDLCs and other
high-rate electrochemical energy storage devices for microdevices. Planar, interdigitated electrodes are
currently favored due to the ease of fabrication but greater active material loading and thus surface
area can be realized by using the third dimension. Such designs utilize aligned carbon nanotube arrays
or other conductive carbons. Additional redox-active material may also be deposited onto the
electrode arrays to increase the energy density of these devices.

1.3. Materials for Three-Dimensional Electrochemical Energy Storage Devices
The work presented in this dissertation will focus on characterization techniques for materials
for 3D electrochemical energy storage devices using different electrochemical techniques. The
materials of interest and the motivation for studying them are briefly discussed here.

1.3.1. ALD LASO|iCVD PV4D4 Hybrid Solid Electrolytes
Solid electrolytes for 3D microbatteries must be conformal on high-aspect ratio electrodes,
pinhole-free, electronically insulating, and ionically conductive. The materials should also be flexible
in order to permit the volume expansion of the electrodes during cycling.36 Though clever engineering
has allowed the use of radio frequency sputtering in the fabrication of 3D microbatteries, the
conformality and defect-free requirements for solid electrolytes in this application largely restrict the
choice of deposition technique to those that utilize self-limiting reactions.36–38 Atomic layer deposition
(ALD) has demonstrated its ability to synthesize a wide range of inorganic lithium-ion solid electrolyte
chemistries including lithium phosphorus oxynitride (LiPON) and lithium aluminosilicate (LixAlySizO,
8

LASO). Similarly, electropolymerization, surface functionalization, photolithography, and initiated
chemical vapor deposition (iCVD) techniques have been used to deposit polymer solid electrolytes
such

as

poly(phenylene

oxide)

(PPO)

and

poly(1,3,5,7-tetravinyl-1,3,5,7-tetramethyl-

cyclotetrasiloxane) (PV4D4). While several solid electrolytes have preliminarily demonstrated
suitability for use in 3D microbatteries, the combination of different materials as a means to tailor the
properties of the composite solid electrolyte is a promising endeavor.
A hybrid solid electrolyte comprised of an oxide and a polymer is attractive for several reasons.
First, a wide variety of oxides are electronically insulating and can help to minimize the leakage currents
through thin films of a hybrid solid electrolyte.39 Second, oxides have been shown to be
thermodynamically stable at the potentials of lithium-ion batteries and can reduce interfacial
resistances attributed to the formation of a solid-electrolyte interphase.40,41 Third, polymers can impart
mechanical flexibility into the hybrid solid electrolyte. Similar strategies of incorporating layers of
oxides and polymers into a hybrid material have been employed for encapsulation42–46 and flexible
thin-film transistors.47
LASO and PV4D4 are attractive materials for use in a hybrid solid electrolyte for 3D
microbatteries. Both LASO and PV4D4 can be conformally deposited defect-free through the vapor
phase (using ALD and iCVD, respectively), which can reduce the interfacial resistance introduced with
sequential depositions. Additionally, amorphous LASO has been demonstrated through experiment48–
50

and computation51–53 to be more conductive than its crystalline β-eucryptite phase. By eliminating

the need for high temperature crystallization and using only moderate ALD stage temperatures (300
˚C) during the deposition, the underlying 3D microbattery architecture can be better preserved. Ionic
conductivities of 10-7-10-9 S cm-1 have been demonstrated in thin films of LASO.54,55 Similarly, iCVD
of PV4D4 uses low stage temperatures (40 ˚C) and ionic conductivities of 10-8 S cm-1 have been
demonstrated in thin films.37,56 Polysiloxane films of similar composition have also demonstrated
9

critical tensile strains of 2-3%.44,47 The combination of LASO and PV4D4 may allow for the tailoring
of the electrochemical and mechanical properties of the hybrid solid electrolyte that are inaccessible
with the use of either material independently.
In this dissertation a hybrid solid electrolyte composed of LASO and PV4D4 is evaluated for
3D microbattery applications. The deposition and physical characterization of the LASO and PV4D4
films are performed by Professor Jane Chang’s group at UCLA and Professor Karen Gleason’s group
at MIT, respectively. LASO|PV4D4 is deposited onto planar and 3D electrodes for electrochemical
characterization. The thickness of LASO is kept constant while the thickness of the overlying PV4D4
layer is varied to investigate the effect of composition on the electrochemical and mechanical
properties of the hybrid solid electrolyte. Electrochemical techniques are used to lithiate the hybrid
solid electrolyte and electrochemical impedance spectroscopy is used to determine the ionic
conductivity of the composite.

1.3.2. Surface-Anchored Metal-Organic Frameworks for Pseudo-Solid Electrolytes
Metal-organic frameworks (MOFs) are composed of metal ions (or clusters) and organic
ligands coordinated to form one-, two-, or three-dimensional structures. In electrochemical energy
storage applications, MOFs have been used as electrode materials for supercapacitors and batteries
via redox of the mixed valence metal centers57–61 or organic groups.62 The inherent porosity and ability
to tailor pore sizes of MOFs has led to their application as scaffolds/molecular separators in lithiumsulfur batteries that prevent polysulfide shuttling.63,64 These intriguing properties have most recently
led to the exploration of MOFs as pseudo-solid electrolytes. Anions from lithium salts bind to the
metal ions in MOFs and form ionic channels for lithium ions, resulting in ionic conductivities as high
as 10-4 S cm-1.65–67 While these values are only roughly equal to those of commercial separators,68 the
higher lithium transference numbers observed in these pseudo-solid electrolytes due to the reduced
10

anionic contribution portend to increased rate performance in electrochemical energy storage
devices.66,67
MOF-based pseudo-solid electrolytes are extremely promising for micro-scale electrochemical
energy storage devices. The ability to harness liquid-phase kinetics without introducing difficulties in
device packaging offer substantial improvements over traditional solid electrolytes such as LiPON
(ionic conductivity ~10-6 S cm-1).69 However, the synthesis of MOFs through the spontaneous reaction
of precursors in solution is unsuitable for micro-scale devices that require precise control over the
area and thickness of deposition. Additionally, the random growth of MOF crystallites on a substrate
may lead to disordered porosity that can impede ion diffusion. This is problematic in solid electrolytes
as it can lead to an uneven flux of lithium and the under-utilization of electrode materials.
For direct integration into device architectures, surface-anchored metal-organic frameworks
(SurMOFs) can be deposited onto.70–78 Metal-organic coordination offers control over the layer-bylayer (LbL) assembly of metal-organic multilayers with sequential deposition of metal and organic
components on a functionalized surface, permitting atomic control of the film structure and
composition.79–85 An advantage of this deposition technique is the ability to fabricate highly ordered
films that can be preferentially oriented to facilitate ionic conduction.
In this dissertation MOF-14 and MOF-399 SurMOF films are evaluated for their potential use
as frameworks for pseudo-solid electrolytes. The synthesis and physical characterization of the
SurMOF MOF-14 and MOF-399 films are performed by Professor Mary Anderson’s group at Furman
University. Electrochemical impedance spectroscopy is used to characterize electrochemical
phenomenon in the solid-state and the intrinsic porosity of MOF-14 and MOF-399 films are
demonstrated using redox probe characterization.
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1.3.3. oCVD PEDOT for High-Rate Electrochemical Energy Storage
The energy and power densities of asymmetric devices based on pseudocapacitive materials
are ultimately determined by the difference in the chemical potentials of the active materials as this
defines the working voltage. However, with the relative dearth of available pseudocapacitive materials,
the rational selection of suitable electrode materials for asymmetric devices is limited. The
overwhelming majority of asymmetric devices reported in literature are aqueous systems based on
pseudocapacitive RuO2 and MnO2. Transition metal hydroxides (including Co(OH)2 and Ni(OH)2)
and, most recently, MXenes have also been demonstrated in asymmetric full cells. A wider range of
chemistries can be accessed through the use of non-aqueous electrolyte, and the wider electrochemical
stability window of the commonly employed organic solvents can enable the use of materials with
higher redox potentials. However, non-aqueous systems have thus far been limited to hybrid devices
that pair a pseudocapacitive electrode material with a carbon-based electrode that stores charge in the
electric double-layer.
Nanosized

molybdenum

disulfide

(MoS2)

is

a

pseudocapacitive

material

that

intercalates/deintercalates Li+ from 1 – 3 V vs. Li/Li+ and is a promising negative electrode in an
asymmetric device. Conjugated polymers are another class of pseudocapacitive materials with charge
storage occurring via redox reactions with a dopant anion (e.g., Cl-, PF6- or ClO4-) along the polymer
backbone.86,87 Of these materials, poly(3,4-ethylenedioxythiophene) (PEDOT) is particularly attractive
due to its electrochemical stability,88 and its ability to dope/dedope (between neutral and p-type) from
2 – 4 V vs. Li/Li+89,90 making it a promising positive electrode to pair with MoS2. The use of active
materials in an asymmetric device that independently undergo redox reactions with cations or anions
has previously been referred to as a Daniell-type cell91,92 or dual-ion battery.93,94 The electronic
conductivities of both MoS2 (>500 S cm-1 in the semi-metallic 1T phase) and PEDOT (10 to >3000
S cm-1 depending on the synthesis route and dopant used) obviate the need for conductive additives
12

and make these pseudocapacitive materials particularly well-suited for high-rate applications.
However, the electrochemical properties of PEDOT including its specific capacity depend heavily on
its synthesis method and rational material design is required for energy storage applications.
Conformal PEDOT thin films have been synthesized via oxidative chemical vapor deposition
(oCVD), a solvent-less process where EDOT and oxidant (e.g., FeCl3) vapors are introduced into a
vacuum chamber, adsorb onto the substrate surface of interest, and react to form a thin film.95,96
Doping of the polymer by chlorine anions in-situ results in electronically conductive, p-type polymer
thin films. The potential of oCVD PEDOT in energy storage applications has been demonstrated in
hybrid devices consisting of positive electrodes of oCVD PEDOT deposited onto high surface area,
aligned CNT and negative electrodes of aligned graphene flakes or aligned CNTs.97–99 The use of ultrathin oCVD PEDOT films (3-10 nm) in these studies ensured that the diffusion of dopant anions did
not limit device performance and resulted in high energy and power densities up to 177 Wh kg-1 (113
Wh L-1) and 233 kW kg-1 (149 kW L-1).98 However, in order to achieve higher total energies in devices,
increased active material loading in the form of thicker PEDOT films (e.g., ~200 nm) is required, and
the rational design of material through variation of deposition materials is essential.
In this dissertation the effect of the crystallographic texture on the electrochemical properties
of PEDOT thin films deposited via oCVD is investigated. The deposition and physical
characterization of the oCVD films are performed by Professor Karen Gleason’s group at MIT.
Controlling the stage temperature during deposition is shown to be a viable means of controlling the
dominant film crystal texture. The PEDOT films are electrochemically cycled and electrochemical
impedance spectroscopy before and after long-term cycling is also used to evaluate the chemical
stability of PEDOT with different crystal textures. oCVD PEDOT on 3D current collectors are also
paired with MoS2 electrodes to demonstrate high-power asymmetric devices.

13

1.3.4. Porous Graphene Frameworks for High Mass Loading Electrodes
Lithium-ion batteries hold a large market share of electrochemical energy storage devices
because of the the high energy densities that they offer over other technologies. As the adoption of
electric vehicles and grid storage continues to increase, there is an increasing technological demand
for LIBs with high power densities without a compromise in energy densities, and the use of
pseudocapacitive materials is a potential approach to this challenge. However, the study of
pseudocapacitive materials has traditionally been performed on thin-film or slurry-based electrodes
with relatively low areal mass loadings (≤1 mg cm-2)100–105 in which electronic and ionic transport is
not limiting. The promising electrochemical properties of pseudocapacitive materials are drastically
diminished in devices with electrodes with practical mass loadings and when other cell components
(e.g., current collectors and separator) are considered.106 This is attributed to the use of electrode
formulations that are mostly tailored for traditional battery materials, and the rational design of
electrode architectures is critical for maximizing the high-rate performance offered by
pseudocapacitive materials.
Sufficient ionic and electronic conductivities are required to prevent ohmic losses that impede
the electrochemical performance of lithium-ion battery electrodes high-rates.107,108 Strategies for
ensuring adequate electrolyte transport include the use of polymers to create mesoporous and inverse
opal templated pseudocapacitive materials.109–114 However, computational modeling has also shown
that the electronic conductivity of three-dimensional EDLC electrodes (i.e. conventional slurry-cast
electrodes) may limit electrochemical performance rather than the ionic conductivity as seen in planar
electrodes.115 This finding in combination with the need to accommodate high active material loading
with poor packing density has prompted the use of porous, conductive networks such as carbon
nanofoams.116,117
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In this dissertation a three-dimensional holey graphene framework (3D-HGF) is used as a
conductive scaffold for pseudocapacitive Nb2O5.118 The synthesis and electrochemical cycling of 3DHGF/Nb2O5 composites are performed by Professor Xiangfeng Duan’s group at UCLA. High energy
and power densities are demonstrated with practical active material loadings in these electrodes. The
highly interconnected graphene network provides excellent electronic conductivity while its bimodal
porous structure consisting of macropores in the 3D framework and micro- to meso-pores in the
graphene sheets facilitates electrolyte transport and mitigates diffusion limitations at high rates.
Electrochemical impedance spectroscopy is used to determine and correlate the electrolyte pore
resistance of HGF/Nb2O5 with the electrochemical performance of the composite electrodes.

1.4. Outline
3D electrochemical energy storage device architectures have significant promise for improving
the energy and power densities of micro-scale devices. The effective use of the of the third dimension
allows for an increased active material loading and surface area not possible with planar devices.
Towards the realization of 3D devices, novel materials must be developed for such applications
including conformal solid or pseudo-solid electrolytes (ALD LASO|iCVD PV4D4 hybrid solid
electrolyte and surface-anchored metal-organic frameworks as pseudo-solid electrolytes) and active
materials (oCVD PEDOT for high-rate energy storage) as well as 3D scaffolds (porous graphene
framework for high mass loading electrodes). An important focus of this dissertation is to adapt and
develop techniques which characterize electrochemical materials in these novel architectures. Two
such methods emphasized in this dissertation are electrochemical impedance spectroscopy and redox
probe analysis. Chapter 2 features the use of electrochemical impedance spectroscopy to characterize
the ionic and electronic conductivities of solid and pseudo-solid electrolytes and charge-transfer
resistances in active materials using equivalent circuit models. The electrolyte pore resistance of a
15

conductive 3D framework is also characterized using a transmission line model. Chapter 3 presents
the use of redox probe characterization to characterize microdefects in thin-film solid electrolytes and
the inherent porosity of pseudo-solid electrolyte frameworks. Chapter 4 demonstrates the potential
of 3D electrochemical energy storage materials in a prototype device. EDLCs fabricated for basic
science studies are also described and the findings of these investigations are briefly examined. Finally,
Chapter 5 discusses the conclusions of this dissertation and future work that should be pursued for
the development of 3D electrochemical energy storage devices.
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Chapter 2. Characterization of Electrochemical Phenomena Using Electrochemical
Impedance Spectroscopy
2.1. Introduction and Background
Electrical resistance is the ability of an ideal circuit element to resist the flow of electrical
current. Known commonly through its relationship with voltage and current as Ohm’s law, electrical
resistance is defined in Equation 2.1 as:
R=

1

Equation 2.1

2

where R is the resistance, V is the voltage or potential across the circuit element, and I is the current.
For ideal resistors this relationship is valid at all voltages, currents, and frequencies, and the AC current
response is in phase with the voltage signal. While suitable for understanding the relationship between
voltage and current, Ohm’s law seldom applies to real-world objects. Instead, a more comprehensive
approach to electrical resistance in the form of impedance is used. By taking both phase and frequency
into consideration, impedance is better able to describe the ability of an object to resist the flow of
electrical current.
Electrochemical impedance spectroscopy (EIS) is a technique used to characterize the
impedance of materials under an applied field. In a typical measurement, a small AC potential (1 to 10
mV) is applied across a range of frequencies (1 MHz to 100 mHz), and the shifted in the phase and
magnitude of the current response allows the impedance of the system to be calculated. The small
potential perturbation (which is less than the thermal voltage, ~25mV at 25 ˚C) ensures that the
current response of the system is pseudo-linear. This consideration is important in solid and liquid
electrochemical systems as they often show strong, non-linear behavior i.e., doubling the applied
voltage does not double the resulting current. Pseudo-linearity is satisfied when the response of the
system to the sum of input signals is equal to the superposition of the responses to the signals were
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they to be applied separately, and this ensures that the harmonics of the impedance of the system are
not convoluting the measurement.
The applied AC potential can be expressed as a function of time according to Equation 2.2:
V4 = V5 sin (ωt)

Equation 2.2

where Vt is the potential at time t, V0 is the magnitude of the signal, and ω is the radial frequency (in
radians s-1) equal to 2πf (where f is the frequency in Hz). In a linear system, the response signal, It, can
be similarly expressed according to Equation 2.3:
I4 = I5 sin (ωt + θ)

Equation 2.3

where I0 is the amplitude and θ is the phase shift. The impedance of a system, Z, is derived in Equation
2.4 as the relationship between its potential and current (i.e., Ohm’s law):
Z=

1B
2B

=2

1+ CDE (F4)
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CDE (F4)

= Z5 CDE (F4GH)

Equation 2.4

where Z0 is the amplitude of the impedance. The trigonometric functions can be expressed as complex
exponential functions (Equation 2.5) using Euler’s formula:
Z( 𝜔 ) =

1
2

= Z5 exp(iθ) = Z5 (cos θ + i sin θ)

Equation 2.5

The real and imaginary parts of the impedance (Z’ and Z”, respectively) are defined in Equation 2.6
and Equation 2.7 as:
Z O = |Z| cos θ

Equation 2.6

Z" = |Z| sin θ

Equation 2.7

where |Z| is the absolute impedance.
Impedance spectra are commonly presented in one of two ways- Nyquist or Bode plots. A
Randles circuit (vide infra) is shown in Figure 2.1a. A Nyquist plot (Figure 2.1b) displays Z” as a
function of Z’ and each point represents the impedance at a single frequency. Distinct features in
Nyquist plots such as semi-circles or vertical lines can aid the identification of multiple electrochemical
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phenomenon in a system. Conversely, the Bode plot (Figure 2.1c) shows |Z| or other impedancerelated functions (e.g., phase shift, θ) as a function of frequency.

Figure 2.1. (a) Randles circuit used to describe electrochemical phenomenon. The impedance of the circuit is
graphed in a (b) Nyquist and (c) Bode plot.1
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EIS is versatile technique in the characterization of electrochemical systems through the use
of equivalent circuit fitting. Knowledge of the relevant electrochemical phenomena (e.g., transport,
charge-transfer, etc.) can be used to deconvolute and interpret impedance spectra. The exact
determination of resistances (e.g., electronic, ionic, charge-transfer) and capacitances (e.g., dielectric
or electric double-layer) can be made by fitting the spectra to equivalent circuits composed of ideal
circuit elements. Constant-phase elements (CPEs) may be used to describe electrochemical systems
that have a distribution of materials properties or time constants arising from surface roughness,
inhomogeneous reaction rates, varying thickness/composition, non-uniform current distributions,
etc. A variety of Warburg impedance elements can also be used to describe finite or semi-infinite
diffusion with reflective or transmissive boundaries (blocking or non-blocking electrodes,
respectively).
A Randles circuit is an equivalent circuit that is commonly used to describe the change in the
impedance of an electrode in an electrochemical cell.2–4 The series resistance is often considered to be
the resistance of the electrode and, in some cases, the electrolyte. Electrochemical reactions, formation
of an electric double-layer, and adsorption can all increase the impedance of an electrode5 and lead to
the observation of the parallel resistance in the form of a semi-circle in the Nyquist plot at intermediate
frequencies. The diffusion of material in the liquid- (e.g., electrolyte) or solid-state leading to increasing
impedance at low frequencies is also accounted for by the Warburg impedance element. The Randles
circuit is often a good starting point for deconvoluting the impedance of a system, and it can serve as
the basis for increasingly complex equivalent circuits needed to describe multiple electrochemical
phenomena with different RC time constants (where R and C are values for a single RC parallel circuit).
The following case studies illustrate the use of electrochemical impedance spectroscopy to
characterize electrochemical phenomena in different systems for three-dimensional electrochemical
energy storage devices.
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2.2. Case Studies
2.2.1. Ionic Conductivities of Polysiloxane and Polysilazane Solid Electrolytes
iCVD polymer films were evaluated for use as solid electrolytes in 3D microbatteries. The
ionic conductivities of polysiloxane and polysilazane films deposited by iCVD were determined using
electrochemical impedance spectroscopy. The deposition of 10 to 50 nm thick siloxane and silazane
films on ITO substrates was performed by Professor Karen Gleason’s group at MIT. EIS was carried
out in a two-electrode arrangement using the underlying ITO substrate and a hanging mercury drop
electrode (HMDE) as electrical contacts to measure the through-resistance of the polymer films. The
use of a HMDE provides robust electrical contact to thin films and does not degrade organic films as
with the use of evaporated metal contacts.6 EIS measurements were performed using a 10 mV RMS
AC potential with 0 V bias from 100 kHz to 100 Hz.
Representative electrochemical impedance spectra of a 25 nm poly(1,3,5,7-tetravinyl-1,3,5,7tetramethylcyclotetrasiloxane) (PV4D4) film are shown in Figure 2.2. PV4D4 is electronically
insulating (4 x 10-11 S cm-1 as determined from DC measurements) and the lack of mobile ions in the
as-deposited films leads to a dielectric response as indicated by the vertical line in the Nyquist plot
(Figure 2.2a). Lithium can be introduced into the films by soaking in lithium-ion electrolyte (1 M
LiClO4 in propylene carbonate, PC) followed by the removal of excess solvent. This causes an
evolution of the impedance of the films and the Nyquist plot shows semi-circles indicative of charge
transport (Figure 2.2b). The diffusion contribution to impedance can largely be ignored in these thin
films, and the simplified Randles circuit (Figure 2.2b inset) is used to identify the ionic resistance of
the lithiated PV4D4 film(represented by the parallel resistance in the equivalent circuit).
From the average of the fitted ionic resistances, the ionic conductivity of lithiated PV4D4, σ,
is calculated according to Equation 2.8:
S

𝜎 = T,

Equation 2.8
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where t is the thickness of the film, R is the the ionic resistance, and A is the area of the electrode
determined by the size of the HMDE (typically ranging from 1.5 to 3 mm in diameter).
An ionic conductivity of 7.5 ± 4.5 x 10-8 S cm-1 is calculated for the lithiated 25 nm PV4D4
films using the averaged ionic resistance and variation in the HMDE contact area. An ionic
(a)

(b)

Figure 2.2. Electrochemical impedance spectra of (a) unlithiated and (b) lithiated 25 nm PV4D4 films with
corresponding chemical structure models. The spread in the spectra across multiple positions of the film
indicates that the lithiation of the PV4D4 films is inhomogeneous. The RC series and parallel equivalent circuit
models used for impedance fitting are shown as insets in the Nyquist plots.
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conductivity of 1.3 ± 1.2 x 10-10 S cm-1 is calculated for lithiated 35 nm films of PV4D4. This suggests
that possible disorder in the stacking of siloxane rings increases with PV4D4 film thickness making
ionic conduction pathways more torturous and resulting in lower ionic conductivities. Alternatively,
full lithiation of the thicker films may not be achieved through the soaking method, and a zero-order
model shows that the diffusion of lithium is limited to the top 15 to 20 nm of film on the basis of
quadrupole inductively coupled mass spectroscopy (ICP-MS).
iCVD

polysiloxane

and

polysilazane

films

including

poly(1,3,5-trivinyl-1,3,5-

trimethylcyclotrisiloxane) (PV3D3), poly(1,3,5-trivinyl-1,3,5-trimethylcyclotrisilazane) (PV3N3), and
poly(1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasilazane) (PV4N4) (Figure 2.3a) were also
evaluated for use as solid electrolytes in 3D microbatteries and demonstrate ionic conductivities
ranging from ~10-8-10-10 S cm-1 (Figure 2.3b). Computational studies have found that the regions near
siloxane rings with negative electrostatic potentials are likely binding sites for lithium-ion. Corollary to
this, the corresponding anions (e.g., ClO4-) are repulsed by the siloxane rings, resulting in the effective
dissociation of the lithium salt. Higher binding energies of Li+ with O in the siloxane rings are
calculated for V4D4 compared to V3D3 (-2.72 and -2.56 eV, respectively), indicating that lithiation is
more favorable in the larger siloxane rings. It is hypothesized that this difference arises from the strain
present in the planar V3D3 rings and not in the “puckered” V4D4 rings. The low ionic conductivities
of the polysilazane compared to polysiloxane films is also attributed to the lower electronegativity of
the Si-N bonds, resulting in lower binding energies with Li+. The lack of flexible Si-O-Si bonds may
also contribute to the lower ionic conductivities of polysilazanes (~10-9-10-10 S cm-1) compared to
polysiloxanes (~10-7-10-8 S cm-1).7
The highest ionic conductivities of the iCVD polysiloxane and polysilazane films observed in
PV4D4 (~10-7 S cm-1) are modest compared to traditional solid electrolytes (e.g., LiPON, ~10-6 S
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cm-1).8 However, the thinness of these films can significantly lower the time required for diffusion
according to Equation 2.9:
𝜏=

VWXY Z

Equation 2.9

[WXY

where τ is the time required for diffusion, Lion is the diffusion distance, and Dion is the ionic diffusion
coefficient. For a given diffusion coefficient, the use of films tens of nanometers thick can reduce the

Figure 2.3. (a) Chemical structure models of polysiloxane and polysilazane polymers deposited via iCVD. (b)
Ionic conductivities of the different polymers as functions of film thickness.
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time required for diffusion across Lion by several orders of magnitude compared to micron-thick
traditional solid electrolytes. Sufficiently high power densities can thus be maintained in 3D
microbatteries that utilize solid electrolytes with thicknesses tens of nanometers and only modest ionic
conductivities.
Polysiloxane and polysilazane films deposited via iCVD for 3D microbatteries were
characterized using electrochemical impedance spectroscopy. PV4D4 was initially investigated and the
electronically insulating, as-deposited thin films show a dielectric response as indicated by the vertical
line in the Nyquist plot. The introduction of lithium into the films by soaking in electrolyte induce a
change in the impedance and the Nyquist plot shows semi-circles indicative of charge transport. The
use of a simplified Randles circuit allows for the determination of the ionic resistance and calculation
of the ionic conductivity. 25 nm PV4D4 films demonstrate an ionic conductivity of ~8 x 10-8 S cm-1,
while 35 nm films demonstrate an ionic conductivity of ~1 x 10-10 S cm-1. The lower ionic conductivity
of the thicker films suggests that ionic conduction pathways are more tortuous or the full lithiation of
the films is not achieved. PV4D4 demonstrates higher ionic conductivities than other polysiloxane
and polysilazane films including PV3D3 (~1 x 10-8 S cm-1), PV3N3 (~3 x 10-10 S cm-1), and PV4N4
(~2 x 10-9 S cm-1) which is attributed the ring strain present in PV3D3 and the lower electronegativity
of the Si-N bonds in PV3N3 and PV4N4. While the ionic conductivities of the polysiloxane and
polysilzane are low, the thinness of these films compared to traditional solid electrolytes reduce the
time required for diffusion and can allow sufficiently high power densities to be maintained in devices.
These materials are thus promising for use as solid electrolytes in 3D microbatteries.

2.2.2. Ionic Conductivities of ALD|iCVD Hybrid Solid Electrolytes
ALD LASO|iCVD PV4D4 hybrid solid electrolytes were evaluated for 3D microbattery
applications. The combination of LASO and PV4D4 is of interest as a means for achieving
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electrochemical and mechanical properties that are inaccessible with the use of either material
independently. The deposition LASO and PV4D4 films onto 30 nm amorphous Si (a-Si) electrodes
was performed by Professor Jane Chang’s group at UCLA and Professor Karen Gleason’s group at
MIT, respectively. A schematic of the hybrid solid electrolyte on a-Si electrode in Figure 2.4a and
SEM cross-section of PV4D4|LASO shows that the conformality of the films are maintained with
the use of ALD and iCVD (Figure 2.4b).
The hybrid solid electrolyte was lithiated using electrochemical techniques and the ionic
conductivities of material is determined using electrochemical impedance spectroscopy. EIS
measurements were performed using a 10 mV RMS AC potential with 0 V bias from 1 MHz to 100
Hz in a three-electrode cell with lithium counter and reference electrodes. 1 M LiClO4 EC:DMC
(ethylene carbonate:dimethyl carbonate, 1:1 by volume) was used as the liquid electrolyte. The use of
a reference potential eliminates the contribution of the counter electrode from the impedance spectra
and is particularly important in the use of cells with non-blocking lithium counter electrodes that have
(a)

(b)
30 nm a-Si

5 nm LASO
30 nm PV4D4
Figure 2.4. (a) Schematic of hybrid solid electrolyte on an a-Si electrode. (b) SEM cross-section of the
PV4D4|LASO composite demonstrates the conformality of the material deposited through iCVD and ALD.
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a solid-electrolyte interphase (SEI) from electrochemical cycling.
Cyclic voltammetry (CV) was used to initially characterize the electrochemical properties of
the bare a-Si electrode (Figure 2.5a). The reduction peaks observed at 0.24 and 0.1 V vs. Li/Li+ on
the cathodic sweep correspond to the lithiation processes of amorphous Si. The respective delithiation
processes are observed as oxidation peaks at 0.5 and 0.25 V vs. Li/Li+ on the anodic sweep.9 The
reduction peak observed near 0.4 V vs. Li/Li+ is attributed to redox of the surface oxide on the
stainless steel current collector and its contribution to the capacity of the electrode is negligible after
the first cycle. The thin-film a-Si electrode is shown to be stable after repeated cycling using cyclic
voltammetry. Amorphous Si films >100 nm have been shown to fracture due to the tensile stresses
(a)

(b)

(c)

(d)

Figure 2.5. Cyclic voltammograms of (a) bare a-Si and (b) 5 nm LASO|30 nm PV4D4 HSE a-Si electrodes
cycled using a sweep rate of 0.1 mV s-1. (c) Galvanostatic profiles (2nd cycle) and (d) long-term cycling of the
bare and HSE a-Si electrodes at a C/10 rate based on the theoretical capacity of a-Si.
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developed during delithiation.10 This can result in the loss of active material and the additional
formation of solid-electrolyte interphase (SEI) due to newly exposed electrode surface area. However,
amorphous Si films <50 nm have been shown to avoid fracture with good cycle life.11
CV of the 5 nm LASO|30 nm PV4D4 hybrid solid electrolyte (5|30 HSE) a-Si electrode is
shown in Figure 2.5b. The low currents (< 5 µA) observed on the first cycle are attributed to the fact
that the PV4D4 film of the as-deposited hybrid solid electrolyte is ionically insulating due to the lack
of ions in the polymer layer. Previous work has demonstrated that ions can be introduced into
polysiloxane and polysilazane films via soaking method.7,12,13 An alternative pathway for the lithiation
of the PV4D4 layers in hybrid solid electrolytes is through electrochemical cycling. This has been
demonstrated using thin films of ionically insulating Al2O3 that form moderately ionically conductive
lithium aluminum oxide (LiAlO2, ~6 x 10-8 S cm-1)14 with electrochemical cycling at low potentials
versus lithium.15 Similarly, lithium can be electrochemically incorporated into PV4D4 through
coordination with the siloxane rings that have been shown to be favorable binding sites for lithium.7
With repeated cycling using CV, increasing amounts of lithium are introduced into the hybrid solid
electrolyte. Swelling of polysiloxane and the diffusion of counterion into the hybrid solid electrolyte
from the liquid electrolyte allows the polymer to maintain charge neutrality. After sufficient
conditioning of the hybrid solid electrolyte, the underlying a-Si film is able to undergo redox and redox
peaks are observed at the same potentials as for the bare a-Si electrode. The above results indicate that
the electrochemical lithiation of the PV4D4 film in the hybrid solid electrolyte is a suitable method
for introducing ions into the material, thereby increasing its ionic conductivity and allowing for
electrochemical cycling of the underlying electrode.
Galvanostatic (GV) profiles of the bare and 5|30 HSE a-Si electrodes are shown in Figure
2.5c. In addition to conditioning the hybrid solid electrolyte using CV, lithium can be incorporated
under galvanostatic conditions using low currents. After conditioning the 5|30 HSE a-Si electrode at
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a C/20 rate for three cycles, the electrode is able to sustain cycling at a C/10 rate with minimal
overpotential due to its relatively low resistance. Figure 2.5d shows long-term cycling of the bare and
5|30 HSE a-Si electrodes. Bare a-Si exhibits a capacity of 2894 mAh g-1 for the first cycle. The capacity
and coulombic efficiency of the bare a-Si electrode stabilize after 10 cycles to ~2600 mAh g-1 and a
coulombic efficiency of 97%. The specific capacity observed is lower than the theoretical value for Si
(4200 mAh g-1) and this is attributed to the lower capacity of metastable Li15Si4 phase (3579 mAh g-1)
observed during electrochemical cycling at room temperature16,17 and the presence of a native oxide
on the thin films of a-Si that is consumed during the initial cycle.18,19 At C/10, the 5|30 HSE a-Si
electrode demonstrates a modest capacity of ~2540 mAh g-1. Repeated cycling shows a decrease in
capacity and coulombic efficiency and may be reflective of the decrease in peak currents from the 25th
to 50th cycle observed using CV. It is hypothesized that this is due to the mechanical exfoliation of aSi exacerbated by the presence of the hybrid solid electrolyte during cycling.
EIS was used to determine the ionic conductivity of the 5|30 HSE a-Si electrode after GV
conditioning (Figure 2.6a). Prior to conditioning, the hybrid solid electrolyte displays dielectric
behavior as observed by the near-vertical line in the Nyquist plot as expected for the ionically insulating
PV4D4 layer as-deposited. After conditioning at a C/20 rate for several cycles, a semicircle
characteristic of ionic transport is observed. This confirms that ions can be introduced into the hybrid
solid electrolyte through electrochemical cycling and supports the previous results observed through
CV and GV. The semi-circle is not attributed to the formation of an SEI because of the lower
resistance observed in EIS of the base a-Si electrode post-cycling (Figure 2.6b). The impedance
spectra were fit to the equivalent circuit shown in Figure 2.6a inset, which is a modified Randles
circuit with the series CPE used to fit the >45˚ diffusion-limited region at low frequencies. An ionic
conductivity of 8.9 x 10-9 S cm-1 was calculated from the ionic resistance. This value is in good
agreement with the ionic conductivities reported for both LASO and PV4D4 (10-7-10-9 S cm-1 and
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(a)

(b)

Figure 2.6. Electrochemical impedance spectra of (a) 5 nm LASO|30 nm PV4D4 HSE and (b) bare a-Si
electrodes pre-cycling, post-conditioning, and post-cycling.

10-8 S cm-1 for LASO20,21 and PV4D4,7,12 respectively) and indicates that the sequential use of ALD
and iCVD does not introduce a large interfacial resistance detrimental to electrochemical cycling.
A more mechanically robust hybrid solid electrolyte was explored prior to transitioning to 3D
microbattery electrodes. By increasing the thickness of the PV4D4 layer and utilizing the high critical
tensile strain offered by the polymer, the hybrid solid electrolyte should be better able to withstand
the expansion and contraction of electrodes during electrochemical cycling. This can also help prevent
the perforation of the electrolyte by either electrode during the device fabrication process. For the
thick hybrid solid electrolytes, a 400 nm thick PV4D4 layer was chosen based on calculations to limit
the leakage current to less than 5 µA cm-2 through the polymer (assuming an electronic conductivity
of 5 x 10-11 S cm-1 for PV4D412 and a potential of 4V).
5 nm LASO|400 nm PV4D4 was deposited onto a-Si electrodes. CV of the 5|400 HSE a-Si
electrode is shown in Figure 2.7a. As in the case of the 5|30 HSE a-Si electrode, the peak currents
of the 5|400 HSE a-Si electrode increase with repeated cycling. Unlike the 5|30 HSE a-Si electrode,
however, these currents are maintained and do not decrease with repeated cycling. This suggests that
42

(b)

(a)

Figure 2.7. (a) Cycling voltammograms of a 5 nm LASO|400 nm PV4D4 HSE a-Si electrode cycled using a
sweep rate of 0.1 mV s-1. (b) Electrochemical impedance spectra of the 5 nm LASO|400 nm PV4D4 HSE aSi electrode pre-cycling and post-conditioning. The equivalent circuit fittings for the impedance spectra are
depicted as solid lines.

the thicker hybrid solid electrolyte is more mechanically robust than its thin counterpart which is
confirmed via SEM by the absence of delamination of the a-Si film after cycling. While the initial ionic
resistance of the 5|400 hybrid solid electrolyte is too large to support conditioning at a C/20 rate, the
inclusion of potentiostatic holds with steps of 25 mV allows for the gradual lithiation of the 5|400
HSE a-Si electrode. Following delithiation of the 5|400 HSE a-Si electrode, EIS reveals an ionic
resistance of ~5400 Ω (resulting in an ionic conductivity of 9.2 x 10-9 S cm-1) that prohibits
galvanostatic cycling at an appreciable rate (Figure 2.7b). The improved mechanical integrity of the
5|400 hybrid solid electrolyte is nonetheless promising for 3D microbattery applications.
LASO|PV4D4 hybrid solid electrolytes deposited via ALD and iCVD for 3D microbatteries
were characterized using electrochemical impedance spectroscopy. Lithium is introduced into the
PV4D4 layer using cyclic voltammetry as observed with the increasing redox currents with repeated
cycling. Conditioning of the 5|30 HSE can also be achieved under galvanostatic conditions using low
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currents, resulting in an ionic conductivity of 9 x 10-9 S cm-1 measured using EIS. This is in good
agreement with previously reported values for LASO and PV4D4 and suggests that the combination
of materials does not result in a large interfacial penalty. However, exfoliation of the underlying a-Si
electrode was observed with repeated galvanostatic cycling, and a more mechanically robust hybrid
solid electrolytes in the form of 5 nm LASO|400 nm PV4D4 was explored for transitioning to 3D
microbattery electrodes. Lithiation of the hybrid solid electrolyte can be accomplished using the
previously described electrochemical methods and the 5|400 HSE demonstrates an ionic conductivity
of 9 x 10-9 S cm-1. The ample ionic conductivity and improved mechanical integrity afforded by the
5|400 hybrid solid electrolyte are promising for 3D microbattery applications.

2.2.3. Electronic Conductivities of Surface-Anchored Metal-Organic Frameworks
The electrochemical properties of SurMOF films were characterized for their potential use as
frameworks for pseudo-solid electrolytes. Electronic and proton conduction in these materials can
convolute the ionic conductivities of the pseudo-solid electrolyte after introduction to liquid
electrolyte, and EIS is used to characterize electrochemical phenomenon in the solid-state. The
deposition of 5 to 35 nm thick MOF-14 and MOF-399 films onto carboxylic-acid terminated SAMs
on Au substrates was performed by Professor Mary Anderson’s group at Hope College and Furman
University. The film thickness was controlled by the number of deposition cycles in the sequential,
alternating, solution-phase deposition of the inorganic and organic ligand precursors. The structure of
MOF-14 and MOF-399 are shown in Figure 2.8. EIS was carried out in a two-electrode set-up using
the underlying ITO substrate and a HMDE as electrical contacts to measure the through-resistance
of the polymer films. EIS measurements were performed using a 10 mV RMS AC potential with 0 V
bias from 100 kHz to 100 Hz.
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(b)

(a)

Figure 2.8. Chemical structure models of (a) pto MOF-14 and (b) tbo MOF-399 frameworks. The yellow spheres
illustrate space in the pore/cage, and Cu (blue), O (red), and C (black) are used to identify the Cu paddlewheel
and tritopic organic linker building blocks.22

Low electronic conductivities and large porosities are desirable qualities for MOF films for
pseudo-solid electrolytes in micro-scale electrochemical energy storage devices. Insulating frameworks
minimize leakage currents through the pseudo-solid electrolyte, resulting in minimal self-discharge of
devices. Meanwhile, a large free-volume maximizes the amount of liquid electrolyte accommodated in
the framework, resulting in large ionic conductivities. Toward the determination of electronic
transport properties and porosity in MOF-14 and MOF-399 films, electrochemical impedance
spectroscopy and redox probe characterization were utilized, respectively. To assess the viability of
using MOF-14 and MOF-399 films as pseudo-solid electrolytes, the electronic transport properties of
the materials were characterized using EIS. The Nyquist plot of the MOF-14 impedance shows semicircular behavior characteristic of transport phenomena (Figure 2.9a), while MOF-399 behaves like
an insulating dielectric material (Figure 2.9b). Impedance spectra of MOF-14 and MOF-399 were
consistent across multiple positions of the films sampled using the HMDE. Based

on

previous

reports investigating the electron transport of HKUST-1, MOF-14 is expected to be an electronic
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(a)

(b)

Figure 2.9. Electrochemical impedance spectra of (a) 10 nm MOF-14 and (b) 15 nm MOF-399 films. Samples
were annealed prior to measurement to remove any residual water or solvent. The spectra of the MOF-14 film
is fit to the equivalent circuit model shown in the inset.

insulator23,24 and modest proton conductor (on the order of 1 µS cm-1).23,25 Heat treatment of MOF
samples to remove residual water prior to electrochemical characterization is known to reduce the
likelihood of proton conduction in these films. The removal of water by heating the MOF-14 films
was confirmed by FTIR. However, the transport phenomena persisted in these samples, and it is
hypothesized that the measured impedance is electronic conduction in the MOF-14 films. The
magnitude of the measured resistances also excludes the possibility of electronic shorting of the
HMDE to the current collector through defects in the MOF films as this would result in low
resistances <1 Ω. The MOF-14 and MOF-399 films in this work are continuous conformal films
without grain boundaries and voids (unlike pressed pellets of MOF powder) and therefore have
detectable electronic conductivities within the limits of the instruments.
The impedance spectra from multiple EIS measurements were fit to the equivalent circuit
shown in Figure 2.9a-inset. The absence of a series resistance in the modified, simplified Randles
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circuit is due to the negligible resistance of the Au substrate at high frequencies. The average parallel
resistance was used to calculate an electronic conductivity of 2.9±2.8 x 10-8 S cm-1 for 10 nm MOF-14
film. To further validate this hypothesis of electronic conduction in MOF-14 films, samples were
exposed to dimethyl sulfoxide (DMSO) vapor under vacuum after heat treatment. DMSO has a strong
affinity for copper metal ions compared to water or ethanol26,27 and is expected to displace any residual
water that, while unlikely, may remain in the MOF after heating. It was found that the electronic
conductivity of MOF-14 after DMSO treatment does not change (2.9±2.9 x 10-8 S cm-1).
As in HKUST-1, the porosity of MOFs leads to highly localized orbitals and the absence of
charge delocalization.28 Thus, electronic conduction is likely to occur through electron hopping rather
than band transport. The incorporation of redox-active molecules into the porous structure can
enhance conduction through this mechanism by increasing the number of hopping sites.25 Electron
hopping through redox mediation has also been identified as the mechanism of conduction in MOFs
containing metalloporphyrins29 and in semi-conducting ceramics30–34 and glasses.35–37 The RC time
constant for electron hopping in MOF-14 from EIS is ~10-3 s and agrees well with values reported
for these materials (10-3-10-5 s).31,36
For MOF-14 and MOF-399, the Cu+/2+ metal sites are hypothesized to undergo redox in order
to enable electronic conduction in the samples, and XPS indicated the presence of both Cu+ and Cu2+
in MOF-399. The presence of Cu+ and Cu2+ is also expected in MOF-14 samples due to the use
identical synthesis methods. While the presence of electronic conductivity in MOF-14 is somewhat
unexpected, the dielectric behavior of MOF-399 is not. Unfortunately, accurate DC measurement of
the electronic conductivity of MOF-399 proved difficult due to the high resistance and low signal-tonoise ratio. However, the large pore sizes in MOF-399 equate to longer distances between hopping
sites and should result in a more tortuous pathway for electronic conduction.38 The different
topologies of MOF-14 and MOF-399 may also play a factor in the contrasting electrical behaviors of
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these materials as the high Cu+/2+ density due in the interwoven pto structure of MOF-14 may make
electron hopping more facile in the SurMOF films.
SurMOF films deposited via alternating, solution-phase deposition for pseudo-solid state
electrolytes applications were characterized using electrochemical impedance spectroscopy. The
impedance spectra of MOF-14 films demonstrate semi-circular behavior in the Nyquist plot indicative
of charge transport. MOF-14 is expected to be an electronic insulator and modest proton conductor
but the transport persists after treatment with DMSO, suggesting that it is electronic in nature. It is
hypothesized that electron hopping is enabled by the redox of Cu+/2+ sites that are identified using
XPS. While MOF-14 films are unsuitable for solid electrolyte applications due to presence electronic
conduction that would result in the self-discharge of devices, the potential for infiltrating redox-active
guest molecules such as 7,7,8,8-tetracyanoquinododimethane (TCNQ) to augment their conductivity
portends to their use in electronic devices.25 The Cu+/2+ sites responsible for electronic conduction in
MOF-14 are also present in MOF-399, but the longer hopping distances imparted by its larger organic
ligand and different framework topology give rise to dielectric behavior in the MOF-399 films. The
lack of electronic conductivity and large porosity of the MOF-399 films make it a promising
framework for pseudo-solid electrolyte applications.

2.2.4. Evolution of Charge-Transfer Resistances in oCVD PEDOT
oCVD PEDOT was evaluated as an electrode material for high-rate electrochemical energy
storage applications. Face-on and edge-on oriented PEDOT were synthesized by varying the substrate
temperature to understand the effect of the dominant crystallographic texture on the electrochemical
properties of the films. These different textures are shown in Figure 2.10. The deposition of 200±50
nm thick oCVD PEDOT films onto stainless steel substrates was performed by Professor Karen
Gleason’s group at MIT. The PEDOT films were electrochemically cycled and EIS before and after
48

(a)

(b)

Figure 2.10. Schematic of the (a) face-on and (b) edge-on crystallographic texture in PEDOT. π-π stacks are
parallel and perpendicular to the surface of the substrate in the face-on and edge-on orientations, respectively.

long-term cycling is used to evaluate the chemical stability of differently oriented PEDOT. EIS
measurements were performed using a 10 mV RMS AC potential with 0 V bias from 1 MHz to 100
Hz in a three-electrode cell with lithium counter and reference electrodes and 1 M LiPF6 EC:DMC
liquid electrolyte.
Raman spectroscopy of the oCVD PEDOT films was performed before and after long-term
cycling of the face-on and edge-on PEDOT electrodes. Films were cycled under galvanostatic
conditions for one charge-discharge cycle in order to exchange the Cl- in the as-deposited films for
PF6- and eliminate the influence of differences in dopant on the Raman spectra. In the dopant
exchanged films, the symmetric Ca-Cb stretch (Figure 2.11a) is located at approximately 1425 cm-1,
indicating an oxidatively doped structure. The similarity in peak location for face-on and edge-on
PEDOT suggests the doping level is approximately the same which is in good agreement with the
UV-Vis measurements. After long-term cycling, the symmetric Ca-Cb stretch in the face-on samples
blue shifts by approximately 9 cm-1 whereas the edge-on oCVD PEDOT film shifts by 3 cm-1 (Figure
2.11b). This indicates a greater degree of oxidation after long term cycling. The films were returned to
their open circuit voltage after cycling and thus the doping levels of the films should be relatively
unchanged after long term cycling. Therefore, the additional oxidation observed is from irreversible
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Figure 2.11. (a) Chemical structure of PEDOT with a and b carbons labelled. (b) Raman spectra of oCVD
PEDOT films on stainless steel substrates after 1 cycle (solid) and after 500 cycles (dashed) for (top, red) edgeon and (bottom, blue) face-on oCVD PEDOT.

oxidation due to polymer chain scission during multiple cycles. The larger shift observed in face-on
oCVD PEDOT indicates a greater degree of irreversible oxidation when compared to edge-on oCVD
PEDOT. It is hypothesized that the edge-on dominant crystallite orientation is more resilient to
irreversible oxidation due to its high electronic conductivity normal to the surface of the current
collector. During electrochemical cycling at high rates the potential drop across the edge-on oCVD
PEDOT film is minimized and doping occurs en masse. This is in contrast to face-on oCVD PEDOT
in which doping may be limited to material in direct contact with the current collector at high rates.
In order to accommodate the flux of PF6-, it is possible that the limited amount of PEDOT is doped
in excess of one PF6- anion per EDOT mer and the resulting irreversible oxidation is observed by
Raman spectroscopy for face-on oCVD PEDOT.
The scission of PEDOT chains through irreversible oxidation destroys the local lattice and
associated anion dopant sites. The impact of this structural change is evident using EIS of oCVD
PEDOT films before and after long-term cycling. Nyquist plots of face-on and edge-on oCVD
PEDOT impedance spectra show an increased charge-transfer-resistance (RCT, equivalent to the
50

diameter of the semi-circle in the high-frequency region) after long-term cycling (Figure 2.12a).39 The
values of RCT were obtained by fitting the impedance spectra to the equivalent circuit shown in Figure
2.12a inset, which is a Randles circuit composed of CPEs. The charge-transfer resistance of the edgeon orientation increases from 9.5 to 21.1 Ω cm2 while that of the face-on oCVD PEDOT increases
from 12.5 to 63.0 Ω cm2 after long-term cycling.This result suggests that edge-on is better suited for
use in a high-rate asymmetric device compared to face-on oCVD PEDOT as the charge-transfer
resistance is well-known to be a limiting factor in the power densities of devices.40 Interestingly, the
series resistances of both edge-on and face-on oCVD PEDOT remain constant after long-term cycling
(~8 Ω cm2) and indicate that the electronic conductivities of these thin-films are not significantly
affected by electrochemical cycling.
Long-term cycling results in the reduction of the specific capacities of the oCVD PEDOT
films (Figure 2.12b). This suggests that the extent of doping in the PEDOT films decreases with

Figure 2.12. (a) Electrochemical impedance spectra of (top) edge-on and (bottom) face-on oCVD PEDOT
before (solid) and after (dashed) long-term galvanostatic cycling. The equivalent circuit used for fitting is shown
in the inset and the charge-transfer-resistance is denoted as RCT. (b) Long-term galvanostatic cycling at a 1 mA
cm-2 current density of edge-on (red, solid line) and face-on (blue, dashed line) oCVD PEDOT. The stability
conferred by edge-on dominance is evident by both methods of comparison.
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subsequent cycling. The specific capacities are shown to stabilize after ~100 cycles to 71% and 75%
of the initial capacity for face-on and edge-on oCVD PEDOT, respectively. After 500 cycles, these
values decrease to 64% and 67%, respectively. Even though roughly the same percentage of initial
capacity is retained with both crystallographic textures, edge-on consistently maintains higher absolute
values of specific capacity for PF6- anion compared to face-on oCVD PEDOT. These electrochemical
results in combination with the degradation studies, highlight the importance of crystallographic
texture on the electrochemical properties of edge-on oCVD PEDOT and its suitability for use in an
electrochemical energy storage device.
Face-on and edge-on oriented PEDOT deposited via oCVD for high-rate 3D electrochemical
energy storage devices were characterized using electrochemical impedance spectroscopy. Raman
spectroscopy shows that there is a greater degree of irreversible oxidation of face-on PEDOT
compared to edge-on PEDOT after long-term cycling. This was corroborated by EIS that shows a
larger increase in the charge-transfer resistance for face-on PEDOT compared to edge-on PEDOT
after long-term cycling. It is hypothesized that the higher electronic conductivity of edge-on PEDOT
normal to the surface of the current collector facilitates the redox of EDOT mer throughout the film
en masse. The comparatively lower electronic conductivity of face-on PEDOT may lead to the doping
of particular EDOT mer in excess of one PF6-, resulting in greater irreversible oxidation. These
differences are reflected in the higher capacities maintained for edge-on compared to face-on PEDOT
over long-term cycling, which highlights the importance of the crystallographic texture on the
electrochemical properties of the conductive polymer and its suitability for use in 3D electrochemical
energy storage devices.
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2.2.5. Electrolyte Resistances in Porous Graphene/Niobia Electrodes
Porous graphene/niobia electrodes were evaluated as high mass loading electrodes enabled by
the use of a conductive 3D scaffold. The use of a porous, graphene scaffold (hereafter referred to as
holey graphene framework, HGF) can dramatically increase the loading of nanostructured active
material. The hydrothermal synthesis of the Nb2O5/HGF composite was carried by Professor
Xiangfeng Duan’s group at UCLA. The electrochemical performance of the composite electrodes is
correlated to the electrolyte pore resistance using electrochemical impedance spectroscopy. EIS
measurements were performed using a 10 mV RMS AC potential with 0 V bias from 1 MHz to 100
Hz in a 2025 coin cell with symmetric Nb2O5/HGF electrodes (Nb2O5 loading ~11 mg cm-2) and 1
M LiPF6 EC:DMC liquid electrolyte at 0% state-of-charge. The use of symmetric electrodes eliminates
the contribution from an electrode with different electrochemical impedance (e.g., lithium metal). The
impedance of the symmetric Nb2O5/HGF cell is equivalent to twice that of a Nb2O5/HGF electrode
as the two electrodes are in series.
The electrochemical impedance of an electrode can change drastically due to surface
roughness41 and porosity42, and these are often important factors to consider when characterizing
slurry-based electrodes used in practical electrochemical devices. Transmission line models can be
used to describe cylindrical pores of uniform diameter and semi-infinite length with uniformly
distributed resistances and capacitances per unit length and assuming that the electrode material has
no resistance (Figure 2.13).42–44 It can then be inferred that the resistance and the capacitance of the
pore is a function of the pore length. On applying a potentiostatic or galvanostatic impulse to the
surface of the electrode, the resulting current or potential will change until the electrode reaches
steady-state. With consideration of only non-Faradaic processes this is attributed to the formation of
the electric double-layer within the pores of the porous electrode.
The overall impedance for the porous electrode is derived in Equation 2.8 as43:
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Figure 2.13. (a) Equivalent circuit model for a faradaic process at a planar electrode. Transmission line models
for (b) non-faradaic and (c) faradaic processes in porous electrodes.44
T
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where Rion,L is the ionic resistance per unit pore length, Cdl,A is the electric double-layer capacitance per
unit surface area, and r is the pore radius. As ω→0 the limiting impedance values are given according
to Equation 2.9 and Equation 2.10:
O
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where Rion is the ionic resistance in the pores (hereafter referred to as the electrolyte pore resistance)
and Cdl is the total electric double-layer capacitance.
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The inclusion of a faradaic process (expressed as a charge-transfer resistance that is also a
function of the pore length) modifies the overall impedance of the porous electrode which is derived
in Equation 2.11 as:
T
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where Rct,A is the charge-transfer resistance per unit of electrochemically active surface area. The
adjusted limiting impedance values are given according to Equation 2.12 and Equation 2.13:
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Equation 2.12
Equation 2.13

where Rct is the total charge-transfer resistance.
The impedance of porous electrodes described by transmission line models results in distinct
features when represented in a Nyquist plot (Figure 2.14). The electrode and bulk electrolyte
resistances are initially observed at high frequencies before transitioning to a linear region with a 45˚
slope. At lower frequencies the electric double-layer capacitance dominates in non-faradaic case, while
the charge-transfer resistance dominates in the faradaic case. This charge-transfer resistance is shown
to be dependent on the state-of-charge and is further verified using computational modeling.45 The
projection of the linear region to the real axis allows for the determination of the electrolyte pore
resistance according to Equation 2.9.
Electrochemical impedance spectra of symmetric Nb2O5/HGF cells with different framework
porosities are shown in Figure 2.15a. HGF-t refers to the etching time in hours, t, of the graphene
oxide (GO) precursor with H2O2 that results in holey-graphene frameworks with different pore size
distributions after solvothermal synthesis. Generally, the prominent pore size (1.5 to 2.7 nm) and
surface area (63 to 83 m2 g-1) increase as a function of etching time (from 0 to 2 hours, respectively).
GF refers to a non-porous graphene framework resulting from the use of unetched GO.
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Figure 2.14. Representative electrochemical impedance spectra and transmission line models of porous
electrodes with (a) non-faradaic processes and (b,c) faradaic processes. The difference in the impedance spectra
is due to the change in the charge-transfer resistance as a function of the state-of-charge of the electrode.43

Figure 2.15. (a) Electrochemical impedance spectra of symmetric Nb2O5/HGF cells with different framework
porosities. (b) Electrolyte pore resistances of the different composite electrodes determined from the
electrochemical impedance spectra.
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The impedance spectra of the symmetric cells exhibit a linear region (<45˚) from 100 to 5 Hz
and quasi-vertical lines (<90˚) below 1 Hz. The deviation from what is predicted from the transmission
line model with respect to the phase angles of the impedance features is likely due to a distribution of
materials properties or time constants e.g., surface roughness, inhomogeneous reaction rates, varying
thickness/composition, or non-uniform current distributions that are best described using CPEs. The
projection of the linear region to the real axis allows for the determination of the electrolyte pore
resistance (Rion) and a decrease from 27.1 to 8.8 Ω cm2 is observed with increasing pore size in the
holey-graphene framework (Figure 2.15b).
Equivalent circuit fitting is used to determine the other relevant resistances in the symmetric
cell. Impedance spectra of the symmetric Nb2O5/HGF cells and their fittings are shown in more detail
in Figure 2.16a-d and the equivalent circuit used for fitting is shown in Figure 2.16e. In addition to
a series resistance (Rsol) to account for electrode and bulk electrolyte resistances, a Rhigh|CPE parallel
circuit is used to describe a semi-circle feature that is observed at frequencies >100 Hz. This is believed
to arise from an interfacial charge transfer resistance between graphene and niobia in the composite
electrode. A finite-length Warburg element with open-circuit terminus (Wo) for the TLM at 0% SOC
is also used to describe the unresolved impedance at low frequencies.43 The resistances determined by
transmission line model analysis and equivalent circuit fitting are tabulated in Table 2.1. It is observed
that Rsol and Rhigh do not vary significantly with electrode porosity and that the pore electrolyte
resistance is the dominant resistance in the symmetric cells. This suggests that the electrochemical
performance of Nb2O5/HGF electrodes can be improved by tailoring the pore size in the holeygraphene sheets that form the 3D framework as the in-plane pores function as ion transport shortcuts
and improve the access of ions to the Nb2O5 active material. GV of the Nb2O5/HGF composites
with active material loadings of 6 mg cm-2 was carried out to correlate the differences observed using
EIS with electrochemical performance of the electrodes. Smaller IR drops are observed for holey57

Figure 2.16. (a-d) Electrochemical impedance spectra of symmetric Nb2O5/HGF cells with different
framework porosities with equivalent circuit fitting. (e) Equivalent circuit used to describe the relevant
resistances in the symmetric cells.

graphene framework electrodes with increasing porosity at a 10C rate, indicating the increased porosity
reduces the effective (i.e., electronic and ionic) resistance of the electrodes (Figure 2.17a). This is
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Table 2.1. Resistances of symmetric Nb2O5/HGF cells with different framework porosities determined by
transmission line model analysis and equivalent circuit fitting

Figure 2.17. (a) Galvanostatic profiles of Nb2O5/HGF electrodes with different framework porosities at a 10C
rate. (b) Rate-dependence of the electrodes shows higher specific capacities across all C-rates for the
Nb2O5/HGF-2.0 electrode due to the greater porosity of the 3D framework. Active material loadings of 6 mg
cm-2 were used for all of the electrodes and galvanostatic cycling was performed from 1.1-3 V vs. Li/Li+.

reflected in the cycling of the electrodes across a range of C-rates as the Nb2O5/ HGF-2.0 electrode
consistently exhibits the highest capacity amongst electrodes with non-porous and porous frameworks
(Figure 2.17b). At a rate of 100C, the Nb2O5/HGF-2.0 electrode demonstrates a specific capacity of
75 mAh g-1, which is more than twice that of the Nb2O5/GF electrode (35 mAh g-1). The tailored
porosity of the holey-graphene framework is thus essential for supporting the high rate capability of
Nb2O5. This is even more apparent at mass loadings of 11 mg cm-2 where the Nb2O5/HGF-2.0
electrode demonstrates a specific capacity of 40 mAh g-1 while the Nb2O5/GF electrode demonstrates
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negligible capacity. It is worth reiterating that these specific capacities are demonstrated for active
material loadings of 1 to 11 mg cm-2 (the latter being relevant to practical device applications) whereas
most nanostructured electrodes are typically limited to 1 to 2 mg cm-2. The achievement of high areal
mass loading and capacity with high-rate capability enabled by the use of a conductive 3D scaffold
represents an essential step toward practical electrochemical energy storage devices.
Nb2O5/HGF electrodes as high mass loading electrodes enabled by the use of a 3D conductive
scaffold were characterized using electrochemical impedance spectroscopy. The use of a transmission
line model enables a more detailed analysis of the impedance of the electrodes including the
determination of the electrolyte pore resistance. It is observed that this resistance is a projection of
the linear region in the impedance spectra in the Nyquist plot before the onset of either electric doublelayer capacitance or charge-transfer resistance at low frequencies. A decrease in the electrolyte pore
resistance is observed with increasing etch time/pore size in the holey-graphene framework from 27
to 9 Ω cm2. Given otherwise equivalent cell resistances, the minimization of the electrolyte pore
resistance in Nb2O5/HGF is shown to be essential for maximizing the electrochemical performance
of the electrodes. Nb2O5/HGF-2.0 has the lowest electrolyte pore resistance and exhibits the highest
specific capacity amongst the composite electrodes with weight loadings from 1 to 11 mg cm-2 and at
currents from 1 to 100C. These results demonstrate the how the use of a porous, conductive 3D
scaffold enables high areal mass loadings of active materials and demonstrates an alternative pathway
for realizing 3D electrochemical energy storage devices.

2.3. Conclusion
Electrochemical impedance spectroscopy is a robust characterization technique for identifying
electrochemical phenomena. The fitting of impedance spectra to equivalent circuit models allows for
the deconvolution and interpretation of the data, and Randles circuits are commonly used to describe
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the change in the impedance of an electrode due to electrochemical reactions, formation of an electric
double-layer, and adsorption. In combination with knowledge of the electrochemical system including
the use of blocking or non-blocking electrodes and the performance of the measurement in liquid
electrolyte or in the solid-state, the Randles circuit is a useful starting point for analyzing impedance
spectra. For relatively simple systems such as polysiloxane and polysilazane films as solid electrolytes
for 3D microbatteries, the only electrochemical phenomenon is ionic conduction through the material.
This allows for the simplification of the Randles circuit and the determination of the ionic resistances
and conductivities of the films. The use of electrochemically active electrodes such as a-Si make the
impedance more complex with the addition of a diffusion-limited process at low frequencies and
requires the use of a Randles circuit to adequately fit the impedance spectra in order to determine the
ionic conductivity of the LASO|PV4D4 hybrid solid electrolyte. Electrochemical impedance
spectroscopy can also be used to understand other transport phenomenon including electronic
conduction SurMOF films for use as pseudo-solid electrolytes. The characterization of charge-transfer
resistances can also be used to identify electrochemical degradation, and this technique was particularly
suited to correlate the chemical changes in PEDOT brought on by long-term electrochemical cycling
to the electrochemical performance of the material.
The use of transmission line models as an alternative to equivalent circuit fitting allows for the
identification of electrode and cell properties that are not easily described using circuit elements. These
models have previously been used to describe porous electrodes with and without faradaic processes
and have allowed for the determination of electrolyte pore resistances, which is relevant for battery
electrodes that must minimize both electronic and ionic resistances for high-rate applications. The use
of the transmission line model was demonstrated with Nb2O5/HGF electrodes and it was shown that
the electrolyte pore resistance has a strong dependence on the etching parameters of the porous
graphene framework.
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Chapter 3. Characterization of Microdefects/Porosity Using Redox Probe Analysis
3.1. Introduction and Background
The characterization of defects, whether intrinsic to the material or the result of unoptimized
deposition conditions, is necessary for the development of thin films for micro-scale electrochemical
energy storage devices. Defects in electrodes (e.g., voids) reduce the areal mass loading and can result
in the electrical isolation and under-utilization of active material. In comparison, defects in solid
electrolytes can lead to more catastrophic outcomes by allowing the physical contact of electrodes that
results in an electrical short-circuit and the self-discharge of the device. Thin-film solid-state batteries
typically have solid electrolyte thicknesses on the order of 1 µm and are sufficiently thick so that
pinholes and other microdefects introduced during deposition are not problematic.1 However, solid
electrolytes for 3D microbatteries have thicknesses on the order of tens to hundreds of nanometers
to allow for the increased active material loadings and reduced ionic resistances and diffusion times
required to maximize the energy and power densities of the devices. This results in a much lower
tolerance for defects and requires the characterization of film morphologies to ensure that these thin
films are suitable for device applications.
The characterization of microdefects can be difficult given the inherent limitations of imaging
techniques. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) are often
limited to small sampling areas and do not distinguish whether defects are confined to the surface or
run through the entirety of the film thickness (i.e., through-thickness defects). While the former is
problematic in solid-state electrolytes as it can lead to an uneven flux of lithium and the underutilization of electrode materials,2,3 the latter poses the risk of electrical short-circuits and device failure.
The electrochemical characterization of microdefects using redox-active probe molecules
offers significant advantages over imaging techniques. Originally developed for the study of selfassembled monolayers,4,5 redox probe analysis can be used to characterize large areas of material (e.g.,
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1 cm2) and selectively identify through-thickness microdefects. A schematic of redox probe
characterization is shown in Figure 3.1. The redox probe molecules in electrolyte are driven by an
electric field to a film-covered electrode where microdefects and other exposed areas of the current
collector allow the molecules to pass through the film, undergo redox, and generate an electrochemical
current. A key requirement for redox probe characterization is that the thin film of interest must be
electronically insulating- the mediation of redox by an electronically conductive film will result in
erroneous redox currents and inaccurate analysis. Thin-film solid electrolytes are thus ideal candidates
for redox probe analysis in this regard.
Redox probe analysis of microdefects in thin films requires the initial characterization of the
redox system or systems. For simple electrochemical reactions such as the reduction or oxidation of
a redox couple in electrolyte at an electrode, the peak redox currents observed from cyclic voltammetry
are dependent on the sweep rate. Multiple measurements using a range of sweep rates allow for the
calculation of the diffusion coefficient according to the Randles-Sevcik equation (Equation 3.1):
Ž
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Figure 3.1. Schematic of the redox probe characterization of a film-covered electrode.5
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Equation 3.1

where ip is the peak redox current, n is the number of electrons transferred in the redox reaction, F is
the Faraday constant, A is the electrode area, C is the redox probe concentration, ν is the sweep rate,
D is the diffusion coefficient of the redox probe, R is the gas constant, and T is temperature. The
diffusion coefficient of the redox couple in electrolyte can be calculated from the slope of the peak
redox currents as a function of the square-root of the sweep rate. The size of the solvation shell for
the redox couple in electrolyte can be calculated using the diffusion coefficient according to the
Stokes-Einstein equation (Equation 3.2):
𝐷=
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Equation 3.2
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where kB is the Boltzmann constant, η is the viscosity of the solution, and r is the radius of the solvation
shell. Assuming that the microdefects act as independent disk-shaped microelectrodes, an estimated
pinhole size can be used to calculate a number density of pinholes using the peak redox current
according to Equation 3.3:5
o

–
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Equation 3.3

+

where r0 is the characteristic radius of the microdefects.
The radii of the redox probe solvation shells and microdefects are important parameters in
redox probe characterization. The characterization of microdefects operates on the principle of size
exclusion- redox probes larger than the characteristic size of the microdefects are physically prevented
from reaching the electrode and undergoing redox. While chemical selectivity in the form of partial or
even complete solubilization of the redox probe by the film is possible, it is thought to occur only
when the probes are roughly the same size as the microdefects.5 While r can be calculated using
electrochemical methods and the treatment described above, r0 must be determined independently.
One approach is the use of a library of redox probes with a range of solvation shell radii, in which a
discontinuity in the peak redox currents as a function of probe size can be used to estimate r0 and
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calculate the number density of microdefects.
Qualitative information about the size and distribution of microdefects can be also be obtained
from the shapes of the cyclic voltammograms from redox probe characterization. Figure 3.2a shows
a schematic of a film with increasing defect densities and the resulting cyclic voltammograms obtained
from redox probe characterization. Intuitively, the peak redox current increases with the defect density
of the film, but this is also accompanied by a change from a plateau in the redox current at low defect
(a)

(b)

Figure 3.2. (a) Schematic of a film with increasing defect densities and respective cyclic voltammograms from
redox probe characterization. (b) Schematic of the transition from convergent diffusion to a microelectrode at
low defect densities to planar diffusion to a macroelectrode at high defect densities.4,5
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densities to a redox peak at high defect densities. This reason for this transition is illustrated in Figure
3.2b. At low defect densities, microdefects can be described as independent microelectrodes where
the diffusion layer thickness is much greater than the characteristic size of the defects, resulting in a
sigmoidal shape in the redox current consistent with convergent diffusion. With increasing defect
densities, the diffusion layers of multiple electrodes begin to overlap and result in redox peaks
consistent with planar diffusion to a macroelectrode.
The following case studies illustrate the use of redox probes to characterize thin films of
material for three-dimensional electrochemical energy storage devices.

3.2. Case Studies
3.2.1. Microdefect-Free Nature of iCVD Solid Electrolytes
iCVD polymer films were evaluated for use as solid electrolytes in 3D microbatteries. The
characteristic size and number density of microdefects of as-deposited and lithiated polysiloxane films
were determined using redox probe characterization. The deposition and lithiation of 20 nm thick
polysiloxane films on ITO substrates was performed by Professor Karen Gleason’s group at MIT.
Cyclic voltammetry was carried out in a three-electrode cell with platinum counter and reference
electrodes using sweep rates from 200 to 700 mV s-1. Decamethyl ferrocene (dmFc) and
cobaltocenium hexafluorophosphate (CoCp2PF6) were used as the redox probes in 1 mM
concentrations with 100 mM tetrabutylammonium tetrafluoroborate (TBATFB) as the supporting salt
in propylene carbonate (PC) (hereafter referred to as 1 mM dmFc|100 mM TBATFB PC or 1 mM
CoCp2PF6|100 mM TBATFB PC, respectively).
Prior to microdefect characterization of the polysiloxane films, the dmFc and CoCp2PF6 redox
systems were characterized using cyclic voltammetry. Pt or Au microelectrodes are often used for the
measurement of diffusion coefficients due the minimization of uncompensated resistance and
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capacitive distortion compared to macroelectrodes.6–8 However, macroelectrodes offer larger signalto-noise ratios and better statistical data of microdefects. Cyclic voltammograms obtained with 2 cm2
bare Pt working electrodes for the dmFc and CoCp2PF6 redox systems are shown in Figure 3.3a and
3.3c. Diffusion coefficients were calculated to be 1.85 x 10-6 and 2.21 x 10-6 cm2 s-1 for the dmFc and
CoCp2PF6 redox systems, respectively, and these values are consistent with those reported in literature
for microelectrodes.9,10 This agreement suggests that the use of macroelectrodes in the three-electrode
cell does not affect the transport of the probe molecules nor the kinetics of redox compared to the
use of microelectrodes in more exacting electrochemical cells.

Figure 3.3. Cyclic voltammograms of 2 cm2 Pt and 1 cm2 ITO electrodes in (a, c) 1 mM dmFc|100 mM
TBATFB PC and (b, d) 1 mM CoCp2PF6|100 mM TBATFB PC at sweep rates of 200, 450, and 700 mV s-1.
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Cyclic voltammograms obtained with 1 cm2 bare ITO working electrodes for the dmFc and
CoCp2PF6 redox systems are shown in Figure 3.3b and 3.3d. Diffusion coefficients were calculated
to be 3.80 x 10-7 and 4.93 x 10-7 cm2 s-1 for the dmFc and CoCp2PF6 systems, respectively. These values
are lower than those obtained with the use of Pt electrodes by roughly one order of magnitude and
this is attributed to the difference in the charge-transfer coefficients between Pt and ITO. Similar
discrepancies in the diffusion coefficients measured using different electrodes have been observed in
other redox systems.11 Using the diffusion coefficients determined with bare ITO working electrodes,
the solvation shell radii of dmFc and CoCp2PF6 were determined to be 2.3 and 1.7 nm, respectively.
The heterogeneous rate constant, k0, of a redox system is another useful parameter for
microdefect characterization using redox probe analysis because it is a measure of the efficiency for
electron-transfer between the redox probe and the electrode. Therefore, redox probes with large k0
may be able to more efficiently exchange electrons resulting in higher redox currents for a given
number of defect sites than redox probes with smaller k0, particularly at high sweep rates.5 Rate
constants for the dmFc and CoCp2PF6 redox couples were determined using the Nicholson equation
(Equation 3.4):12
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where y is the voltage separation of the oxidation and reductions peaks observed from cyclic
voltammetry of the redox couples, and the other variables are consistent with previous equations. γ is
related to the diffusion coefficients according to Equation 3.5:
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Equation 3.5

where DO and DR are the diffusion coefficients determined from peak oxidation and reduction
currents. The heterogeneous rate constants for dmFc and CoCp2PF6 were calculated to be 2.21 x 10-4
and 2.66 x 10-4 cm s-1, respectively. This suggests that given access to an identical number of defect
73

sites with respective r0, the dmFc and CoCp2PF6 redox systems should generate nearly equivalent
redox currents.
Cyclic voltammetry using the dmFc and CoCp2PF6 redox systems was carried out on
unlithiated and lithiated 20 nm poly(1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) (PV4D4)
films shown in Figure 3.4. The lithiation of the PV4D4 films was performed via soaking in 1M LiClO4
PC followed by the removal of excess solvent. While the CoCp2PF6 redox system was expected to
demonstrate larger peak redox currents due to the smaller solvation shell of the redox molecule and
greater access to the ITO substrate through a set of microdefects, larger peak redox currents were
measured for the dmFc redox system. The difference in the peak redox currents cannot be explained
using the principle of size exclusion, and it has been argued elsewhere that if microdefects are assumed
to be in the same size regime as the probe molecules, selectivity may arise due to chemical
characteristics rather than physical size of the probe molecules.5 As such, the characteristic radius of
the microdefects, r0, can be reasonably estimated to be 2 nm.
(a)

(b)

Figure 3.4. Cyclic voltammograms of 20 nm as-deposited or “unlithiated” and lithiated PV4D4 films and bare
ITO electrodes in (a) 1 mM dmFc|100 mM TBATFB PC and (b) 1 mM CoCp2PF6|100 mM TBATFB PC at
a sweep rate of 700 mV s-1.
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The oxidation peak current densities for dmFc and CoCp2PF6 measured at sweep rates of 700
mV s-1 were used to calculate the number density of microdefects. At this sweep rate, the Faradaic
currents from the redox couples can be accurately decoupled from capacitive contributions.7 From
these peak current densities, the number density of microdefects with a radius of 2 nm were calculated.
These values are tabulated in Table 3.1 for ease of comparison. The number density of microdefects
in the PV4D4 films are less than that reported for organomercaptan-based self-assembled monolayers
(~10 microdefects µm-2),5 suggesting that these films are virtually defect free. The number density of
microdefects is also observed to decrease upon lithiation of the PV4D4 films. This effect is most likely
due to the closing of some microdefects in the expansion of the film with lithiation as demonstrated
by the slight increase in film thickness (an average increase in thickness of 1 nm as determined by
variable-angle spectroscopic ellipsometry).13
Microdefects in PV4D4 films deposited via iCVD were characterized using redox probe
analysis. Characterization of the dmFc and CoCp2PF6 redox systems through cyclic voltammetry
confirms that redox probe analysis is compatible with the use of macroelectrodes as the diffusion
coefficients for both systems are consistent with literature values determined using microelectrodes.
Solvation shell radii of 2.3 and 1.7 nm were calculated for dmFc and CoCp2PF6, respectively, and the
Table 3.1. Peak current density and number density of pinholes [microdefects] for unlithiated and lithiated
PV4D4 films on ITO electrodes in dmFc and CoCp2PF6 redox systems
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similar heterogeneous rate constants for both redox systems indicate similar transport and redox
kinetics with ITO electrodes. Characterization of 20 nm iCVD PV4D4 films using the dmFc and
CoCp2PF6 redox systems suggests that microdefects have a characteristic radius of 2 nm. Redox probe
analysis shows that the films are virtually defect free with ≤8 microdefects µm-2, and the low number
density of defects decreases further after the lithiation of PV4D4. These results thus indicate the
suitable morphology of iCVD PV4D4 films for use as solid electrolytes in 3D microbatteries.

3.2.2. Inherent Porosity of Surface-Anchored Metal-Organic Frameworks
SurMOF films were evaluated for their potential use as frameworks for pseud-solid
electrolytes. The intrinsic porosity of MOF-14 and MOF-399 films were demonstrated using redox
probe characterization. The deposition of 5 to 35 nm thick MOF-14 and MOF-399 films onto
carboxylic-acid terminated SAMs on Au substrates was performed by Professor Mary Anderson’s
group at Hope College and Furman University. The film thickness was controlled by the number of
deposition cycles in the sequential, alternating, solution-phase deposition of the inorganic and organic
ligand precursors. Cyclic voltammetry was carried out in a three-electrode cell EIS with platinum
counter and reference electrodes using sweep rates from 10 to 100 mV s-1 and 10 mM ferrocene (Fc)
with 100 mM TBATFB as the supporting salt in PC (hereafter referred to as 10 mM Fc|100 mM
TBATFB PC).
Electrochemical characterization of MOF-14 and MOF-399 samples in the Fc redox system
was used to demonstrate the intrinsic porosity of the SurMOF films due to the difficulty in
synthesizing large amounts of material for nitrogen sorption measurements. Operating on principle
of size-exclusion as in microdefect characterization using redox probe analysis, the presence of redox
currents in these measurements provides evidence that redox molecules are able to diffuse through
the porous MOF to the surface of the Au current collector and undergo redox. Similar studies have
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used ferrocene loaded via the vapor phase to demonstrate the porosity of MOFs using
electrochemical,14 electrical,15 or physical characterization techniques.16
Prior to the porosity characterization of MOF-14 and MOF-399 films, the Fc redox system
was characterized using cyclic voltammetry. Measurements were performed using a bare Au working
electrode and sweep rates from 1 to 50 mV s-1 (Figure 3.5). The voltage range from -0.4 to 0.8 V vs.
Pt was selected to be symmetric around the Fc redox peaks. Fc was chosen for this study to avoid the
exclusion of larger redox probes (e.g., dmFc and CoCp2PF6) by the framework. The calculated
diffusion coefficient of Fc of 1.6 x 10-6 cm2 s-1 agrees well with reported literature values17,18 and equates
to a solvation shell radius of of 0.6 nm.
Cyclic voltammetry of MOF-14 samples on Au substrates (Figure 3.6a) displayed an increase
in current on the anodic sweep starting at the oxidation potential of Fc (0.2 V vs. Pt as measured using
bare Au substrates). The sigmoidal voltammograms for MOF-14 samples are indicative of convergent
diffusion and are consistent with computational models for electrodes covered with an electroinactive
film of uniform porosity.19 This suggests that the redox of Fc occurs at small, widely spaced regions
of Au current collector consistent with an array of microelectrodes,5,20 and this condition is satisfied

Figure 3.5. Cyclic voltammograms of a bare Au substrate cycled in 10 mM Fc|100 mM TBATFB PC at sweep
rates of 1, 10, 20, and 50 mV s-1.
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by the templated nature and intrinsic porosity of the SurMOF, with MOF-14 having a pore radius (0.8
nm)21 slightly larger than the calculated solvation shell radius of Fc. The observation of sigmoidal
voltammograms also suggests that Fc redox facilitated by the electronic conduction in MOF-14 films
(~3 x 10-8 S cm-1) is negligible as this would lead to the presence of redox peaks. The use of a redox
probe thus offers qualitative evidence of porosity in MOF-14 films.
Cyclic voltammetry of MOF-399 samples on Au substrates (Figure 3.6b) displayed similar
behavior to MOF-14 samples as the onset of the increase in anodic current is consistent with the
oxidation potential of Fc. However, the voltammogram of the 8L MOF-399 sample is notably
different due to the presence of redox peaks. The shape of a voltammogram at a given sweep rate is
heavily dependent on the radius and length of the pores in the electroinactive film.19 The large pore
radius of MOF-399 (2.2 nm)22 relative to the thickness of the 8L MOF-399 sample (~17 nm) leads to
the observation of redox peaks indicative of planar diffusion to a macroelectrode. The increased pore
lengths (and thus diffusion layer thicknesses) in the thicker 12L and 16L MOF-399 samples (25 and
35 nm, respectively) leads to the observation of sigmoidal voltammograms indicative of convergent
diffusion as observed in the MOF-14 samples.
a) MOF-14

b) MOF-399

Figure 3.6. Cyclic voltammograms of 8L, 12L, and 16L (a) MOF-14 and (b) MOF-399 films in 10 mM Fc|100
mM TBATFB PC at a sweep rate of 10 mV s-1.

78

It is unlikely that macroscopic defects are responsible for the redox currents observed in the
MOF films. AFM measurements do not show the presence of macrodefects, such as pinhole defects
or cracks, and the MOF films do not show redox peaks at the formal potential of Fc (~0.2 V vs. Pt)
in electrochemical characterization. In the case of the MOF-399 8L sample, the presence of redox
peaks does not indicate the presence of macrodefects. The separation of the redox peaks for the MOF399 8L sample (~0.55 V) does not match the separation measured with the bare Au substrate (~0.2
V) as is expected for a bare current collector. The peak currents measured are also not proportional
to the square-root of the sweep rate (Figure 3.7)as predicted by the Randles-Sevcik equation
(Equation 3.1), indicating that the Fc redox observed is not due to planar diffusion to a
macroelectrodes in the form of macrodefects.20 The saturation of peak redox currents observed at
sweep rates of 50 and 100 mV s-1 may also indicate a transition from planar to convergent diffusion
as predicted from computational modeling.19 This indicates that the currents observed are the result
of redox reactions at microelectrodes that arise from the templated nature and intrinsic porosity of
the SurMOF films.

Figure 3.7. Cyclic voltammograms of an 8L MOF-399 film cycled in 10 mM Fc|100 mM TBATFB PC at
sweep rates of 10, 20, 50, and 100 mV s-1.
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The asymmetry observed in the voltammograms for MOF-14 and MOF-399 samples across
all thicknesses (including the large currents that are observed as the electrode approaches the upper
voltage limit of 0.8 V) is attributed to the fact that neutral molecules can more closely approach the
electrode surface than charged molecules. This allows for a stronger electronic overlap with the
electrode, resulting in larger oxidation currents on the forward sweep compared to smaller reduction
currents on the reverse sweep. Similar screening and asymmetry in Fc redox was observed in the
characterization of the HKUST-1 MOF using cyclic voltammetry.14 MOF-14 and MOF-399 samples
also show decreasing currents with increasing MOF thickness at the oxidation potential of Fc (Figure
3.8a and 3.8b) Peak currents of 8.5, 3.9, and 3.3 µA were measured for MOF-14 8L, 12L, and 16L
samples. Similarly, peak currents of 19.3, 8.9, and 6.4 µA were measured for MOF-399 8L, 12L, and
16L samples. These values are tabulated along with the film thicknesses in Table 3.2 for ease of
comparison. The decrease observed in the peak currents with increasing film thickness is consistent
with computational models that predict that the steady-state redox current is inversely proportional
to the pore length for a given pore radius.19
(a)

(b)

Figure 3.8. Comparison of oxidative currents for 8L, 12L, and 16L (a) MOF-14 and (b) MOF-399 films cycled
in 10 mM Fc|100 mM TBATFB PC measured using cyclic voltammetry at a sweep rate of 10 mV s-1.
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Table 3.2. Peak oxidative current densities of Fc as a function of MOF-14 and MOF-399 film thickness
measured using cyclic voltammetry at a sweep rate of 10 mV s-1
Layers

MOF-14

MOF-399

Thickness [nm] Current density [µA cm-2]

Thickness [nm] Current density [µA cm-2]

8L

9.4

8.5

16.5

19.3

12 L

15.7

3.9

24.8

8.9

16 L

20.9

3.3

34.5

6.4

The demonstrated porosity of the SurMOF films is promising for their potential application
as frameworks for pseudo-solid electrolytes. Characterization of the Fc redox systems using cyclic
voltammetry reveals a diffusion coefficient that is consistent with literature values and a solvation shell
radius of 0.6 nm, which is smaller than the pore radii of MOF-14 and MOF-399 (0.8 and 2.2 nm,
respectively). The larger redox currents observed for the MOF-399 samples indicates that transport is
more facile in the larger pores of the framework compared to in MOF-14 samples, and has the promise
of increased ionic conductivities and reduced activation energies for conduction compared to other
MOF-based pseudo-solid electrolytes. It is also hypothesized that the increased porosity of MOF-399
results in the elimination of electronic conduction in the thin films as previously discussed, which is
critical for pseudo-solid electrolyte applications. While MOF-14 films are unsuitable for
electrochemical energy storage applications due to presence of electronic conduction, the potential
for infiltrating redox-active guest molecules such as 7,7,8,8-tetracyanoquinododimethane (TCNQ) to
augment their conductivity portends to their potential use in electronic devices.23

3.3. Conclusion
The characterization of microdefects using redox probe analysis is a powerful technique for
ensuring suitable film morphologies required in electrochemical energy storage devices. The technique
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offers several advantages over imaging techniques including larger sampling areas (~1 cm2) and the
selective identification of through-thickness microdefects. dmFc and CoCp2PF6 redox systems were
used to characterize iCVD PV4D4 films for use as solid electrolytes in 3D microbatteries. Comparison
of the redox systems shows that the microdefects have a characteristic radius of 2 nm and that the
films are virtually defect free with ≤8 microdefects µm-2. The lithiation of these films results in an
increase in the film thickness and is thought to close some microdefects as evidenced by a decrease in
the number density of defects. Redox probe characterization using a Fc redox system was also applied
to demonstrate the intrinsic porosity of SurMOF films. The larger redox currents observed for the
MOF-399 samples indicates that transport is more facile in the larger pores of the framework
compared to in MOF-14 samples. This has the promise of increased ionic conductivities and reduced
activation energies for conduction compared to other MOF-based pseudo-solid electrolytes.
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Chapter 4. EDLC and Hybrid Device Fabrication for Basic Science Studies
4.1. Introduction and Background
The evaluation of active materials in full cells is required to properly evaluate their potential
for electrochemical energy storage applications. Half-cells are typically used for the initial
electrochemical characterization of an active material and use a lithium metal counter electrode that is
overloaded with respect to the capacity of the working electrode. The use of a lithium metal electrode
can artificially enhance reaction kinetics due to the excess of lithium ions and mask deficiencies such
as the continual formation of the solid-electrolyte interphase (SEI) that can deplete lithium from the
cell.1 With respect to the performance metrics of the device, the use of a lithium metal electrode also
has several disadvantages including reducing the energy and power density of the cell due to its large
mass relative to other cell components, low coulombic efficiency due to the continual formation of
the SEI at its interface, and the potential to form lithium metal dendrites that can short-circuit the
cell.2 Full cells that do not use an overloaded lithium metal electrode are thus better suited to evaluate
the use of an active material in an electrochemical energy storage device.
Transitioning active materials from half to full cells requires careful consideration in the design
of the cell. The selection of a counter electrode that is compatible with the chemistry of the working
electrode is the most important requirement for designing a full cell. For lithium-ion batteries, the
working and counter electrodes must be redox-active with lithium ions and one of the electrodes must
serve as the source of lithium ions (e.g., a lithium transition-metal oxide cathode). EDLC and hybrid
devices do not share these same requirements as different charge-storage mechanisms are utilized and
cations and anions are supplied from the liquid electrolyte. The latter is only possible due to the
comparatively lower capacities of EDLC electrodes compared to battery electrodes and that it can
lead to limitations in the energy and power densities of EDLCs and hybrid devices as a sufficient
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amount of liquid electrolyte can account for a large portion of the size and weight of the device and
the internal resistance of the device increases as ions are depleted during charging.3
Other considerations must be made when pairing active materials in order to maximize the
energy and power densities of the full cell. The selection of active materials with a large difference in
redox potentials increases the energy density of a battery as it is proportional to the nominal voltage.
The capacities of the electrodes in the full cell should also be matched to maximize the energy and
power densities of the full cell and can be done with consideration of the theoretical specific capacities
of the active materials. A more accurate determination of the capacity in a half-cell can also be used
to adjust for the loss of capacity due to the formation of the SEI, material degradation, and other
parasitic side reactions such as transition-metal dissolution. Finally, the rate capabilities of the active
materials should be roughly equivalent the sluggish kinetics of one electrode can limit full-cell
performance particularly in high-rate applications. It should be noted that the above design
considerations only apply to lithium-ion batteries and hybrid devices as EDLCs make use of
symmetric activated carbon (AC) electrodes that drastically simplify cell design.
An often overlooked aspect of full-cell design is the selection of the electrolyte. The
electrochemical stability of liquid electrolytes is usually determined by the oxidation or reduction of
the solvent. Aqueous electrolytes are limited by the electrolysis of water (the standard potential E0 =
1.23 V at 25 ˚C and pH 7) while non-aqueous electrolytes demonstrate a wide range of electrochemical
stability windows based on mixtures of cyclic and linear carbonates. Counter-intuitive to simply
selecting the maximum window afforded by these organic solvents, non-aqueous electrolytes are often
designed to decompose at certain potentials and form electronically insulating SEI products. For
example, ethylene carbonate (EC) is a common component of lithium-ion battery electrolytes as it has
been demonstrated to form a stable SEI on graphitic surfaces upon reduction ~0.5 V vs. Li/Li+.4 EC
is often mixed with dimethyl carbonate (DMC) to reduce the viscosity of the solvent and increase the
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ionic conductivity of the electrolyte upon the addition of a lithium salt. Similar rationale is used in the
selection of lithium salts and electrolyte additives. The anion of lithium salts (e.g., LiPF6) has been
shown to have a significant influence on the stability of the SEI as with the decomposition of PF6into LiF. Fluoroethylene carbonate (FEC) and vinylene carbonate (VC) also reduce and oxidize at
potentials before the onset of bulk electrolyte decomposition. The selective reduction of FEC at the
anode (0.75 V vs. Li/Li+; EC ~0.5 V vs. Li/Li+)5 and oxidation of VC at the cathode (~4.1 V vs.
Li/Li+; EC ~5.6 V vs. Li/Li+)6 aid the formation of thin, stable SEIs that allow the high rate
performance and long device lifetime. The oxidation and reduction potentials of common nonaqueous lithium-ion electrolytes are tabulated in Table 4.1. Additional considerations must be made
in selecting the appropriate electrolyte including the potential for side reactions such as catalysis of the
electrolyte7 or transition-metal dissolution.8 The simpler EDLC chemistries make electrolyte selection
easier but the high open-circuit voltage of carbon relative to Li and the potential for oxidative
composition is something to consider and has even led to the development of hybrid devices (Figure
4.1).9

Table 4.1. Experimental reduction and oxidation potentials of different lithium-ion liquid electrolytes on glassy
carbon electrodes10
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Figure 4.1. Potential diagram and schematic of an EDLC and a hybrid device composed of a Li4Ti5O12 and
AC electrodes. The use of a redox active material can increase the energy density of the device while avoiding
decomposition of the liquid electrolyte.9

The following case studies illustrate the fabrication of full cells to prototype novel materials,
validate computation models, and demonstrate unique applications for electrochemical energy storage
devices.

4.2. Case Studies
4.2.1. Electronically Conductive Materials for High-Rate Energy Storage Devices
High-rate electrochemical energy storage devices are of considerable research interest due to
the growing electric vehicle market and the increased demand for load-leveling of renewable energy
resources.11 Asymmetric energy storage devices, which are broadly defined as combinations of positive
and negative electrodes that utilize different charge-storage mechanisms, are an interesting direction
for high-rate energy storage.12,13 Such cells enable one to use the desired combination of positive and
negative electrode materials and thus improve overall device performance. Asymmetric devices which
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utilize pseudocapacitive materials are particularly promising as they store energy via Faradaic processes
and tend to exhibit fast ion diffusion which maintains the power densities needed for high-rate
applications.14
Poly(3,4-ethylenedioxythiophene) (PEDOT) is an attractive pseudocapacitive material due to
its electrochemical stability and its ability to dope/dedope (between neutral and p-type) from 2-4 V
vs. Li/Li+.15,16 However, the electrochemical properties of PEDOT heavily depend on its synthesis
method and a rational materials design is required for energy storage applications. Previous studies of
oCVD PEDOT have shown that the substrate stage temperature during growth affects the
crystallographic texture of the film and can significantly impact its thin-film properties.17 Two
dominant textures are observed in oCVD PEDOT films: “face-on” where the p-p stacks are parallel
to the substrate surface and “edge-on” where the p-p stacks are perpendicular to the substrate surface.
The electrochemical characterization of these materials reveals that the edge-on orientation
demonstrates higher specific capacities and rate capability as well as greater electrochemical stability
than its face-on counterpart.
After identification of the optimal crystal texture in edge-on PEDOT, the benefits of the
conformal deposition process are realized by coating oCVD PEDOT onto 3D nickel foam current
collectors. These oCVD PEDOT electrodes are paired with MoS2 electrodes to demonstrate a highpower asymmetric device prototype. Nanosized molybdenum disulfide (MoS2) is a pseudocapacitive
material that intercalates/deintercalates Li+ from 1 – 3 V vs. Li/Li+, making it a promising negative
electrode to pair with PEDOT.18 The use of active materials in an asymmetric device that
independently undergo redox reactions with cations or anions has previously been referred to as a
Daniell-type cell3 or dual-ion battery.19 The electronic conductivities of both MoS2 (>500 S cm-1 in the
semi-metallic 1T phase) and PEDOT (10 to >3000 S cm-1 depending on the synthesis route and
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dopant used) obviate the need for conductive additives and make these pseudocapacitive materials
particularly well-suited for high-rate applications.
The oCVD PEDOT|MoS2 asymmetric devices were fabricated to demonstrate the
electrochemical properties offered by edge-on oCVD PEDOT. oCVD PEDOT was deposited onto
porous Ni foam at 175 °C to yield edge-on films on 3D substrates and were paired with MoS2
electrodes fabricated using electrophoretic deposition (EPD). The deposition of OCVD PEDOT was
performed by Professor Karen Gleason’s group at MIT. MoS2 nanoparticles were synthesized through
the sulfurization of MoO2 nanoparticles described elsewhere18 and suspended in acetone in a 1 mg
mL-1 concentration. EPD onto Ni foam was performed using 50 V cm-1 electric field for 30 s with a
platinum counter electrode resulting in mass loadings ~60 µg cm-2. The mass loading of the MoS2
electrodes was chosen to match the capacity of oCVD PEDOT on Ni foam using the theoretical
specific capacity of MoS2 (167 mAh g-1). Electrodes were rinsed with acetone and dried in a 120 ˚C
vacuum oven for at least 2 h after deposition. The use of thin films (~200 nm of oCVD PEDOT;
~60 µg of MoS2) of active material make the use of typically electronically and ionically insulating
binder material (e.g., polyvinylidene fluoride) unnecessary and result in ancillary increases in the energy
and power densities of the device.
MoS2 electrodes were conditioned in three-electrode half-cells at a 2C rate (based on the
theoretical specific capacity of MoS2) from 0.8 to 3V vs. Li/Li+ for 10 cycles to ensure conversion of
the MoS2 from the semiconducting 2H to the semi-metallic 1T phase prior to characterization and
full-cell assembly. CV and GV of an MoS2 electrode in a three-electrode half-cell are shown in Figure
4.2. CV of the MoS2 electrode shows pseudocapacitive behavior as indicated by the increasing currents
observed with increasing sweep rate. GV shows high capacities at current densities up to 5 mA cm-2
due to the high density of defects in the MoS2 nanocrystals and semi-metallic conduction of the 1T
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phase.18 The native oxide on the Ni foam current collector likely contributes to the high capacities
observed.
(a)

(b)

Figure 4.2. (a) Cyclic voltammograms and (b) galvanostatic profiles of an EPD MoS2 electrode cycled in a
three-electrode cell with lithium metal counter and reference electrodes and 1 M LiClO4 EC:DMC electrolyte.
(a)

(b)

Figure 4.3. (a) Representative galvanostatic profiles of positive oCVD PEDOT (red) and negative EPD MoS2
electrodes (blue) used to determine the operating voltage of the full cell. The voltages are calculated with respect
to the MoS2 counter electrode. Due to the overcapacity of MoS2 electrode in the full cell, the upper voltage was
limited to 3 V. (b) Corresponding voltage ranges of charge and discharge in the full-cell device.

92

The oCVD PEDOT|MoS2 asymmetric devices were cycled from 3 to -1 V as determined
from three-electrode electrochemical cells (Figure 4.3). The use of a negative lower voltage limit is
due to the overlap of the electrochemically active potential ranges of the electrodes and the absence
of a reference electrode in transitioning from a three- to two-electrode cell.20 The reversal of polarity
in similar full cells has not been shown to be detrimental to device performance,21 and this voltage
range ensures full depth of charge-discharge of the oCVD PEDOT and MoS2 electrodes.
On charging of the oCVD PEDOT|MoS2 full cell to 3 V, oxidation of the PEDOT with
concomitant anion doping occurs while MoS2 is reduced as lithium is intercalated. On discharge, the
reverse processes occur. Cyclic voltammograms of an asymmetric device are shown in Figure 4.4a.
During charging, the oxidation peak at ~1 V is attributed to the formation of polarons in oCVD
PEDOT and the lithiation of MoS2. Bi-polarons are formed at higher potentials (~2.5 V) prior to the
complete charging of the device. During discharge, the reduction peak at ~0.8V is due to the
elimination of bi-polarons and the de-lithiation of MoS2. De-doping of the oCVD PEDOT and the
elimination of polarons occur at lower potentials (~-0.5 V) prior to the complete discharging of the
device. GV for the oCVD PEDOT|MoS2 asymmetric device yields a capacity of 120 mAh g-1
(normalized to the total active material loading of the full cell) at a current density of 0.1 mA cm-2
when (Figure 4.4b), indicating that there is good material utilization of both oCVD PEDOT and
MoS2 on the 3D substrate. Figure 4.4c shows the pseudo-linear charge-discharge profiles of the
oCVD PEDOT|MoS2 asymmetric device. The IR drop is negligible at current densities of 0.1 and 1
mA cm-2. At a current density of 10 mA cm-2 the resistance obtained from the IR drop is only ~40 Ω,
and complete charge-discharge occurs in less than 3 seconds. The above results are a clear indication
that the rational selection of organic and inorganic redox materials can lead to high-rate performance
in an asymmetric device.
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Device characteristics of the oCVD PEDOT|MoS2 full cell can be calculated using the peak
energy measured from discharge of the device from 3 to 0 V. The energy and power densities of the
device using current densities ranging from 0.1 to 10 mA cm-2 are shown in Figure 4.4d. The oCVD
PEDOT|MoS2 full cell demonstrates an energy density of 5 µWh cm-2 and a power density of 1 mW
cm-2 at a practical current density of 1 mA cm-2. While the benchmarking of gravimetric energy and

Figure 4.4. (a) Cyclic voltammograms at sweep rates of 10, 20, 50, and 100 mV s-1 and (b) galvanostatic profiles
at current densities of 0.1, 1, and 10 mA cm-2 of a PEDOT|MoS2 asymmetric device from 3 to -1 V. (c) Chargedischarge profiles of the device show minimal ohmic losses. (d) Ragone plot of the energy and power densities
of the asymmetric device.
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power densities for thin-film full-cells against more practical devices is often inappropriate,22 it can
provide a useful context in the discussion of the prospects of a full-cell chemistry.
The oCVD PEDOT|MoS2 asymmetric device is benchmarked against other PEDOT-based
devices23–26 in Figure 4.5 and compared to the previously reported oCVD PEDOT hybrid devices.
The asymmetric full cell reported here demonstrates comparable gravimetric power densities but lower
gravimetric energy densities (41 Wh kg-1 and 156 kW kg-1 at a current density of 10 mA cm-2) compared
to hybrid devices (~175Wh kg-1, ~250 kW kg-1) comprised of positive electrodes of oCVD PEDOT
and carbon-based negative electrodes of aligned graphene flakes or aligned CNTs.24,25 However, the
difference is mainly attributed to the slightly higher voltage (4 V) offered by electric double-layer
chemistries using ionic liquid-based liquid electrolyte and the difference in the surface areas of the

Figure 4.5. Gravimetric Ragone plot comparing the oCVD PEDOT|MoS2 asymmetric device with PEDOTbased devices. The pairing of PEDOT with MoS2 increases the maximum voltage of the full cell to 3 V and
results in a 1.4x increase in energy compared to devices with aqueous electrolytes (upper voltage limit 1.8 V).3
The power densities of the oCVD PEDOT|MoS2 device are also markedly higher than the comparison devices
that utilize PEDOT:PSS (~103 W kg-1).23–26
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current collectors used in the experiments (Ni foam ~3x10-3 m2 g-1 vs. aligned carbon nanotubes
~3100 m2 g-1).27 We estimate that a 200 nm thick edge-on PEDOT film deposited onto an aligned
carbon nanotube electrode combined with a capacity-matched MoS2 electrode utilizing the maximum
voltage offered by the full-cell chemistry (3.8 V if oCVD PEDOT is charged up to 4.6 V vs. Li/Li+)
can result in an energy density of 169 Wh kg-1 assuming a linear voltage profile. While the realization
of such a device is ultimately outside the scope of the current work, this significant value highlights
the promise of the oCVD PEDOT with tailored crystallographic texture for high-rate electrochemical
energy storage applications.
Edge-on oCVD PEDOT is combined with MoS2 in an asymmetric device for high-rate
applications. Edge-on PEDOT was deposited via oCVD and MoS2 was deposited via EPD onto 3D
Ni foam current collectors in order to increase the areal mass loading in a prototype device. The
theoretical specific capacity of MoS2 was used to calculate the mass loading required to match the
capacity of the PEDOT electrode. The intrinsic electronic conductivity of both active materials and
the fabrication of electrodes without the use of electronically insulating binder contribute to a device
that is well-suited for high-rate applications. The oCVD PEDOT|MoS2 asymmetric device shows a
negligible IR drop at current densities of 0.1 and 1 mA cm-2, and an internal resistance of only ~40 Ω
at 10 mA cm-2. The full cell demonstrates an areal energy density of 5 µWh cm-2 and an areal power
density of 1 mW cm-2 at a practical current density of 1 mA cm-2. The rational design of an asymmetric
device using pseudocapacitive materials thus demonstrates an interesting direction for high-rate
electrochemical energy storage.
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4.2.2. Experimental Validation of Computational Modeling of EDLC Device Properties
The ubiquity of electrochemical energy storage belies the fact that some aspects of device
physics are not particularly well-understood. Empirical observation is often used in the inductive
reasoning of complex electrochemical phenomena such as electrochemical impedance and heat
generation in devices but does not provide a physical basis in doing so. Computational modeling can
describe electrochemical phenomena in energy storage devices using physical models and device
properties and allow for a more rigorous interpretation of data. However, assumptions must be made
in order to make these models mathematically tractable and the combination of modeling with
experimental validation is a promising endeavor to bolster the understanding of and make impactful
conclusions about electrochemical phenomena.
Electric double-layer capacitors were fabricated to experimentally validate computational
modeling of the electrochemical impedance and heat generation in EDLCs. While these studies were
performed using traditional slurry-based planar devices, they have important implications for both
micro-scale and 3D electrochemical energy storage devices. The development of the models and data
analysis of the characterization of the devices were performed by Professor Laurent Pilon’s group at
UCLA. EDLC electrodes were fabricated from a prepared slurry and devices were constructed using
a variety of nonaqueous and aqueous electrolytes (vide infra). The devices were characterized using
electrochemical impedance spectroscopy, cyclic voltammetry, and galvanostatic cycling in a twoelectrode configuration.
Activated carbon (AC) electrodes were fabricated using YP-50F (Kuraray Chemical) with a
surface area of 1600 m2 g-1 and a pore size <2 nm.28 Activated carbon slurries were prepared by ballmilling YP-50F, TX-100 (DOW), carboxymethyl cellulose (CMC, DOW), and styrene butadiene
rubber (SBR, MTI) in DI water with zirconia milling media. TX-100 surfactant is used to improve the
dispersion of YP-50F in water, CMC is used to increase the viscosity and stability of the slurry, and
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SBR is used as binder. The slurry was drop-cast onto 1×1 cm2 316 stainless steel current collectors
treated with oxygen plasma to increase the hydrophilicity of the substrates and ensure even spreading
of the slurry. Active material loadings of 2 mg cm-2 and thicknesses of 50 ± 5 µm were measured for
the AC electrodes. The electrodes were dried under vacuum at 120 ˚C for 24 h before being transferred
into an Ar-filled glovebox for assembly.
The EDLC devices were composed of two identical AC electrodes and a 350 µm-thick glass
fiber separator (GF85 filter, Advantec MFS Inc.). Three different liquid electrolytes were used to
evaluate the changes in the impedance and heat generation in the EDLC devices: (i) 1 M lithium
hexafluorophosphate (LiPF6) ethylene carbonate:dimethyl carbonate (EC:DMC, 1:1 by volume), (ii) 1
M citric acid DI water, and (iii) 1 M tetrabutylammonium tetrafluoroborate (TBATFB) or
tetraethylammonium tetrafluoroborate (TEATFB) acetonitrile (ACN) corresponding to Device 1, 2,
and 3, respectively. 1 M LiPF6 EC:DMC is a traditional lithium-ion electrolyte, while 1 M TBATFB
ACN and 1M TEATFB ACN are traditional EDLC electrolytes. Citric acid is an unconventional
choice as an aqueous electrolyte as it does not fully dissociate as a weak acid but was chosen because
it does not corrode the stainless steel current collectors unlike strong acids. The maximum operating
potential for Devices 1 and 3 was 1 V while that for Device 2 was 0.8 V due to the electrolysis of
water at higher voltages.
Device testing for EIS and heat generation studies was performed in an isothermal calorimeter
as shown in Figure 4.6 and described in more detail elsewhere.29 In brief, two heat flux sensors
embedded in separate polytetrafluoroethylene (PTFE) housings are packaged in a PTFE cylindrical
housing using chemically resistant O-ring gaskets and vacuum grease. The sensors are in thermal
contact with copper rods to conduct heat generated by the electrodes to cold plates maintained at a
constant temperature of 20 ˚C. Each EDLC device was assembled and sealed in the calorimeter inside
an Ar-filled glove box to avoid exposure to ambient atmosphere and moisture.
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Figure 4.6. (a) Exploded and (b) enlarged view of the test area, (c) photograph of a 1×1 cm2 activated carbon
electrode supported by a 316 stainless steel current collector, and (d) cross-section view of a heat flux sensor
plate with corresponding dimensions (all dimensions in mm).

4.2.2.1. Electrochemical Impedance Modeling of EDLC Devices
Electric double-layer capacitor electrodes and devices typically demonstrate impedance spectra
as shown in Figure 4.7. The Nyquist plot depicts a semi-circle at high frequencies (between points A
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and B), a nonvertical line at intermediate frequencies between points B and C, and a nearly vertical
line at low frequencies beyond point C. Multiple and often contradictory interpretations of these
features have been proposed in literature e.g., RAB has been on separate occasions referred to as the
bulk electrolyte resistance, the electrolyte resistance in the pores of the electrode, the contact resistance
between the electrode and the current collector, and combinations thereof.30 Equivalent circuits have
also been used to interpret Nyquist plots but are inherently limited in that they neglect ion diffusion
and nonuniform ion concentrations and that multiple different equivalent circuits can be used to
produce similarly acceptable fittings.
Impedance spectra of EDLC electrodes in a three-electrode cell and two-electrode device were
numerically reproduced using different electrode and cell/device parameters including electrode
conductivity and thickness, electrolyte domain thickness, ion diameter and diffusion coefficient, and
electrolyte concentration. Simulations were based on the modified Poisson-Nernst-Planck model for
binary, symmetric electrolytes for EDLC electrodes and devices. The following assumptions were
made to make the problem mathematically tractable: (i) the electrolyte is binary and symmetric, (ii)the
Stern layer contains no free charge, (iii)transport properties of the electrode and electrolyte are
constant, (iv) bulk motion of the electrolyte is negligible, (v) no redox occurs at the surface or within
the electrode, (vi) heat generation is ignored and the electrode and electrolyte temperature are
constant, (vii) current collector and contact resistances are negligible, and (viii) self-discharge of the
electrode or device is ignored. EIS simulations imposed a DC potential of 0.3 V and an AC potential
of 5 mV from 5 MHz to 0.1 Hz at the current collector|electrode interface or across the cell.
Galvanostatic cycling simulations imposed a current density ranging from 10-3 to 1 mA cm-2 from 0
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Figure 4.7. Representative impedance spectra of an EDLC electrode or device.

to 1 V. These simulations were experimentally validated using the EDLC devices. These findings have
important implications for the characterization of micro-scale and 3D electrochemical energy storage
devices where the characterization of cell properties is essential for their research and development.
Simulated Nyquist plots for an EDLC electrode and an EDLC device consisting of two EDLC
electrodes are shown in Figure 4.8a and Figure 4.8b. The electrolyte domain thickness of the EDLC
device was twice that of the EDLC electrode while all other electrode and electrolyte properties were
identical. In both cases, RA = Re and RAB = R∞, where Re and R∞ are the electrode and bulk electrolyte
resistances used in the model, respectively. The lack of a nonvertical line predicted at intermediate
frequencies is attributed to the thin diffuse layer compared to the thick electrolyte domain due to the
high concentration of the electrolyte (1 mol L-1) considered in these simulations. Comparison of the
simulated Nyquist plots shows the same general behavior in the impedance spectra, and the complex
impedance of the device is equal to twice that of the individual electrode across the range of
frequencies considered- the electrode and bulk electrolyte resistances Rec and R∞c of the device (where
the superscript ‘c’ refers to the two-electrode cell or device) correspond to twice that of Re and R∞,
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Figure 4.8. Simulated Nyquist plots of (a) an EDLC electrode and (b) an EDLC device consisting of two
identical EDLC electrodes. (c) Simulated galvanostatic profiles using different current densities and the (d)
corresponding internal resistance RGC obtained from the IR drop. RAc, RBc, and RCc were determined from (b).

respectively.
The simulated galvanostatic profiles of the EDLC device for a range of charge/discharge
current densities are shown in Figure 4.8c. The internal resistance, RGC, can be visually estimated
from the IR drop in galvanostatic cycling and is shown to be in good agreement with the resistance
RBc = Rec + R∞c obtained from the simulated Nyquist plot (Figure 4.8d). This indicates that the
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interpretation of the impedance spectra to determine properties of a single electrode can be extended
to the analysis of symmetric devices. This interpretation should also be valid in the analysis of devices
that utilize asymmetric electrodes or electrolytes in which case the resistances RA, RAB, and RBC
correspond to the sum of (i) the resistances of the positive and negative electrodes, (ii) the bulk
electrolyte resistance, and (iii) the sum of the resistance of the two different diffuse layers near the
positive and negative electrodes, respectively.
Experimental Nyquist plots of Device 1, 2, and 3 are shown in Figure 4.9a. The electrode
resistance, Reexp, and the bulk electrolyte, R∞exp, resistance are determined from the impedance spectra
using the previously outlined interpretation (where the superscript ‘exp’ refers to values obtained
experimentally from the EDLC devices). The internal resistance, RGCexp, determined from the IR drop
from galvanostatic cycling as well as RAexp, RBexp, RCexp, and the other resistances are tabulated in Table
4.2. The electrode resistance, Reexp, was small and did not vary significantly across the different devices,
which is consistent with the use of identical AC electrodes. This is also reflected in the similar
equilibrium differential capacitances, Cdiff,eq,EIS, obtained from EIS of the different devices. Interestingly,
the bulk electrolyte resistance R∞exp was larger than Reexp and dominated the internal resistance of each
device. R∞exp of Device 2 was also much larger than that of Device 1 and 3 and this is attributed to the
fact that the citric acid electrolyte demonstrates a low ionic conductivity.
The internal resistances, RGC, are visually estimated from the IR drops from galvanostatic
cycling and compared to RAexp, RBexp, and RCexp determined from the impedance spectra for the different
devices in Figure 4.9b-d. These results are consistent with the numerically reproduced galvanostatic
profiles and impedance spectra discussed previously. RGC is shown to be nearly independent of the
charge/discharge current for Device 1 and 3 and found to be in good agreement with RBexp = Reexp +
R∞exp. The slight observed trend in RGC with the charge/discharge current in Device 2 may arise from
the low ionic conductivity of the citric acid electrolyte that is unable to support galvanostatic cycling
103

Figure 4.9. (a) Electrochemical impedance spectra of the three different EDLC devices. (b−d) Internal
resistance RGCexp determined from the IR drop in the galvanostatic profiles as a function of current IGC and
RAexp, RBexp, and RCexp obtained from EIS for (b) Device 1, (c) Device 2, and (d) Device 3.
Table 4.2. Electrode materials and electrolyte species, operating conditions, resistance, and capacitance values
of devices in experiments
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at higher currents. However, the magnitude of the resistance determined from from the IR drop is
still in rough agreement with RBexp.
Physical interpretations of features in the Nyquist plots of impedance spectra of EDLC
electrodes and devices are made through the combination of computational modeling and
experimental validation. Nyquist plots of individual EDLC electrodes and devices were numerically
reproduced using a modified Poisson−Nernst−Planck model. Comparison of the simulation
parameters and the impedance features reveals that the electrode resistance, bulk electrolyte resistance,
diffuse layer resistance, and equilibrium differential capacitance can be determined directly from the
impedance spectra without the use of equivalent circuits. In addition, the internal resistance retrieved
from the sum of electrode and bulk electrolyte resistances in EIS simulations is in good agreement
with the internal resistance retrieved from the IR drop observed from galvanostatic cycling. These
interpretations were experimentally validated using three different EDLC devices with electrodes
made of activated carbon and various electrolytes and can be extended to the characterization of
asymmetric electrodes or electrolytes as well as micro-scale and 3D electrochemical energy storage
devices.

4.2.2.2. Heat Generation Modeling of EDLC Devices
EDLCs are often cycled at high current densities that results in significant amounts of heat
generation. This can lead to a dramatic increase in the temperature of the device during normal
operation resulting in (i) accelerated cell aging, (ii) increased self-discharge, and (iii) electrolyte
decomposition. In order to develop thermal management strategies, the underlying physics of
irreversible and reversible heat generation must be understood. Irreversible heat generation has been
shown to correspond to Joule heating and is proportional to the square of the current. Reversible heat
generation is attributed to ion diffusion, steric effects, entropic effects, and possible redox reactions
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and is proportional to the current. Recent models have predicted reversible heat generation to be
exothermic during charging and endothermic during discharging, corresponding to the formation and
dissolution of the electric double layer that lowers and increases the entropy of ions in the electrolyte,
respectively. However, the experimental validation of these models has not been definitive and a
systematic approach to these measurements may yield interesting results.
Accelerated rate and isothermal calorimeters have been used to investigate heat generation in
electrochemical energy storage devices. Isothermal calorimeters are better suited for extended testing
as the use of a large isothermal heat sink avoids the excessive rise in cell temperature that can result in
damage to cell components. While experimental measurements have observed average temperature
rises due to Joule heating and temperature oscillations due to reversible heat generation, many studies
have been performed on devices. The development of an isothermal calorimeter that can accurately
measure the instantaneous heat generation in each electrode independently would be useful in
validating thermal models that predict identical heat generation rates at the positive and negative
electrodes in symmetric electrolytes and different heat generation rates in asymmetric electrolytes.
With micro-scale and 3D electrochemical energy storage devices in mind, these findings can have
important implications as thermal management strategies can be limited given the size and design
constraints in these applications.
Assuming that the EDLC electrodes are thermally insulated and that thermal inertia is
negligible, the instantaneous heat generation rate, 𝑄̇o (𝑡), is defined in Equation 4.1 as:
𝑄̇o (𝑡) = 𝑞oOO 𝐴o

Equation 4.1

where qi’’ is the heat flux at the ‘i’ electrode, Ai is the area of the ‘i’ electrode, and i refers to the positive
or negative electrode. The time-averaged heat generation rate, 𝑄̇o , can be estimated by integrating the
instantaneous heat generation rate over one period according to Equation 4.2:
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Equation 4.2

where tcd is the time of charge or discharge and n is the cycle number. The instantaneous reversible
heat generation rate, 𝑄̇h¥›,o (𝑡), can be obtained by subtracting the time-averaged heat generation rate
from the instantaneous heat generation rate according to Equation 4.3:
𝑄̇h¥›,o (𝑡) = 𝑄̇o (𝑡) − 𝑄̇o

Equation 4.3

In order to compare the reversible heat generation rates at different electrodes, the instantaneous
reversible heat generation rate is averaged over half a galvanostatic cycle (where the charging halfcycle is chosen for consistency) according to Equation 4.4:
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where tc is the charging time. The instantaneous and time-averaged heat generation rates for the cell
are denoted by the subscript ‘T’ and is the sum of the respective heat generation rates at the positive
and negative electrodes.
Cyclic voltammetry (CV) was used to characterize the three EDLC devices. Cyclic
voltammograms for the three different devices using sweep rates ranging from 1 to 20 mV s-1 are
shown in Figure 4.10a-c. The rectangular voltammograms of Devices 1 and 3 are characteristic of
capacitive charge storage. The deviation from this voltammetric response in Device 2 particularly at
high sweep rates is attributed to resistive losses arising from the low conductivity of the citric acid
electrolyte. The specific capacitances of the devices can be determined by integrating the CV curve at
a given sweep rate and normalizing by the total active material loading. The specific capacitances of
the three EDLC devices as a function of sweep rate are shown in Figure 4.10d. As expected, the
specific capacitance for each device decreases with increasing sweep rate with the greatest decline
observed in Device 2.
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Figure 4.10. Cyclic voltammograms for (a) Device 1, (b) Device 2, and (c) Device 3 using sweep rates from 1
to 20 mV s-1. (d) Specific capacitances of the EDLC devices as functions of sweep rate.

The internal resistance of an EDLC is an essential parameter to evaluate the power dissipation
in the device. The IR drop observed from galvanostatic cycling was used to determine the internal
resistance, Rs. The galvanostatic profiles of the different devices for charge-discharge currents ranging
from 2 to 6 mA are shown in Figure 4.11a-c. Rs as a function of the charge-discharge current for
Devices 1 to 3 is plotted in Figure 4.11d. In all cases, the internal resistance is nearly independent of
the charge-discharge current. Devices 1 and 3 demonstrate similar internal resistances while Device 2
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displays a resistance twice as large, which is also attributed to the low ionic conductivity of the citric
acid electrolyte.
The temporal evolution of the heat generation at the positive electrode, at the negative
electrode, and in the entire cell was measured using charge-discharge currents from 2 to 6 mA. The
instantaneous heat generation, 𝑄̇o (𝑡), is shown to be repeatable and the magnitude and shape of the

Figure 4.11. Galvanostatic profiles of (a) Device 1, (b) Device 2, and (c) Device 3 for charge-discharge currents
ranging from 2 to 6 mA. (d) Internal resistances, Rs, determined from IR drop, as functions of charge-discharge
current for all three devices.
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curves differ significantly amongst three devices.
The time-averaged heat generation rates, 𝑄̇o , corresponding to the irreversible heat generation
rates at the positive and negative electrodes were found to be proportional to the square of the chargedischarge current. Coefficients of proportionality were found to be equal to the resistance of the
respective electrodes and only minor differences were observed between the electrodes of different
devices. The total time-averaged irreversible heat generation rate, 𝑄̇ Œ , was also in excellent agreement
with predictions for the heat generation due to Joule heating where the coefficient of proportionality
was equal to the internal resistance, Rs. The larger internal resistance of Device 2 is further reflected
in a larger time-averaged heat generation rate compared to Devices 1 and 3.
The instantaneous reversible heat generation rates were obtained by subtracting the timeaveraged heat generation rate from the instantaneous heat generation rate. The instantaneous
reversible heat generations for Devices 1, 2, and 3 as well as their respective electrodes as functions
of dimensionless time are shown in Figure 4.12a-c. The 10th and 15th galvanostatic cycle at a chargedischarge current of 6 mA are plotted to show that the reversible heat generation was reproducible
cycle to cycle for all the devices. The total reversible heat generation rate for the entire cell is shown
to be mostly exothermic during charging and mostly endothermic during discharging, which is
consistent with previous measurements of reversible heat generation in EDLC devices. However, it is
interesting to note that the magnitude of reversible heat generation rate at the positive electrode is
systematically larger than at the negative electrode, despite the use of otherwise identical electrodes.
The exothermic reversible heat generation rate during charging and endothermic reversible heat
generation during discharging at the positive electrode is consistent with previous modeling and
measurements.31–34 However, exothermic and endothermic reversible heat generation is observed at
the negative electrode for both charging and discharging half-cycles. This mixed behavior was
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Figure 4.12. Reversible heat generation rates (a) in the entire cell, (b) at the positive electrode, and (c) at the
negative electrode as functions of the dimensionless time t/tcd for Devices 1, 2, and 3 for the 10th and 15th
galvanostatic cycles using a charge-discharge current of 6 mA. Time-averaged reversible heat generation rates
during charging (d) in the entire cell, (e) at the positive electrode, and (f) at the negative electrode as functions
of charge-discharge current for these devices.
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observed at the negative electrode after the polarization of the devices was reversed (i.e. electrode A
that was originally the positive electrode now run as the negative electrode and vice versa for electrode
B), indicating that there is a fundamental difference in the heat generation of the negative electrode
vs. the positive electrode. The reason for this mixed heat generation at the negative electrode was later
identified as an overscreening effect due to the presence of the CMC binder (vide infra).
The time-averaged reversible heat generation rates during charging for Devices 1, 2, and 3 as
well as their respective electrodes as functions of the charge-discharge current are shown in Figure
4.12d-f. The time-averaged reversible heat generation rates for the entire cell and at the positive
electrode were proportional to the charge-discharge current for all devices. This has been previously
observed experimentally32 and has been predicted numerically.33 The time-averaged reversible heat
generation at the negative electrode was nearly constant and systematically lower than at the positive
electrode, approaching zero for Devices 1 and 2. This is attributed to the mixed exothermic and
endothermic reversible heat generation during charging and discharging as previously discussed. These
results verify previous measurements of heat generation in EDLC and validate thermal modeling but
show that reversible heat generation cannot be assumed to be identical at the positive and negative
electrodes of EDLC devices.
The mixed exothermic and endothermic heat generation of the negative electrode during
charging and discharging half-cycles was systematically investigated by evaluating the effect of each
constituent material in the electrode on the heat generation. Five additional EDLC devices were
fabricated using the previously described procedure and the electrode compositions in the different
devices are summarized in Table 4.3. The total loading of the AC electrodes was 2.5 mg cm-2 across
the different compositions. Compared to previous experiments, 1 M LiPF6 EC:DMC was used as the
liquid electrolyte for all five devices due its superior performance and stability compared to the other
electrolytes previously evaluated (including 1 M citric acid in DI water and 1 M TBATFB in ACN).
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Table 4.3. Electrodes compositions for the five additional carbon-based EDLC devices studied

The five EDLC devices were characterized using cyclic voltammetry and galvanostatic cycling.
Analysis of the cyclic voltammograms and galvanostatic profiles were used to determine properties of
the devices as previously described. The specific capacitances of Devices 1-5 as a function of the
sweep rate ranging from 1 to 20 mV s-1 are shown in Figure 4.13a. Device 1 showed the highest
specific capacitance of all devices, indicating that each constituent material is essential to enhancing
device performance. Device 4 (without CMC) showed a faster decline in the specific capacitance as a
function of the sweep rate compared to the other devices.
The internal resistance, Rs, determined from the IR drop in the galvanostatic profiles of the
different devices as functions of the charge-discharge current is shown in Figure 4.13b. For all
devices, the internal resistance was almost independent of the charge-discharge current except for
Device 4 (without CMC) in which Rs decreased with increasing charge-discharge current. It is
hypothesized that this is due to the high electronic resistances of the electrodes that triggers the
potential limits and does not allow the bulk electrolyte resistance to significantly contribute to Rs at
large charge-discharge currents. CMC is used to increase the viscosity and stability of electrode slurries
and its absence may have affected the drying kinetics of the electrodes used in Device 4, possible
resulting in increased particle agglomeration and electronic resistance as reflected in the high values
of Rs.
The instantaneous and time-averaged reversible heat generation rates were obtained by
measurement and treatment of the instantaneous heat generation as previously described. The
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(a)

(b)

Figure 4.13. (a) Integral specific capacitance of Devices 1-5 as functions of cyclic voltammetry sweep rate. (b)
Internal resistances, Rs, determined from IR drop of Devices 1-5 as functions of charge-discharge current.

instantaneous reversible heat generations for Devices 1-5 as well as their respective electrodes as
functions of dimensionless time are shown in Figure 4.14a-c. The instantaneous reversible heat
generation in the entire cell and at their respective positive electrodes are consistent with previous
findings. Similarly, the mixed exothermic and endothermic instantaneous reversible heat generation at
the negative electrode during charging for Device 1, 2, 3, and 5 are consistent with previous results.
Interestingly, the instantaneous reversible heat generation at the negative electrode for Device 4 is
nearly identical to that at the positive electrode i.e. the reversible heat generation is exothermic during
charging and endothermic during discharging.
The time-averaged reversible heat generation rates for Devices 1-5 and their respective
electrodes during charging as functions of dimensionless time are shown in Figure 4.14d-f. The timeaveraged reversible heat generation rates for the entire cell and at their positive electrodes are shown
to be proportional to the charge-discharge current and consistent with previous results. Additionally,
the time-averaged reversible heat generation rates at the negative electrodes for Devices 1, 2, and 5
were found to be constant and consistent with previous results. However, the time-averaged reversible
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Figure 4.14. Instantaneous reversible heat generation rates (a) in the entire cell, (b) at the positive electrode,
and (c) at the negative electrode as functions of dimensionless time for Devices 1-5 using a charge-discharge
current of 4 mA. Time-averaged reversible heat generation rates during charging (d) in the entire cell, (e) at the
positive electrode, and (f) at the negative electrode as functions of charge-discharge current for these devices.
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heat generation at the negative electrode in Device 4 was proportional to the current and in Device 3
was mostly endothermic during charging. These results suggest that CMC and TX-100 are responsible
for the asymmetric heat generation observed at the positive and negative electrodes in EDLC devices.
A fundamental difference in the charging mechanism in the positive and negative electrode
was considered to explain the role of CMC and TX-100 in the heat generation of EDLC electrodes.
CMC can be classified as an anionic polymer as Na+ and H+ are known to dissociate from the
carboxymethyl (-CH2COONa) and hydroxyl (-OH) groups and form anionic functional groups (CH2COO- and -O-, respectively). These anionic functional groups attract cations, such as Li+ present
in the electrolyte, and result in a population greater than the equilibrium concentration. This results in
an overscreening effect in which a subsequent layer of anions is required to charge-balanced the inner
Helmholtz layer at zero bias. During charging, the positive electrode charges by the continued
adsorption of anions. However, the negative electrode must charge by anion desorption prior to cation
adsorption. This charging sequence results in endothermic heat generation at the beginning the of the
charging (i.e., low potentials) followed by exothermic heat generation for the rest of charging (i.e., high
potentials). The role of the overscreening effect in the charging of the negative electrode is shown in
Figure 4.15.
The extent of the overscreening effect on the heat generation at the negative electrode is
modulated by the TX-100 surfactant as TX-100 selectively attaches to the hydrophobic surface of
activated carbon during mixing of the water-based electrode slurries and limits the approach of CMC
to the carbon surface. The AC|TX-100|CMC interface reduces the effective overscreening induced
by CMC while the removal of TX-100 enhances the effect and leads to the endothermic heat
generation observed at the negative electrode of Device 3. The role of the AC|TX-100|CMC interface
also suggests that the overscreening is a surface-effect, which is confirmed with Device 5 in which an
increase in the CMC content of the electrode does not affect the reversible heat-generation at the
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Figure 4.15. Diagram illustrating the overscreening effect at the negative electrode. (a) In open-circuit,
negatively charged CMC groups attract Li+ cations while PF6- anions balance the inner Helmholtz layer. (b) At
the beginning of the charging step, PF6- anions desorb from the negative electrode surface. (c) At higher
potentials, additional Li+ cations adsorb to the negative electrode and begin to saturate the inner Helmholtz
layer forming the electric double layer.

negative electrode.
The heat generation of EDLC devices was measured at the electrode level in an isothermal
calorimeter to verify previous experimental results and validate thermal models. EDLC devices were
fabricated using identical electrodes and different liquid electrolytes including 1 M LiPF6 EC:DMC, 1
M citric acid in DI water, and 1 M TBATFB ACN. It was found that the time-averaged irreversible
heat generation was proportional to the square of the charge-discharge current and the internal
resistance determined from the IR drop. The time-averaged reversible heat generation rates in the
entire cell and at the positive electrode were also observed to be proportional to the charge-discharge
current. However, the instantaneous reversible heat generation at the negative electrode was found to
be mixed exothermic and endothermic during both charging and discharging. A subsequent study
systematically investigated the effect of each constituent material in the electrode on the heat
generation and found that CMC and TX-100 significantly influence the reversible heat generation
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rates. It is hypothesized that CMC leads to an overscreening effect at the negative electrode wherein
a large population of cation requires a layer of anions to charge balance the inner Helmholtz layer.
During charging these anions must desorb resulting in an endothermic contribution to the heat
generation. These results show that reversible heat generation cannot be assumed to be identical at
the positive and negative electrodes of EDLC devices and that the heat generation can be significantly
influenced by relatively small amounts of constituent materials. Further exploration of heat generation
in electrochemical energy storage can have important implications for thermal management strategies
for micro-scale and 3D devices.

4.2.3. Conversion of Low-Grade Heat into Electrochemical Energy
Low-grade heat (<100 ˚C) generated as a byproduct of natural and industrial processes is
difficult to convert into electrical energy due to its low temperature differential.35 Two commercial
technologies are currently employed to convert this “waste” heat into electrical energy. The Organic
Rankine Cycle (ORC) is based on the same working principle as the conventional steam cycle but
utilizes a high molecular weight organic fluid with a lower boiling point than water. Depending on the
working fluid, relatively high conversion efficiencies (~15%) can be achieved in the conversion of
low-grade heat, but the size of the ORC units can make integration with existing industrial plants
prohibitively difficult. Thermoelectric generators are smaller and do not have moving parts that
require maintenance. However, they are commonly made of expensive rare earth metals while
demonstrating conversion efficiencies of ~5% at low temperatures. Given the large barriers to the
adoption of the incumbent technologies, a cheap, scalable alternative with sufficient conversion
efficiencies has the potential to drastically change the thermal energy landscape. One potential solution
is the use of electrochemical cells (e.g., EDLCs, batteries, and asymmetric cells) which leverages the
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increasing economies of scale of these devices for the inexpensive conversion of low-grade heat into
electrochemical energy.
The use of electrochemical energy storage devices for energy generation is not a novel concept.
EDLCs adapted for electrochemical energy generation based on capacitive mixing (CapMix) have
demonstrated success on the laboratory and pilot scales. Salinity gradients, like those found in river
estuaries, can be used to generate energy (known as blue energy) with EDLC,36 membrane-modified
EDLC,37 or battery electrodes.38 A CapMix device undergoes a four-stroke cycle consisting of
charging, desalination, discharging, and resalination across all types of electrodes as shown in Figure
4.16. The generation of energy is due to an increase in the device voltage arising from the expansion
of the electric double-layer in low concentration electrolyte. This phenomenon can be described using
the Poisson-Boltzmann equation and the Gouy-Chapman-Stern (GCS) model where the potential
distribution in the diffuse layer of the double-layer is derived in Equation 4.5 as:
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where L is the effective thickness of the double-layer, σ is the surface charge density, 𝜖5 is the dielectric
constant, 𝜖h is the relative dielectric constant, kB is the Boltzmann constant, C is the concentration of
the electrolyte, and NA is Avogadro’s constant. The voltage of the CapMix device increases as the
surface charge density (i.e., potential of the electrodes) increases and the solution concentration
decreases. The voltage increase in a CapMix device can also be improved by functionalizing the surface
of the EDLC electrodes or by using battery electrodes as functional groups can influence the
compactness of the electric double-layer.
The expansion of the electric double-layer can also be used for the conversion of low-grade
heat to electrochemical energy. For a given electrolyte concentration, increasing the temperature of a
charged EDLC results in a thermal voltage rise (TVR) as predicted from Equation 4.5. A commercial
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Figure 4.16. Schematic of the four-stroke cycle of a CapMix device consisting of (a→b) charging, (b→c)
desalination, (c→d) discharging, and (d→a) resalination.

EDLC has been used to successfully demonstrate a TVR of ~40 mV when switching the device from
a cold bath (0 ˚C) to a hot bath (65 ˚C) as shown in Figure 4.17a.39 Theoretical modelling predicts
conversion efficiencies in this temperature range similar to those of thermoelectric devices (~5%) at
a lower cost (Figure 4.17b).39 The TVR in EDLCs can be increased with the thermal optimization of
the devices and the surface functionalization of the activated carbon electrodes. However, the voltage
rise is generally limited to a few tens of millivolts, and other methods for increasing the TVR and
overall thermal conversion efficiency in these devices would serve to make the technology more
impactful.
Electrode materials with a large difference in chemical potentials may offer a solution to
increasing the TVR in electrochemical energy storage devices. The potentials of positive and negative
redox-active electrodes are given by the Nernst equation in Equation 4.6 and Equation 4.7,
respectively:
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where E+ and E- are the potentials of the electrodes, E+,0 and E-,0 are the standard potentials of the
electrodes, F is the Faraday constant, and aα,ε and aβ,ε are the activities of the ions α and β in the
electrolyte phase, ε, required for redox at the positive and negative electrodes. Battery electrodes have
previously been demonstrated as a method to increase the energy produced from a salinity gradient,38
and a similar approach may be used for the conversion of low-grade heat to electrochemical energy.
However, battery electrodes suffer from the inability to be quickly charged and/or discharged at fast
rates. Also, the phase transformation in battery electrodes leads to short cycle life compared to
(a)

(b)

(a)

Figure 4.17. (a) Full half-cycle measurement of the TVR using a commercial EDLC and (b) the canonical
thermocapacitive cycle with the enclosed area indicating the available work. The conversion efficiencies
predicted for different recuperation efficiencies are shown in the inset.39
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EDLCs. Pseudocapacitive materials combine the chemical potentials of battery materials with the
kinetics of EDLCs, and the lack of phase transformations result in long cycle lifetimes required for
these applications.
The use of a pseudocapacitive MoO2 electrode in a hybrid device was evaluated as a method
to increase the TVR in electrochemical energy storage devices. A 2.7 V, 3.3 F commercial EDLC
(Maxwell Technologies) was first used to validate the experimental set-up and verify the TVR
phenomenon. MoO2 nanoparticles were synthesized on reduced graphene oxide (RGO) according to
a previously reported hydrothermal synthesis with little modification.40 In brief, 270 mg of MoCl5 (Alfa
Aesar) was dissolved in a mixture of 5 mL ethanol, 5 mL deionized water, and 10 mL of graphene
oxide suspension in water (5 g L-1, prepared from the modified Hummer’s method)41,42 in a 45 mL
Teflon liner and heat treatment was carried out in an autoclave at 180 ˚C for 6 h. The MoO2-RGO
was washed and centrifuged twice with ethanol before it was dried in a 100˚C oven overnight. MoO2
slurries were prepared by mixing MoO2-RGO, Super P (Alfa Aesar), multi-wall carbon nanotubes
(mwCNT, Sigma Aldrich), and polyvinylidene fluoride (PVDF, Kynar) in N-methyl-2-pyrrolidinone
(NMP, Sigma Aldrich) in a 70:10:10:10 weight ratio. Activated carbon slurries were prepared by ballmilling YP-50F activated carbon (Kuraray), Super P, and mwCNT in an 88:6:6 weight ratio. The
carbon

mixture

was

then

mixed

with

styrene-butadiene

rubber

(SBR,

MTI)

and

carboxymethylcellulose (CMC, DOW) in a 90:6:4 weight ratio. Electrodes were drop-cast onto 1x1
cm carbon-coated aluminum current collectors (MTI) with a weight loading of 1 mg for MoO2 and
5.5 mg for AC. Prior to full-cell assembly, MoO2 and AC electrodes were pre-cycled in a threeelectrode cell with lithium metal counter and reference electrodes from 1.25 to 3.0 V and 3.1 to 4 V
vs. Li/Li+, respectively. C-rates of 1C, 2C, 5C, and 10C based on the theoretical capacity of the MoO2
electrode (theoretical specific capacity of MoO2, 210 mAh g-1) were used for pre-cycling. The MoO2
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and AC electrodes were assembled into 2032 coin cells using a 350 µm-thick glass fiber separator and
1 M LiClO4 EC:DMC as the electrolyte.
A general testing scheme for the EDLC and hybrid devices is as follows: (i) devices were shortcircuited in a silicone oil bath at 0˚C for >12 h prior to testing, (ii) devices were charged to the testing
voltage using a current of 100 mA (for the EDLC) or 10C rate (for the hybrid devices based on the
theoretical capacity of the MoO2 electrode), (iii) the device voltage was held until a steady-state current
was reached to ensure complete charging (generally <1 h), and (iv) the open-circuit voltage was

27.9 mV

19.3 mV

8.3 mV

Figure 4.18. TVR in the commercial EDLC at test voltages of 0.5, 1.5, and 2.7 V after switching from 0 to 65
˚C. The TVR is shown to be dependent on the testing voltage as predicted by the Poisson-Boltzmann equation
and the GCS model.
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measured during the transfer of the device to the silicone oil bath at 65 ˚C.
The TVR in the commercial EDLC measured at different test voltages are shown in Figure
4.18. Not accounting for the self-discharge of the device during open-circuit measurement, the TVR
at testing voltages of 0.5, 1.5, and 2.7 V are 8.3, 19.3, and 27.9 mV, respectively. The observed trend
of the TVR on the testing voltage (i.e., surface charge density) agrees with what is predicted from the
Poisson-Boltzmann equation and the GCS model. While the initial study of the TVR was conducted
using a 2.7 V, 10 F commercial EDLC, the 27.9 mV TVR measured in this study agrees well with the
previously reported results (36 mV) and confirms that the device voltage determines the TVR in
EDLCs. It is possible the the lower TVR observed in these experiments is due to degradation of the
electrolyte at slightly higher potentials compared to the 2.5 V testing voltage used in the initial study.
Regardless, the TVR observed in the commercial EDLC validates the experimental set-up and verifies
previous results which serve as useful points of reference for the evaluation of hybrid devices.
Galvanostatic cycling of the MoO2 and AC electrodes in the three-electrode cell are shown in
Figure 4.19a and 4.19b. A limited potential window for the AC electrode was chosen to avoid
significant oxidative decomposition of the electrolyte at voltages above 4 V vs. Li/Li+. The
galvanostatic profile of the MoO2|AC full cell is shown in Figure 4.19c. The maximum operating
voltage of 2.65 V in the hybrid device is calculated from the potential of the charged state of the AC
cathode (4 V vs. Li/Li+) with respect to that of the MoO2 anode (1.25 V vs. Li/Li+).
The TVR in the MoO2|AC hybrid device measured at different test voltages is shown in
Figure 4.20. The hybrid device at testing voltages of 1.5 and 2.65 V (Figure 4.20a and 4.20b) shows
an initial voltage decay upon measure of the open-circuit voltage in the cold bath prior to a small TVR
is observed upon transition of the device to the hot bath. However, the TVR observed do not exceed
the initial testing voltage and the voltage proceeds to decrease rapidly due to self-discharge. The TVR
in the hybrid device at a testing voltage of 0.5 V (Figure 4.20c) shows a much larger initial voltage
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decay before a voltage rise of 38.6 mV (74.6 mV from the voltage minimum). This TVR is greater
than the maximum TVR observed in the commercial EDLC (27.9 mV) and is likely due to the
difference in the chemical potentials of the MoO2 and AC electrodes. The observation of the large
TVR in the hybrid device at the lowest testing voltage is contrary to what is expected from the PoissonBoltzmann equation and the GCS model and suggests that the expansion of the electric double-layer
may not be the only contributing mechanism.
The TVR at 0.5 V is observed across multiple hybrid devices as shown in Figure 4.21a. An
average TVR of 39 mV was observed across three separate measurements. However, the degradation
of electrolyte due to the prolonged exposure of the hybrid devices to elevated temperatures ultimately
(a)

(b)

(c)

Figure 4.19. Galvanostatic profiles of the (a) MoO2 and (b) AC electrodes at different rates in a three-electrode
cell with lithium metal counter and reference electrodes. Galvanostatic profile of the (c) MoO2|AC full cell at
a 10C rate. C-rates used for cycling are determined using the theoretical capacity of the MoO2 electrode.
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(a)

(c)

(b)

Figure 4.20. TVR in the MoO2|AC hybrid device at test voltages of (a) 2.65 V, (b) 1.5 V, and (c) 0.5 V after
switching from 0 to 65 ˚C. A TVR of 38.6 mV (74.6 mV from the voltage minimum) is observed after the initial
voltage decay at 0.5 V.

prevented the long-term thermal cycling of the full cells.
The TVR phenomenon was further investigated with the entire testing scheme conducted at
either 0 or 65 ˚C as opposed to thermal switching from the cold to the hot bath. This results in the
immediate self-discharge of the hybrid device as shown in Figure 4.21b and verifies that the
temperature switching is a fundamental aspect of the TVR. Prolonged charging of the hybrid device
using a potentiostatic hold for 12 h at 0.5 V and 0 ˚C also yields immediate self-discharge when
switching the hybrid device to 65 ˚C. This suggests that the TVR observed in the hybrid devices under
the normal experimental conditions is likely a mix of kinetic and thermodynamic effects. However,
the presence of deleterious side reactions during these long charging cycles that prevent the
observation of a TVR cannot be dismissed.
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(a)

(b)

Figure 4.21. (a) TVR in the MoO2|AC hybrid device is observed in multiple cells and experiments. (b) The
voltage rise is dependent on the transition from 0 to 65 ˚C as testing at either 0 or 25 ˚C results in the immediate
self-discharge of the device.

The significant differences in time-evolution of the TVR in the EDLC and hybrid devices may
arise from several factors. Subtle differences in the fabrication of the EDLC and hybrid devices may
result in cell properties with different thermal behavior. For instance, the lower viscosity of the 1 M
TEATFB ACN electrolyte (melting point ACN, -45 ˚C) in the EDLC at 0 ˚C may be better able to
accommodate the expansion of the electric double-layer compared to the 1 M LiClO4 EC:DMC
electrolyte (melting point EC:DMC, ~-30 ˚C)43 used in the hybrid devices. This may also be reflected
in different temperature dependences on the dielectric constant of the liquid electrolyte, potentially
resulting in greater self-discharge in the hybrid device with EC:DMC electrolyte (εEC:DMC, ~30)44
compared to the EDLC device with ACN electrolyte (εACN, ~36)44 upon thermal switching. With
respect to the TVR in the hybrid device, self-discharge of the electric double-layer may precede the
voltage gain predicted for the MoO2 electrode by the Nernst equation, leading to the initial voltage
decay and subsequent thermal voltage rise. The electrode composition may also play a role in the TVR
as it has previously been observed that the constituent materials can have a significant impact on the
thermoelectrochemical properties of the device.45 It is also possible that the use of a pseudocapacitive
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electrode creates a competition between redox and the formation of the electric double-layer in the
hybrid device, resulting in the initial voltage decay and voltage rise after thermal switching.46,47
In summary, a MoO2|AC hybrid device was fabricated to demonstrate the potential use of
energy storage devices for the conversion of low-grade heat into electrochemical energy. A commercial
EDLC was used to verify previously reported experimental results that demonstrate that the expansion
of the electric double-layer with an increase in device temperature can be harnessed for
electrochemical energy generation. The experimental set-up and testing scheme were shown to yield
results that are in good agreement with previously reported values, and the commercial EDLC
demonstrates an increasing TVR with the testing voltage that is predicted by the Poisson-Boltzmann
equation and the GCS model. At a maximum testing voltage of 2.7 V, the TVR in the commercial
EDLC was 27.9 mV. Testing of the MoO2|AC hybrid device shows negligible TVR at higher voltages,
but a TVR of 38.6 mV is observed at 0.5 V. The voltage dependence of the TVR in the hybrid device
is contrary that what is predicted by modeling and suggests that the expansion of the electric doublelayer is not the only contributing mechanism to the voltage rise. While these results are promising, the
use of computational modeling and the systematic evaluation of different cell materials may help to
elucidate the origins of this phenomenon and allow the rational design of pseudocapacitive-based
asymmetric cells for the conversion of low-grade heat into electrochemical energy.

4.3. Conclusion
The fabrication of full cells is important for the prototyping of novel materials for
electrochemical energy storage applications, the validation of computational models that describe
electrochemical phenomena, and the demonstration of unique applications for energy storage devices.
oCVD PEDOT was paired with MoS2 in an asymmetric device tailored for high-rate applications. The
use of electronically conductive active materials without an electronically insulating binder results in
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minimal ohmic losses in the device, and the full cell demonstrates an areal energy density of 5 µWh
cm-2 and an areal power density of 1 mW cm-2 at a practical current density of 1 mA cm-2. EDLC
devices were fabricated to validate computational modeling of the electrochemical impedance and
heat generation in these energy storage devices. The interpretation of impedance features in the
Nyquist plots were shown to be in good agreement with device properties, and the heat generation in
these devices were found to be asymmetric at the positive and negative electrodes. Subsequent
experiments found that the constituent materials can have a large impact on the
thermoelectrochemical properties of the device. MoO2|AC hybrid devices were fabricated to
demonstrate the use of pseudocapacitive materials in the conversion of low-grade heat into
electrochemical energy. The TVR measured in the hybrid device was found to exceed that in
commercial EDLCs at low voltages, contrary to what is predicted by the Poisson-Boltzmann equation
and the GCS model. Computational modeling and the systematic evaluation of different cell materials
may help to identify the origins of this phenomenon in hybrid devices to guide the development of
devices for electrochemical energy generation.
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Chapter 5. Conclusions
Three-dimensional electrochemical energy storage devices are a promising path forward to
increase the energy and power densities of micro-scale devices. The maximization of the active
material and surface area of the electrodes in device architectures that make efficient use of the thirddimension offer significant advantages over planar devices. Towards the realization of this technology,
novel materials must be developed given the strict design constraints in these applications including
conformal solid or pseudo-solid electrolytes, conformal redox-active material, and three-dimensional
scaffolds. In this dissertation, electrochemical impedance spectroscopy and redox probe analysis were
developed and applied to designed materials and architectures and used to identify their unique
properties and evaluate their potential use in three-dimensional energy storage devices.
In Chapter 2, electrochemical impedance spectroscopy was used to characterize the ionic
conductivities of thin-film solid electrolytes prepared by methods which offer conformal coatings.
The use of thin films is critical as it allows high power densities to be maintained by offsetting the
modest ionic conductivities of the materials. EIS was similarly used to characterize the electronic and
charge-transfer resistances that are well-defined in simple testing geometries for SurMOFs and oCVD
PEDOT, respectively. The impedance spectra of composite electrodes are typically convoluted by the
presence of multiple features in the Nyquist plot that make the identification of electrochemical
phenomena difficult. However, the use of a transmission line model to interpret impedance spectra is
a facile method to characterize the electrolyte pore resistances in porous electrodes, and these
resistances were found to be good indicators of the electrochemical performance of HGF/Nb2O5
composite electrodes. This particularly unique application of electrochemical impedance spectroscopy
may be applied to other systems and be used to screen electrode materials and compositions for highrate applications.
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In Chapter 3, redox probe characterization was developed for the purpose of characterizing
the electrical integrity of conformal thin films that would be used in 3D architectures. Microdefects in
iCVD solid electrolytes were characterized and the films were demonstrated to be virtually defect-free.
These methods were adapted to evaluate the intrinsic porosity of MOF thin films where the larger
pores of MOF-399 resulted in larger redox currents compared to MOF-14.
In Chapter 4, the fabrication of full cells was used to prototype novel materials, validate
computation models and demonstrate a unique application in the production of electrochemical
energy. oCVD PEDOT was paired with MoS2 in an asymmetric device, and the use of electronically
conductive active materials in a full cell reduces ohmic losses in a device that is tailored for high-rate
applications. EDLC devices were used to experimentally validate impedance and heat generation
models and these findings can be applied to the characterization, study, and design of other
electrochemical energy storage devices. Finally, MoO2|AC hybrid devices were used to investigation
the conversion of low-grade heat into electrochemical energy, and greater thermal voltage rises are
observed in the hybrid devices compared to in commercial EDLCs.
The work presented in this dissertation focused on the characterization of materials for threedimensional electrochemical energy storage devices. However, the characterization techniques and
full-cell testing discussed are applicable to a wide range of other materials and electrochemical systems.
New insights afforded by these methods are important in the research and development of
electrochemical energy storage that continues to drive innovation in the modern era.
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