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Carbon foams are among the existing electrode designs proposed for use in 3D Li-ion
microbatteries. For such electrodes to find applications in practical microbatteries, however,
their void sizes, specific surface areas and pore volumes need be optimized. This thesis concerns
the synthesis of highly porous carbon foams and their multifunctional applications in 3D
microbatteries. The carbon foams are derived from polymers that are obtained by polymerizing
high internal phase water-in-oil emulsions (HIPEs).

In general, the carbonization of the sulfonated polymers yielded hierarchically porous
structures with void sizes ranging from 2 to 35 um and a BET specific surface area as high as 630
m’ g'. Thermogravimetric and spectroscopic evidence indicated that the sulfonic acid groups,
introduced during sulfonation, transformed above 250 °C to thioether (-C-S-) crosslinks which
were responsible for the thermal stability and charring tendency of the polymer precursors.
Depending on the preparation of the HIPEs, the specific surface areas and void-size distributions
were observed to vary considerably. In addition, the pyrolysis temperature could also affect the
microstructures, the degree of graphitization, and the surface chemistry of the carbon foams.

Various potential applications were explored for the bespoke carbon foams. First, their use as
freestanding active materials in 3D microbatteries was studied. The carbon foams obtained at
700 to 1500 °C suffered from significant irreversible capacity loss during the initial discharge.
In an effort to alleviate this drawback, the pyrolysis temperature was raised to 2200 °C. The
resulting carbon foams were observed to deliver high, stable areal capacities over several
cycles. Secondly, the possibility of using these structures as 3D current collectors for various
active materials was investigated in-depth. As a proof-of-concept demonstration, positive active
materials like polyaniline and LiFePO, were deposited on the 3D architectures by means of
electrodeposition and sol-gel approach, respectively. In both cases, the composite electrodes
exhibited reasonably high cyclability and rate performance at different current densities. The
syntheses of niobium and molybdenum oxides and their potential application as electrodes in
microbatteries were also studied. In such applications, the carbon foams served dual purposes
as 3D scaffolds and as reducing reactants in the carbothermal reduction process. Finally, a
facile method of coating carbon substrates with oxide nanosheets was developed. The approach
involved the exfoliation of crystalline VO, to prepare dispersions of hydrated V,0s, which were
subsequently cast onto CNT paper to form oxide films of different thicknesses.
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Preface

Energy storage is one among many concerns humanity has to continually deal
with. To ensure sustainable provision of energy is of utmost importance as
long as technological breakthroughs are concerned. Particularly, the era we
live in is characterized by increased miniaturization of electronic devices, and
their integration into every aspect of our lives. This has in turn necessitated
the development of batteries with the desired form factors and efficiency. As-
suredly, what makes a battery efficient is not only the active material used but
also the choice of the electrode design and configuration. A notable example
where optimum electrode design is indespencible is a microbattery. Advances
in the design and application of miniature medical implants, distributed sys-
tems with interacting sensor nodes, actuators, tele-transmitters, receivers and
other microsystems have led to increased demands for microbatteries. To meet
the requirements for high energy and power densities imposed by such so-
phisticated electronic systems, a paradigm shift from planar to 3D electrode
configurations is needed. Research in microbatteries, therefore, boils down
to the fabrication of 3D electrodes, the synthesis of active materials, and the
development of material deposition techniques suited for coating the bespoke
3D electrodes. As widely reported, various electrode designs have been pro-
posed for use in 3D microbatteries. Different material deposition approaches
have been explored. A variety of active materials have also been investigated.
Despite all efforts and gains made so far, there remains much left to study in
order to come up with ideal battery systems that are capable of replacing the
current state-of-the-art microbatteries.

This thesis deals with the potential application of emulsion-templated car-
bon foams as anodes and 3D substrates in microbatteries. It is written based on
a set of refereed papers published over the past four years. A detailed study on
the synthesis of the carbon foams and their multifunctional use as active ma-
terials, and as 3D scaffolds is presented. To gain insight into the factors which
can be manipulated in order to tailor the porosity, specific surface areas, and
void-size distributions of the carbon foams, an in-depth investigation has been
made into the various stages involved in the preparation, and the carboniza-
tion of high internal phase emulsion polymers (polyHIPEs). The benefits of
using these carbon foams as alternatives to commercial carbon foams are also
highlighted. Additionally, efforts have been made to identify active materials
that are suitable for high power applications in microbatteries. In summary,
the projects included in this thesis were intent on achieving the following ob-
jectives:



to investigate emulsion-templated carbon foams as better alternatives to com-
mercial carbon foams, which normally possess significantly lower specific
surface areas and void sizes that are orders of magnitudes larger
to identify synthesis strategies to further optimize the porosity and void di-
mensions of emulsion-templated carbon foams, which can be suitable for
constructing microbatteries with high power and energy densities
to unravel the chemical processes involved in the conversion of emulsion-
templated polymers to carbon foams
* to optimize the performance of monolithic carbon foams as multifunctional
electrodes in 3D microbatteries
to improve the structure of carbon foam anodes by increasing the tempera-
ture of pyrolysis
to identify and synthesize composite 3D electrodes based on emulsion-templated
carbon foams coated in active materials, via electrodeposition and sol-gel
processing
* to develop new methodologies for coating 3D electrodes based on carbon
Practically all of the research work reported in this thesis has been un-
dertaken within the Angstrom Advanced Battery Center (ABC) of Uppsala
University under the supervision of Profs Kristina Edstrom and Leif Nyholm.
During my time in this group I have received a lot of help and generosity
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the continuous technical and academic support I got from within and outside
the group. I would like to extend my thanks to my main supervisor Kristina
Edstrom for her continual support and encouragement during the whole pe-
riod of my PhD studies. Kristina, I appreciate the wonderful opportunity you
have given me to do my PhD in your research group and your hard work to
secure the funds that covered my salary, and... also allowed me to experiment
as many crazy ideas as I could! Thanks a lot for being always positive towards
my ideas. As much gratitude goes to my co-supervisor Leif Nyholm for the
help with electrochemistry, the continuous encouragement and other valuable
contributions. I should be grateful to your unfailingly fast feedbacks (some
sent on weekends!) on my manuscripts and the great scientific discussions
filled with a lot of passion. I have learnt a great deal along the way. Special
thanks go to Matthew Roberts for introducing me to microbattery research,
and for being a kind and patient supervisor during my master thesis work as
well. Thanks a lot for your help with reading and correcting my manuscripts.
I would also like to acknowledge the following co-authors for the scien-
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1. Electrochemical Energy Storage

Electrochemical reactions form the basis of energy storage in batteries, super-
capacitors, fuel cells, and so on. Batteries, particularly, play a pivotal role in
powering consumer electronics from laptops to micro-sized sensors. For in-
stance, current advances in the design and application of miniature medical
implants, sensor nodes, wireless telecommunications, and other microsystems
have increased the demand for microscale batteries [1-4]. A clear demonstra-
tion of this can be seen in the report compiled by KnowMade® and published
in 2016 [5]. The report analyzed the trend in IP patents filed or published over
the last 50 years. Accordingly, a dramatic increase in innovations related to
microbatteries has been witnessed as of the year 2000, and over 3000 patents
were published up to 2016. The necessity for developing or improving elec-
trode architectures and suitable materials for microbatteries cannot, therefore,
be overemphasized. Alternative energy sources like temperature gradient, sun-
light, vibration, and so on [6-8] are being studied as potential candidates for
meeting the energy demands. However, these sources are intermittent and
cannot supply the required amount of energy whenever needed. Thus, only
microbatteries, particularly lithium-ion batteries, can enable the coming age
of internet of things (IoT) and miniature electronics [9].

In general, batteries can be classified into two broad categories, namely
non-rechargeable or primary and rechargeable or secondary [10]. Primary
batteries entail reactions which consume stored chemicals to generate electric-
ity, and are discarded when fully discharged. Principal examples are the Zn-
MnQO,/carbon, alkaline Zn-MnQO,, Zn-Ag,0, Zn-NiOOH, and so on [10]. A
rechargeable battery, on the other hand, is based on chemical reactions which
can be reversed after having been spent, simply by running current across the
terminals of the battery. Various rechargeable battery chemistries have been
developed so far including lead acid battery, nickel-cadmium (Ni-Cd), nickel
metal hydride (Ni-MH), and most importantly lithium-ion batteries. Lithium-
ion batteries can provide higher energy densities, and have become popular in
consumer electronics, and large scale applications [11].

1.1 The development of lithium-ion batteries

The emergence of lithium-ion batteries may be associated with the seminal re-
searches into lithium intercalation compounds conducted in the 1970s. Com-
pounds prepared by chemical or electrochemical intercalation of lithium into
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layered hosts such as graphite and transition metal dichalcogenides were in-
vestigated in relation to their thermodynamic behaviors, structures, supercon-
ducting properties, lithium ion conductivity and so on [12-14]. In 1976, Whit-
tingham demonstrated that lithium ions could reversibly be intercalated into
and removed from TiS, host structure, and thus proposed a novel mechanis-
tic basis for a new generation of rechargeable batteries [15]. Basically, in-
tercalation refers to the inclusion of small ions or molecules into hosts with
layered framework structures. Typical examples of intercalation hosts include
graphite, transition metal dichalcogenides such as TiS,, MoS,, NbS,, TiSe,,
and transition metal oxides like MoO;, and V,05 [14-17].

A remarkable innovation, which unarguably revolutionized the use of bat-
teries in portable electronics, is credited to John Goodenough’s group at Ox-
ford which reported in 1980 that LiCoO, can be effectively utilized as a cath-
ode to fabricate a battery of higher working voltage, rate and energy density.
[18] That discovery led to the widespread use of a 3.7 volt battery in portable
electronics. Another group of cathode materials which are considered safe and
viable contenders are lithium containing polyanionic compounds. [19] Un-
like, layered chalcogenides, these compounds allow the movement of lithium
ions via their channeled structures. Some examples are LiFePO, [20, 21],
Li,FeSiO, [22], and LiFeSO,F [23,24].

Early research on lithium batteries used lithium metal as an anode. Since
lithium metal was highly reactive and its use in batteries posed significant
safety risk, the need to replace it was imperative [25]. Lithiated graphite,
which is an intercalation compound itself, was then proposed to replace pure
metallic lithium. Though its electrochemical investigation can be traced back
to earlier works by J.O. Besenhard on electrochemical reduction of graphite
in organic solutions of lithium salts [26], the use of lithiated graphite as a re-
versible anode was introduced by R. Yazami in 1983 [27]. Since then, a large
proportion of lithium-ion batteries in commercial use are based on LiCoO,
cathode and graphite anode. The electrochemical intercalation of lithium ions
into graphite occurs below 0.2 V versus lithium [28,29]. However, most elec-
trolytes commonly used in lithium-ion batteries are unstable at lower volt-
ages (< 1 V vs. Li*/Li) and decompose to produce a mixture of compounds
that passivate the anode surface against further reaction. This inadvertently
formed layer, namely the solid electrolyte interphase (SEI) [30,31], is absent
in another class of insertion-based anodes such as Li,TisO,, TiO,, TiNb, 0O,
and Nb,Os since they operate above 1.5 V versus lithium [32-36]. Apart
from graphite, other allotropes of carbon such as disordered carbons, car-
bon nanotubes and graphene have been studied in a quest for anodes that
can store more lithium ions (charge) beyond the theoretical limit of 372 mAh
g1 [37-39] for graphite. In this regard, porous disordered carbons have partic-
ularly aroused research interest since they provide high surface areas available
for lithium ion storage. Inherent to these materials, unfortunately, is the huge
irreversible charge consumed during the first discharge; only a fraction of the
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lithium ions is retrieved in the subsequent cycles of the battery. Another class
of candidates for anode materials includes alloys and convertible oxides which
operate by different mechanisms but are plagued by the same problem of irre-
versibility [40-43].

1.2 Electrode processes

A battery is built from a group of electrochemical cells which harness stored
chemical energy to generate electricity. Every electrochemical cell consists
essentially of an anode, a cathode and an electrolyte. The electrolyte allows
ions to shuttle between the two electrodes in response to the electrical cur-
rent flowing in the external circuit. To understand how an electrochemical cell
works, it is crucial to look into the thermodynamics and kinetics of the reac-
tions occurring at the electrodes [25, 44,45]. By way of illustration, consider
a full-cell electrochemical cell consisting of LiFePO, cathode and a graphite
anode. Figure 1.1 shows a generalized schematic of a lithium-ion battery. The
following reactions take place at the respective electrodes.

o 11 c—h> 111 + -
LiFe'" POy = Fe'"PO4+Li" +e (1.1)
dch
ch
6C+Li"+e = CgLi (1.2)
dch

And, the overall cell reaction can be put as

LiFeIIPO C—h> 111 .
4 +6C = Fe''PO4+ CglLi (1.3)
dch

The thermodynamic output voltage of the cell, when no current is applied or
drawn, may be represented as

Voc = Veet1 = Ve —Va (1.4)

where Ve, Vs Ver and V  stand for the open circuit voltage, the cell volt-
age, cathode voltage, and anode voltage, respectively, associated with the elec-
trochemical cell. During battery operation under the influence of applied cur-
rent or voltage, the cell voltage departs from the equilibrium/thermodynamic
value due to voltage drops related to ohmic drop (IRg), activation (electron
transfer) overpotential (r),) and concentration overpotential (n¢) [25,45].

!

Voo = Voc £1Rq £ Mg £ 1, (1.5)

C:

where - is for discharge and + is for charge. These parameters can pictorially
be depicted in the form of a polarization curve as shown in Figure 1.2. The
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Figure 1.1. Schematic illustration of a full-cell Li-ion battery consisting of LiFePO,
and graphite in liquid electrolyte

ohmic drop is caused by the resistance of the electrolyte to the flow of ions
and the resistance to electronic current flow through the electrode assembly
including the active materials and the current collectors.

The activation or surface overpotential can be thought of as the driving force
needed to cause current to flow (or electrons to tunnel) across the electrode-
active material interface. In essence, it is the difference between the equi-
librium potential and the potential observed when the electrode is under ap-
plied current. A phenomenological relation, the Butler-Volmer equation, [46]
defines the fundamental dependence of current on the important parameters
related to the electrode system. Mathematically,

Fn

T (1.6)

F
i = nFAky |Cr(0,1)exp(1 — @) ]~ Co(0.r)exp(~a)
In the relation given above, i, n, F, A, ko, a, 1, Co(0, t), and Cg(0, t) represent,
respectively, the current response, the number of moles of electron involved in
the electron transfer process, Faraday constant (96485.3329 C mol™! or 26.801
Ah mol™), the surface area of the electrode, the intrinsic heterogeneous rate
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Figure 1.2. A typical polarization curve showing the origins of voltage drop in an
electrochemical cell under operation

constant of the electrode reaction, the transfer coefficient of the electrode pro-

cess, the interfacial activation overpotential, the surface concentration of the

oxidized species, and the surface concentration of the reduced species. The

concentration overpotential arises at relatively higher current densities when

the transport of the lithium ions to or away from the electrodes is not suffi-

ciently fast so as to sustain the electrode reaction. For instance, this occurs

when the diffusion of the lithium ions in the solid active materials is too slug-

gish. Hence, a sharp decline or rise in the voltage is usually observed at the

end of charge and discharge curves. Careful electrode and cell design is nec-

essary to tackle voltage drops involved during cell operation. A good deal of

efforts is focused on the optimization of electrode formulations towards im-

proving the electrochemical performance of batteries. The following are some

of the common strategies employed to achieve optimum cell operation:

* using nano-sized active materials

* using active materials with good ionic and electronic conductivities

* optimizing the proportion of binders, conductive additives, and active mate-
rials in the composite electrodes

* using electrically-conducting binders in the electrode formulation

* optimizing porosity or density of the composite electrodes
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Figure 1.3. Schematic description of an electrochemical cell composed of a porous
working electrode in which the electrolyte occupies the vacant voids. The symbols
Defr and xfr, denote, respectively, the effective diffusion coefficient and the effective
ionic conductivity.

1.3 Porous electrodes

Most electrodes employed in lithium-ion batteries are heterogeneous materi-
als composed of redox-active materials, carbon and polymeric binders fixed
on metal current collectors. The effective electrical and ionic conductivities
through the electrode structures rely on the formulation of the composite elec-
trodes [44,47]. Inclusion of critical amounts of porosity and conductive ad-
ditives in the electrodes is essential to ensure proper utilization of the active
materials over sustained cycling. In this regard, bicontinuous electrode struc-
tures are preferable for applications wherein both reasonably high power and
high energy densities are required. Monolithic porous electrodes can be visu-
alized as forming continua of electrolyte, active material and conductive ma-
trix [48]. In such electrode designs, the ionic transport of the lithium ions, the
kinetics of the electrochemical reactions, the interparticle electrical contact,
and the electrical wiring of the active materials to current collector can be en-
hanced and thus high power density can be achieved. As noted in the previous
section, the rate of such electrochemical processes is governed by the intrin-
sic rate constant, the interfacial surface area and the activation overpotential
of the electrodes. Porous electrodes present plenty of room for reactants to
stay in close proximity to the interfacial surface area. Large area-to-volume
ratios can be achieved with a coating of active materials onto the surface of
the porous electrodes (Figure 1.3). Thus, they offer a high interfacial surface
area allowing for increased amount of reaction to take place within a small
spatial volume [48]. Monolithic, porous carbon electrodes are attractive for
applications in energy storage and conversion devices, electrosynthesis and
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electronanalytical analysis. They are easy to handle and possess considerably
higher electrical conductivities, in contrast to heterogeneous cast electrodes.
There are some essential descriptors that are often invoked to characterize the
performance of porous electrodes in electrochemical reactors. These include
porosity, tortuosity, and percolation.

Porosity

Porosity can be thought of as the amount of vacant space contained in a solid
material. It can be defined as the fraction of the apparent volume (V) of a solid
substance that is taken up by voids (V), or occupied by a liquid or a gaseous
phase. A measure of porosity can range from 0 to 1 or 100%. Mathematically,
the value of porosity (€) can be expressed as

_Vp
Vv

Alternatively, it can also be calculated in terms of the bulk (py,) and particle
(pp) densities of the porous media.

€ (1.7

g—1-Pv (1.8)

Pp
Geometric parameters like pore widths, shapes, and connectivity are important
in describing the electrochemical performance of porous electrodes.

Tortuosity

Tortuosity is considered as a key parameter for describing the transport prop-
erties of electrolytes in porous electrodes. When used in electrochemical cells,
the electrolyte fills the voids in the porous electrode. In bicontinuous carbon
foams, the solid matrix and the pore electrolyte form infinitely interconnected
structures. Since the electrolyte is confined in the pores of the electrode, its
effective transport properties in terms of diffusion and transport number of the
ions differ from the values it would have outside the pores, i.e., in the bulk of
the solution. Thus the value of porosity ought to be taken into account in the
equations describing the transport of the ions in the pore electrolyte. In this
case, the porosity is the volume of the electrolyte expressed as a fraction of
the total or apparent volume of the electrode. The effective transport proper-
ties, [49] can be written as follows

)
Dfr= EDO (1.9)
and
€
Keff = EK}, (1.10)

Alternatively, making use of Bruggeman relation,

S xel (1.11)
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the equations shown above can be reformulated as
D.sr~ €D, (1.12)

and
K rr~ €K, (1.13)

In these relations, the variable T denotes tortuosity, whose value is always
larger than 1. Tortuosity may, as such, be treated as a microstructural property
of the electrode and is thus affected by the morphology and spatial orienta-
tions of the constituents of the solid matrix of the porous electrodes. It deter-
mines the efficacy of the porous pathways in allowing the electrolyte permeate
the entirety of the electrode. These parameters are essential for all types of
electrodes and inevitably affect the kinetics of reactions occurring at the elec-
trodes. To be able to evaluate the optimal magnitudes of these parameters is
indispensible if one is to fabricate electrodes that are suited for power applica-
tions in lithium-ion batteries or supercapacitors. Thus, design considerations
of electrodes have received considerable attention. [50]. Since bicontinuous
carbon foams possess low tortuousity, high porosity and excellent electrical
conductivity, they can be used to fabricate thick electrodes which can deliver
high energy density without considerably sacrificing the power density. Math-
ematically, for a porous electrode with a thickness te, the electrolyte resistance
(R, [51] can be expressed as
T t, ty t,

= (1.14)

Rjy=—=— = —
4T ek, kel Keff

Thus, 3D porous electrodes like carbon foams can be used in microbatteries
wherein increased amount of active materials (a thick layer of active materi-
als) is required. However, most carbon foams on the market are unsuitable
as they possess large void dimensions (> 100 um), and using them in micro-
battery electrodes results in low energy densities. For such electrodes to find
widespread use as 3D electrodes, their void sizes and pore volumes need be
optimized.
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2. Three-dimensional (3D) Microbatteries

Microbatteries are small-sized electrochemical devices specifically designed
for use in autonomously-powered systems. Analogous to commercial lithium-
ion batteries, microbatteries come in different sizes, configurations, nominal
voltage and capacities. Included in this chapter are outlines of the most essen-
tial aspects of microbattery electrodes like electrode fabrication and material
deposition. Short reviews of the various electrode architectures and material
deposition approaches are presented.

2.1 Electrode architectures and cell Design

The trend in microelectronics is to fabricate self-sufficient devices in which
a processor, communicators, sensors and power sources are integrated in a
spatial volume of less than 10 mm? [1,2,52]. In such applications wherein
space is at a premium, power devices that are sufficiently small, yet able to
provide ample energy at desirable rates, should be utilized. Presently, either
thin or thick film microbatteries are commonly used to power microscale de-
vices. Thin-film (2D) microbatteries make use of only the in-plane surface and
are suitable for applications which require high power at low capacity. They
are composed of stacks of active materials, and an electrolyte deposited on
a planar substrate, as shown in Figure 2.1 a) [53,54]. Despite their high rate
capability, thin film microbatteries suffer from limited energy density. Increas-
ing the thickness of the layers of active materials leads to increased capacity
but with a concomitant increase in ion-diffusion path length and ohmic drop,
which result in a marked reduction in power density [1]. To achieve acceptable
tradeoff between energy and power densities, careful design of electrode ar-
chitectures and the development of suitable material are issues of paramount
importance. Three-dimensional electrode architectures are being developed
to achieve these goals. A schematic of a 3D Zn-air microbattery is given in
Figure 2.1 b) as an example.

2.1.1 Three-dimensional (3D) electrode architectures

In contrast to thin or thick film microbatteries, 3D microbatteries are intended
for use in applications which seek to utilize increased amounts of active mate-
rials at high rates. The use of 3D electrode designs compensates for low solid-
state diffusion coefficients in active materials, and offers large surface area
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Figure 2.1. Schematic of a) the cross section of a thin film microbattery with both
sides of the substrate coated in active materials and a solid electrolyte b) two Zn-air
3D microbatteries assembled in series and connected to an LED. The schematic in
a) is redrawn based on the Ref [53] and the latter is reproduced from Ref [55] with
permission from ©2007 IEEE

available for coating with sufficient amount of active materials. This strat-
egy ensures a relatively larger areal capacity and sustainable power density.
To date, a number of 3D geometries of current collectors have been explored
as shown in Figure 2.2 [1,2,52,56-58]. The array of nanopillars is by far
the most extensively studied electrode design and is fabricated by electrode-
positing metals through channeled membranes like anodized aluminium oxide
(AAO), [56,59,60] or by carbonizing photoresists patterned by photolithogra-
phy [61]. It has been claimed that this periodic electrode architecture suffers
from non-uniform primary current distribution [62] which leads to local over-
charge/discharge at high rates [2,63]. Another similar configuration consists
of concentric cylindrical current collectors coated conformally by one active
material and an electrolyte layer with the remaining void filled by the second
active material. Golodnitsky et al. developed microchannelled plates in which
layers of current collectors, active materials and an electrolyte were deposited
successively onto perforated substrates to form a mechanically robust 3D elec-
trode configuration [58]. Highly porous electrodes based on aerogels, carbon
foams and oxide nanotubes have also been developed for microbattery appli-
cations [1, 64-66]. These open structures are of beneficial use in that they
offer large specific surface area, high porosity and buffering against volume
changes occurring during cycling. Of particular interest are transition metal
oxide aerogels endowed with adequate ionic and electrical conductivity. In a
paper published in 2007, Long et al. described the fabrication of nanoscale
battery composed of MnO, ambigel as a cathode, polymer electrolyte sepa-
rator and RuO, nanoparticles as an anode [64, 67]. The success of this ap-
proach depends heavily upon the conductivity of the nanostructured aerogel
framework, the ability to deposit a pinhole-free polymer electrolyte and the
homogeneity of the back-filling component distributed at the exterior of the
structure. Self-limiting electropolymerization [68], electroless deposition and
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atomic layer deposition have been proposed as suitable techniques for these
structures [64].

a) b)

freestanding interdigitated array of concentric
nanopillars nanopillars cylndrical electrodes

d) e) f)

interdigitated nanotubes interdigitated ‘trenches’
plates

9)

micro-channelled

silicon substrates Reticulated foam electrodes
Figure 2.2. Schematic of the 3D electrode architectures proposed for use in micro-
batteries: a) high-aspect-ratio arrays electrode b) interdigitated arrangement of arrays
for full-cell microbatteries c) concentric cylinderical array electrodes d) interdigitated
planar electrodes for full-cell microbatteries e) vertically-aligned nanotubes f) inter-
digitated trench electrodes g) micro-channelled silicon substrates h) reticulated foam
or aperiodic electrodes

2.1.2 High-aspect-ratio array electrodes

3D electrodes consisting of arrays of micro- and nano-pillars are the most
widely studied architectures destined for use in microbatteries [52, 69-71].
Templates commonly utilized in the fabrication of self-supported metal and
carbon posts are porous membranes such as AAO and perforated silicon wafers
[71,72]. For instance, by electroplating through silicon molds, micro-machined
by etching, high-aspect-ratio arrays of Zn pillars were prepared [70]. The
schematic of the whole process is shown in Figure 2.3. In addition to micro-
posts, periodically-organized trenches of metals were fabricated by electrode-
position through the appropriate silicon membranes [69]. Etching away the sil-
icon template using XeF, gave rise to free-standing metal posts and trenches.
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The high surface area available and the short ion diffusion pathlength in these
electrode geometries can be exploited to design high performance microbat-
teries. For instance, Chamran et al. reported the use of 3D Zn micro-post
electrodes in Zn-air microbattery [55]. A typical arrangement of the 3D elec-
trodes in the cell is shown in Figure 2.1 b). The Zn anodes could be combined
with Ni(OH),-coated micro-posts to form fully interdigitated a 3D microbat-
tery [73]. In addition to metals, the fabrication of 3D carbon arrays were
demonstrated using the same route [74]. A slurry of mesocarbon microbeads
was infiltrated into the micro-channels of a silicon mold, which was subse-
quently removed by etching with XeF,. The free-standing carbon electrodes
were suggested for 3D lithium-ion microbattery applications. Furthermore,
the high-aspect-ratio Si microstructures could be utilized as substrates for
other active materials or be used directly as 3D active materials in microbat-
teries [75,76]. Nano-structured 3D array electrodes can be designed through

Figure 2.3. Schematic illustration displaying the process used to fabricate high-aspect-
ratio metal micro-pillars and trenches. Reproduced from Ref [69] with permission
from ©2011 IEEE
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electrodepostion of metals in the pores of AAO membranes [71,72,77]. These
electrode structures have so far been employed as supports for a wide variety
of negative and positve active materials [56,59,78]. A full-cell 3D microbat-
tery was realized by Liu ef al. based on a single AAO template coated on both
ends with active materials via atomic layer deposition (ALD) [79].

2.1.3 High-aspect ratio micro-channel electrodes

Micro-perforated silicon substrates have also been proposed as 3D electrode
architectures for microbatteries [58,80-84]. The electrode fabrication involves
etching channels or trenches into silicon wafers by means of photolithographic
approach and deep reactive-ion etching [85]. The resulting electrode archi-
tectures were employed as 3D supports for a wide range of active materials.
All-solid-state full-cell microbatteries have also been built based on both the
micro-channel and trench geometries [58,85,86]. A typical electrode arrange-
ments can be seen in the schematic given in Figure 2.4. Apart from semi-3D
arrangements, a 3D-interlaced microbattery was developed by Ripenbein ef
al. based on a silicon substrate perforated on both ends, and then coated with
active materials. The porous silicon wall in between acted as a separator [87].
Another similar approach advanced by Notten et al. consisted of trenches
etched into silicon stubstrates that were readily coated with active materials
and a solid a electrolyte to build all-solid-state 3D microbatteries [81]. Like
the silicon array electrode designs, this electrode geometries are also suitable
to be integrated with the current microelectronic systems which are based on
silicon-wafer technology.

Current collector (g)

Current collector (a)

Si-substrate (o

Barrier layer (¢)

Figure 2.4. An all-solid-state 3D microbattery based on micro-channelled silicon sub-
strate. Reproduced from Ref [86] with permission from ©2009 Elsevier.
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2.1.4 Foam electrodes

Foam or ’sponge-like’ architectures featuring networked voids with periodic
and aperiodic arrangement have been pursued as alternatives to the electrode
geometries discussed above [1, 64-66]. For an application as a 3D current
collector, a porous electrode is required to be (a) fully networked to support
electron flow throughout the electrode architecture (b) non-tortuous to facil-
itate ion transport with minimum ohmic drop (c) mechanically stiff to avoid
detachment of the active materials during cycling (d) electrochemically sta-
ble in the working voltage window and (e) able to provide a high surface
area available for coating with active materials and an electrolyte. Aperi-
odic 3D electrode designs made of carbon and metals have widely been ex-
plored and few examples are presented as follows. Reticulated vitreous car-

Opal template Electrodeposit Remove Electropolish Electrodeposit
nickel template nickel active materials

Figure 2.5. A schematic illustration of the fabrication of bicontinuous Ni-foam elec-
trodes and the subsequent material depostion procedure. Reproduced from Ref. [88].
Permission to reuse granted by the ©2011 Nature Publishing Group

bon (RVC) foam has long been used as an electrode in electroanalytical stud-
ies and has been investigated for potential use as a 3D substrate for active
materials in microbatteries. The latter use was demonstrated by Johns et al.,
who electrodeposited a conformal coating of MnO, cathode on RVC [65].
Results indicated a substantial improvement in the electrochemical perfor-
mance and footprint area capacity of MnO, as compared to planar geome-
tries. These same RVC substrates were also coated in LiFePO, using a spin
coating method where state-of-the-art footprint capacities and rate capabili-
ties were observed [66]. Aside from glassy carbons, graphene foams have
recently been tried as 3D substrates for battery materials and notably high rate
performances have been reported [89-91]. However, these foam structures
are not suited for 3D microbattery applications as the majority of the voids
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therein are extremely large (> 500 um). Another type of carbon foam can pre-
pared by nanocasting self-organized colloidal silica or polymer templates, and
is commonly termed 3D ordered macroporous material or 3DOM for short.
Following the first report in 1998 by Zakhidov et al. [92], 3DOM carbon
foams have been synthesized from a variety of carbon precursors, and used
in diverse electrochemical applications [93-95]. Notably, Lee et al. demon-
strated that monolithic macroporous electrodes consiting of highly periodic
pores could store lithium ions corresponding to a reversible gravimetric ca-
pacity of 299 mAh g™ at 15.2 mA g [94]. The electrodes were fabricated
by carbonizing phenolic resin replicas of colloidal crystal templates based on
poly(polymethyl methacrylate) (PMMA). A similar study made efforts to in-
vestigate the effects of hierarchical porosity and texture on the electrochemi-
cal performance of the anodes [96,97]. To prepare the 3DOM electrodes, the
authors pursued the common approach of nanocasting monoliths of silica as
templates for phenol-formaldehyde resins, which were in turn carbonized to
yield carbon foams [97]. Metal foams are also potential contenders as 3D sub-
strates in microbatteries. Especially, over the last few years the use of metallic
3DOMs as 3D current collectors has received significant attention. For in-
stance, Zhang et al. reported the electrodeposition of nickel through colloidal
crystal templates to generate bicontinuous electrode structures, and deposited
NiOOH and MnO, active materials for use in NiMH and Li-ion batteries, re-
spectively [88]. A schematic description is given in Figure 2.5. Perhaps, the
most relevant applications of such electrodes was later demonstrated in the
same research group [98]. Though, nothing novel was reported as regards
materials selection, the work presented an ingenuous electrode design consist-
ing of interdigitated arrangement of 3DOM Ni scaffolds which were coated in
negative and positive active materials.

2.2 Materials selection and deposition

The next crucial stage in developing 3D microbatteries after electrode fab-
rication is the deposition of current collectors (if needed), active materials,
and electrolytes making use of a variety of strategies. The most common ap-
proaches are atomic layer deposition [56, 83, 99], physical vapor deposition
(PVD) [100], chemical vapor deposition (CVD) [101], pulsed laser deposi-
tion [102, 103], RF-sputtering [104—-106], sol-gel processing [107], electrode-
position [52, 65, 78], electrostatic spray pyrolysis [108], and dip-spin coat-
ing [66]. Like conventional batteries, microbatteries rely on a selection of
active materials based on all types of energy storage mechanisms including
lithium ion insertion, conversion, and alloying. A schematic of the mecha-
nisms is shown in Figure 2.6 . Insertion-based materials such as LiFePO,
[107], LiCoO, [100, 106], LiMn,0O, [109], Li(NiMnCo),;0, [105], TiO,
[104], and MnO, [64] have widely been used in microbattery electrodes. Elec-
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trochemical energy storage based on alloying in Si [80,110], and Sn [111], and
conversion reactions in Fe;O, [72], Cu,O [77], and et cetera have also been
utilized in various electrode configurations of microbatteries.

Figure 2.6. A schematic illustration of the different reaction mechanisms which un-
derlie the electrodes of lithium and lithium-ion batteries. The black, blue, and yellow
circles represent vacancies in the crystal structure, the metal, and lithium (lithium
ions), respectively. Adapted from Ref. [112] by permission of ©2011 The Royal So-
ciety of Chemistry

Apart from the redox active materials, electrolytes constitute the integral
part of microbatteries as well. Unlike thin film microbatteries, which contain
thin layers of solid electrolytes [53, 113], most 3D microbatteries use liquid
electrolytes. The liquid electrolyte consists of lithium salts dissolved in a mix-
ture of organic solvents. Current efforts focus on the development of solid
electrolytes for 3D microbatteries. Solid electrolytes are by and large of two
types. Those based on lithium salts dissolved in polymer matrices [114,115],
which are known as polymer electrolytes, and those made of ceramic ionic
conductors [116]. Solid ionic conductors are usually composed of mobile
lithium ions occupying specific sites in crystalline solids. Significant achieve-
ments have been gained recently in terms of producing solid electrolytes pos-
sessing high ionic conductivities that can rival or even exceed those of lig-
uid electrolytes, thermal stability, wide electrochemical window (0 to 5 V)
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and no risk of fire and health hazards [116, 117]. These favorable character-
istics enable solid electrolytes to be used in combination with high voltage
cathodes and metallic lithium with minimal risk of side reactions and ther-
mal runaway. Thus, all-solid-state batteries incorporating these electrolytes
can promise superior energy and power densities, long cycle life and low
safety risks. Even so, ceramic electrolytes are too brittle to be applied on
3D electrode designs; thus, their use has so far been limited to thin film (mi-
cro)batteries [113, 118, 119]. Mostly, solid electrolytes based on polymeric
matrices are promising for 3D microbattery applications [115, 120, 121].
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3. Synthesis of Carbon Foams from Emulsions

This chapter presents the results obtained on the various aspects of the syn-
thesis and characterisation of emulsion-templated carbon foams. It begins
with discussing the strategies used to produce the carbon foams and to opti-
mize their specific surface areas, porosity, microstructures and chemistry. The
chemical transformations involved during pyrolysis at various temperatures
and their bearing on the pore microstructures, surface chemistry and degree
of graphitization of the resulting carbon foams are discussed in details.

3.1 Overview of emulsion-templated carbon foams

Carbon foams are sponge-like carbon structures consisting of reticulated open-
celled macropores with interconnecting windows. A number of synthesis
strategies have been developed in order to synthesize monolithic carbon foams.
Often, carbon foams are obtained from the pyrolysis of pitches [122], pre-
formed polymer foams [123], and polymer foams prepared via phase sepa-
ration [124, 125], gas-foaming [126], colloidal crystal-templating [127] and
nanocasting [97, 128, 129]. In this section, a state-of-the-art review is pre-
sented on the carbon foams derived from high internal phase emulsion poly-
mers (polyHIPEs).

a b
O

Figure 3.1. Schematic of simple high internal phase emulsions (HIPEs), namely a)
water-in-oil, b) oil-in-water, and c) Pickering HIPEs. The symbols O’ and "W’ stand
for oil phase, and water phase. The red circles are surfactants and the purple circles in
c) represent particle stabilizers.
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3.1.1 Polymerization and pyrolysis of high internal phase
emulsions

A high internal phase emulsion (HIPE) is a generic term that encompasses a
class of concentrated emulsions that form upon mixing two immiscible liquids
in the presence of interface stabilizers like surfactants [130-135]. Based on the
formulation of the constituent liquids and surfactants, various types of HIPEs
can be prepared: water-in-oil [130,133,136-138], oil-in-water [136,139-144],
and Pickering HIPEs [145]. A schematic description of the three HIPE is given
in Figure 3.1. The first kind of HIPE is formed when a substantially higher
proportion of an aqueous phase is blended with an organic phase with the help
of a suitable surfactant. The aqueous phase is usually composed of a stabiliz-
ing salt and an initiator to start off the polymerization of the monomers dis-
solved in the organic phase. In essence, the continuous organic phase forms
the solid polymer network while the aqueous internal phase provides tem-
plates to create pores. In contrast, in oil-in-water HIPEs the polymerization
occurs in the aqueous phase around the template formed by the droplets of
the organic phase. Evaporation of the internal porogen phase yields cellu-
lar porous polymers with hydrophilic surfaces. Lastly, pickering HIPEs use
solid particles to stabilize the emulsions instead of soluble surfactants [146].
All types of high internal phase emulsion polymerization have been used to
prepare monoliths of highly porous polymers that have been used to syn-
thesize carbon foams. The porogens are the liquid droplets which consti-
tute the internal phase and assemble to form close-packed templates of de-
formed polyhedra, which are in turn surrounded by the polymerizing con-
tinuous phase [130-132]. As the monomers in the continuous phase poly-
merize, the droplets in the internal phase evaporate leaving pores in their
stead. Thus, highly porous polymer foams form. Various types polymeriza-
tion reactions can occur in the continuous phase. Most common reactions in-
clude radical polymerization [130, 133, 136, 137], photo-induced polymeriza-
tion [147-151], polycondensation [152, 153], ring-opening metathesis poly-
merisation (ROMP) [154, 155], and reversible addition-fragmentation chain
transfer polymerization (RAFT) [156]. Subsequent post-synthesis function-
alizations [157] may be needed to render the polymers thermally resistant
against degradation [158] thereby increasing the char-content obtained after
pyrolysis [137,159]. Various types of polyHIPEs have been utilized to prepare
carbon foam monoliths, which are sometimes known as CarboHIPEs. Below
are some examples of carbon foam monoliths that are derived from polyHIPE
templates.

3.1.2 Carbon foams from water-in-oil polyHIPEs

An archetype of porous polymers derived from water-in-oil HIPEs is based
on styrene and its derivatives as monomers. In the first-ever report made by
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Unilever [160], styrene, divinybenzene, and vinylbenzyl chloride were used
as monomers to prepare highly cross-linked and low density monoliths of
polyHIPEs. A modification of the same recipe has been employed to prepare
porous polymer precursors for the synthesis of carbon foams. For instance,
Wang et al. demonstrated that styrene-based polyHIPEs can be utilized to
prepare highly porous carbon foams, and presented detailed data on the chem-
ical composition and mechanical strength of the resulting carbon foams [137].
Since polystyerenes lack sufficient thermal stability, post-synthesis crossliking
had to be carried out via sulfonation using concentrated sulfuric acid and ace-
tysulfates. A schematic synopsis of the whole process is given in Figure 3.2
to illustrate the various steps involved in the fabrication of polyHIPE-derived
carbon foams. These types of carbon foams are characterized by unique fea-
tures that define their open porosity, network structures, structural hierarchy
and physico-chemical properties. The BET specific surface areas of these car-
bon foams can reach beyond 600 m? g'!. Other polymers have also been
used to prepare carbon monoliths. Crosslinked polyacrylonitrile polyHIPEs
were made use of by Cohen ef al. to fabricate carbon foams with a BET
specific surface area of 26.5 m? g'! and consisting of largely interconnected
macropores decorated with mesopores in their walls [138]. Depending on the
pyrolysis temperature, PAN polyHIPEs can be used as precursors to synthe-
size nitrogen-containing carbon foams that are potentially attractive for use in
catalysis, for instance. Other similar examples of polyHIPE precursors include
Poly(1,1-dichloroethene) [161].

3.1.3 Carbon foams from oil-in-water polyHIPEs

As stated above, this class of polyHIPEs is derived from emulsions in which
the polymerization of the monomers takes place in the aqueous phase. At the
same time the evaporation of the organic phase leaves behind extended poros-
ity. Typical examples include resorcinol-formaldehyde (RF) polyHIPEs. The
carbonization of RF polyHIPEs produces carbon foam monoliths character-
ized by hierarchical structure consisting of large macropores and mesopores,
as evidenced by Hg-porosimetry and N, physisorption. [153] In effect, the car-
bon foams contained mesoporosity usually associated with aerogels derived
from RF-resins [162] and large macroporosity typical of polyHIPEs. Such
type of carbon foams are not readily prepared through traditional routes. Us-
ing similar strategy, Szczurek et al. prepared carbon foams from tannin-based
polyHIPEs [144]. The oil-in-water HIPE was obtained from an aqueous solu-
tion of tannin, hexamethylenetetramine as a crosslinker, p-toluene sulphonic
acid (pTSA) as an initiator and Kolliphor® ELP as an emulsifier, and an in-
ternal droplet phase composed of sunflower oil. Polycondensation in the con-
tinuous aqueous phase and extraction of the oil phase with acetone yielded
polyHIPEs that were subsequently carbonized to monoliths of carbon foams.
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Studies on the porosity, surface areas, and some applications of emulsion-
templated carbon foams can be found in the literature [163—166]. Mono-
lithic silica polyHIPEs have also been synthesized by hydrolysis of tetraethy-
lorthosilicate (TEOS) in an oil-in-water HIPE and further used as templates to
prepare carbon foams with an inverse replica structures [167].

3.1.4 Carbon foams from Pickering polyHIPEs

In Pickering HIPEs surfactants are substituted by solid particles which are able
to adsorb onto the hydrophobic-hydrophilic interface to stablize the emulsion.
[146] Commonly used particle stabilizers are TiO, [146], SiO, [168, 169],
Al, 03 [168], Fe, 05 [168], poly(styrene-co-methacrylic acid) (PS-co-MAA)
latex particles [170], poly(N-isopropylamide-co-metha-crylic acid) (PNIPAM-
co-MAA) microgel particles [171], poly(urethane urea)-(vinyl ester resin) (PUU-
VER) nanoparticles [172], metal organic frameworks (MOF) [173-175], and
carbon nanotubes [176]. Upon polymerization, porous polymers, aptly termed
Pickering polyHIPEs, are formed, which afterwards serve as templates for
preparing carbon foams [177,178]. Both the polymers and the carbon foams
derived therefrom feature networked structures of cellular voids [177, 178].
Additional pores and increased specific surface areas can be generated in the
structures by physical or chemical activation [178]. Carbon foam monoliths
with relatively open-cell frameworks and multi-scale porosity were prepared
using poly(Si-HIPE) obtained from Pickering oil-in-water emulsions [179].

3.2 Synthesis procedure

The research projects covered in this thesis are based on carbon foams de-
rived from styrene-based polymer foams which arise from the polymerization
of water-in-oil HIPEs. Two general objectives have been set in relation to
the fabrication of hierarchically porous carbon foams and their use in micro-
structured batteries.

In the first instance, the aim was to fabricate 3D electrodes that can be em-
ployed in microbatteries as hosts for lithium ions and as substrates for other
active materials in lieu of commerical carbon foams. To begin with, the HIPEs
were prepared at 1300 rpm using magnetic stirrer. A high internal phase emul-
sion was prepared according to Wang et al. [137] by mixing, under constant
stirring, an oil phase containing styrene (6 mL, Sigma-Aldrich®, > 99%), di-
vinylbenzene (3 mL, Aldrich®, 80%), 4-vinylbenzyl chloride (1 mL, Fluka®,
> 90%) and Span 80 (3 g, Sigma®) as a surfactant and a droplet-forming aque-
ous solution of CaCl,-2H,0 (1.65 g ,Sigma—Aldrich®, > 99%) and K,S,04
0.15¢g, Merck®, 99%) initiator in distilled water (60 mL). The emulsion was
stirred vigorously for several minutes before being transferred to a PTFE mold
and stored in an oven at 65 °C for 48 hours to polymerize. Afterwards, pieces
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evaporation of water
Figure 3.2. Schematic illustrations displaying the steps involved in the a) prepara-
tion of a high internal phase emulsion (HIPE) and b) the subsequent polymerization,
sulfonation and pyrolysis to fabricate monoliths of carbon foams. An HIPE forms
when a sufficiently hydrophobic organic phase containing monomers and a surfac-
tant is blended with a much higher proportion of aqueous phase (> 80% by volume)
composed of a stabilizing salt and an initiator. Polymerization of the monomers and
evaporation of the aqueous internal (droplet) phase yield porous polymers, which are
sulfonated and then pyrolyzed to carbon foams.

of the polymer were immersed in distilled water (24 h, 90-100 °C) and abso-
lute ethanol (48 h, 70°C) to leach out the stabilizing salt, the initiator residues
and the surfactant. Prior to carbonization, the polymers were functionalized
with concentrated H,SO,. Clean pieces of polymers were sulfonated at 100
°C for 24 hours. The sulfonated polymers were then carbonized at a range of
temperatures (700 to 1500°C) in alumina boats in a tube furnace (Heraeus®
Tube Furnace) under a constant flow of inert gasses (Ar or N,). A generalized
schematic representation of the synthesis procedure is given in Figure 3.2. The
temperature program used for stepwise pyrolysis of the sulfonated polymers
is shown in Figure S1 in Paper L.

Secondly, efforts have been directed towards optimising the specific sur-
face areas, void size distributions, and degree of graphitization. Keeping all
synthetic conditions same, the aqueous and organic constituents of the HIPEs
were blended using a rotor-stator homogenizer. In Figure 3.3, a pictorial sum-
mary of the procedure is given. The volumes of the two phases were 5 times
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PolyHIPE

Figure 3.3. A photographic summary of the preparation and polymerization of a high
internal phase emulsion.

higher than those given in the recipe above. By varying the the rotor angu-
lar velocity (w), different droplet size distributions in the HIPEs and hence
void size distributions in the resulting polyHIPEs could be achieved. After
the usual washing steps and sulfonation process as described above, the sul-
fonated polymers were carbonized at 1000 °C in a quartz tube furnace under
a constant flow of Ar. The as-prepared carbonf oams were further heated in
a graphite furnace in order to improve their degree of graphitization. Cylin-
drical graphite crucibles (MTI®) were used as sample holders. The carbon
foams were heated at 1500 and 2200 °C. A series of techniques including gas
physisorption analysis, electron microscopy, Raman and X-ray photoelectron
spectroscopy, powder X-ray diffraction were employed to fully characterize
the properties of the carbon foams as a function of heating temperature. Most
importantly, the consequence of higher pyrolysis temperature on the electro-
chemical performance of the carbon foams was investigated.

3.3 The microstructure of emulsion-templated polymer
and carbon foams

As discussed in the previous chapter, fabrication of the carbon foams begins
with the preparation of high internal phase emulsions (HIPEs). Monoliths of
porous and cellular polymers are obtained after polymerising the HIPEs. Af-
ter sulfonation with concentrated H,SO,, the polymers are heated at various
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temperatures to prepare carbon foams. In Paper II, acetylsulfate was used
as the sulfonating agent instead of concentrated H,SO,. The scanning elec-
tron micrographs (SEM) of the polymer (electron beam 3 keV), the sulfonated
polymer (3 keV) and the carbon foams (5 keV) are shown in Figure 3.4. It
can be noted that the granular and porous surface of the polymer is preserved
through the sulfonation and carbonization steps. This porosity accounts for
the surface area which was assessed using nitrogen gas physisorption method.
Transmission electron microscopy was used to characterize the topography,

a)
HIPE polyHIPE sulfonated polyHIPE carbon foam

continuous phase \J
droplet phase
(water) polymerization at 85 *C Sulfonation at 100 °C  Carbonization at =700

b)

200 nm"

Figure 3.4. Polymerisation and carbonization of HIPEs a) An idealized schematic
represents the synthesis of a carbon foam from a high internal phase emulsion polymer
(polyHIPE®). b) Photographs of the polymer, the sulfonated polymer and the carbon
foam (shown from left to right). ¢) and d) are the SEMs of the sulfonated polymer and
the carbon foam, respectively. Reproduced from PaperI with permission from ©2016
John Wiley & Sons

morphology, porosity and microscopic structure of the carbon foams as a func-
tion of pyrolysis temperature. In Figure S5 in Paper 1, the scanning transmis-
sion electron micrographs (STEMs) are shown for the carbon foams prepared
at temperatures from 650 to 1500 °C. Since STEM is sensitive to mass, atomic
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number and thickness contrast, it is possible to study the 3D topography and
porosity of the carbon foams. Due to mass contrast, the pores appear darker
in the micrographs as compared to the carbon, which is brighter. The pores
are clearly visible at the edges of the carbon foam struts which are thinner and
thus the electron beam can pass through with little or no multiple scattering.
All in all, the carbon foams display a wide pore size distributions: micromet-
ric voids with highly porous and rough surfaces. The microstructures of the
emulsion-templated polymer and carbon foams are characterised by networks
of voids (macropores) which are interconnected with each other through win-
dows, as indicated in Figure 3.5 Based on manual measurements on the SEMs,
the distributions of void and window sizes have been evaluated for both sam-
ples. The plots are given in Figure 3.6 d) and e). In general, both the voids
and windows undergo substantial contraction as a consequence of pyrolysis at
elevated temperatures, i.e., the carbon foams possess smaller voids and win-
dows.

Figure 3.5. A secondary electron scanning electron micrograph (SEM) of the carbon
foam synthesized by carbonizing a sulfonated polymer at 1000 °C. The inset SEM
shows the main geometrical features which characterise the carbon foam monoliths
such as voids, interconnecting windows and struts.

The specific surface area and porosity (with pore width below 100 nm) were
evaluated based on the N,-gas sorption isotherms provided in Figure 3.6. Ac-
cordingly, the polymers and the carbon foam are hierarchically porous in that
the walls of the voids are interspersed with much smaller pores: mainly meso-
pores and macropores are observed. The presence of micropores is attested
by the t-plot method. The specific surface areas could easily reach as high
as 600 m”> g, as reported in Paper I. Furthermore, more microporosity can
be generated inside the macropores by means of chemical or gas-phase ac-
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tivation, raising the specific surface area to about 1400 m?> g'! [178]. Such
microstructural hierarchy is very rare in commercial carbon foams. Hence,
emulsion-templated polymers can be used to manufacture carbon foams pos-
sessed of much lower void sizes, hierarchical porosity and thus high specific
surface areas.
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Figure 3.6. Assessment of the specific surface areas and porosity of the sulfonated
polymer and the carbon foam derived therefrom based on nitrogen gas physisorption.
(a) and b) represent the adsorption-desorption isotherms of the sulfonated polymer
and the carbon foam. (c) shows the pore size distribution of the two porous materials
evaluated based on the respective isotherms provided in (a) and (b). (d) and (e) repre-
sent the void (large macropore) size distributions evaluated manually on the scanning
electron micrographs.
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3.4 Optimizing surface area and porosity

As described in detail in the preceding sections, a high internal phase emul-
sion (HIPE) can be polymerized to prepare porous polymers characterised by
extensively networked voids and windows [130, 157]. The pyrolysis of the
polymers has become an attractive approach to synthesize carbon foams with
void dimensions much smaller than commercial carbon foams [137]. In this
work, efforts have been geared specifically to optimize the void sizes and spe-
cific surface areas. Obviously, the void sizes in the polymer and, hence, the
carbon foams are dependent on critical sizes of the droplets in the internal
phase of the HIPE precursor. It is well-known that parameters like blend-

Figure 3.7. The scanning electron micrographs (SEMs) display the pore microstruc-
tures and detailed surface morphologies of the sulfonated polymers derived from
HIPEs prepared at different mixing or homogenizing angular velocity. The micro-
graphs show from a) to c), d) to f), and g) to i) corresponding to the polymers prepared
at 500, 1000, and 2000 rpm, respectively.

ing shear rate (y) or angular velocity (), viscocity of the continuous phase
(Ncon), temperature (T), the partition coefficient of the surfactant, the inter-
facial surface tension coefficient (o), and the composition of the HIPE play
significant roles in controlling the critical size (Rc) of the droplets in the in-
ternal phase [133, 180-182]. Qualitative prediction of R [180-182] may be
formulated making use of these parameters as shown below

(9 o

Ry o< Ca ~Cq
NeconY k@Ncon

3.1)

where C,, and k represent, respectively, the capillary number and the form
factor used to relate the angular velocity () of the homogenizer (rotor-stator)
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Figure 3.8. The scanning electron micrographs (SEMs) display the pore microstruc-
tures and detailed surface morphologies of the carbon foams obtained after pyrolysis
of the corresponding sulfonated polyHIPEs at 1000 °C. The micrographs are shown
for a) to c) for 500 rpm, d) to f) 1000 rpm, and g) to i) 2000 rpm. The insets in c) and
f) provide closer inspection into the granular and porous features of the carbon foams.

to the shear rate (y). Accordingly, a highly hydrophobic continuous phase and
surfactant, and a higher shear rate (angular velocity) lead to HIPEs with small
droplet sizes. In our study, the angular velocity of the homogenizer was varied
from 500 to 2000 rpm. The influence of HIPE preparation on microstructures
of the polymers and carbon foams is visible in the SEM images shown in
Figure 3.7 and Figure 3.8. Based on the SEM images of the polymer and
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Figure 3.9. The size distributions of the voids in the a) sulfonated-polymers and b)
carbon foams are evaluated manually on the respective scanning electron micrographs
(SEMs) of each material derived HIPEs prepared at 500, 1000, and 2000 rpm angular
velocity of the homogenizer. The plots in ¢) present the mean size of the voids as a

function of the angular velocity. Each value is given along with its error bars showing
the standard deviation.
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carbon foams, one can conclude that there is strong correlation between the
HIPE preparation and the microstures of the voids. The void (macropore) size
distributions of the polymer and carbon foams have been evaluated manually
from the corresponding SEMs and can be observed in Figure 3.9. As expected,
the void sizes decrease with increasing rate of HIPE homogenization. The
distribution is also observed to get narrower as « icreases from 500 to 2000
rpm. The pore characteristics and specific surface areas of the carbon foams
can be observed in Figure 3.10. A summary on the N, physisorption analyses
is also provided in Table S1 to S3 in Paper III.

3.5 Chemical transformations during pyrolysis

The sulfonation of polymers to enhance the thermal stability has become a
common practice in the synthesis of carbon materials from polymer precur-
sors. In this section and Paper I, a thorough scrutiny is performed to find out
the actual role of sulfonation during the pyrolysis of polymers [125, 137].

To begin with, in situ infrared spectroscopy was carried out to monitor the
pyrolysis of the pristine and the sulfonated polymers. The IR spectra, given
in Figure 3.11, were collected for both samples at various temperatures using
diffuse reflectance FTIR spectrometer. A summary of the experimental set-up
is shown in Figure S3 in the supporting document of Paper I. The IR absorp-
tion vibrations that are observed in the region ranging from 900 to 690 cm™!
can be assigned to out-of-plane bending —C—H and —C—C— vibrations and
indicate the presence of both mono- and di-substituted benzenes [183—185].
After sulfonation, strong absorption bands emerge in different regions of the
spectrum in addition to those of the pure polymer [125, 185]. The bands point
to the presence of —OH, signified by the broad band around 3600 to 2600 cm™!
and —SO;H groups giving rise to the sharp peaks at 1361 and 1169 cm’! due
to asymmetric and symmetric stretching vibrations of —SO,— [125,185-189].
When the sulfonated polymer is heated at 250 ©, the intensity of the sulfonic
acid functionality diminishes and the vibration band gets sharper signifying
that it has undergone chemical transformation. It is likely that the sulfonic acid
group has converted to sulfones as evidenced by the —SO, — stretching vibra-
tions around 1358 (asymmetric) and 1176 cm’! (symmetric) [185, 187, 188].
Further increase in the temperature of pyrolysis goes to show that the bands
due to the sulfones cease to exist which indicates in turn that a completely
different functional group has formed. This is likely due to the deoxygenation
of the sulfones to yield thioether —C—S—C— crosslinks [189, 190], which
lack specific vibrational frequencies in the IR spectra [185]. Further analyses
were undertaken using X-ray photoelectron spectroscopy and x-ray absorption
near-edge fine structure spectroscopy.

The magnitude of the binding energy of a given photoelectron is affected
by the oxidation state of the ion from which it is removed. Thus, XPS helps
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Figure 3.11. In situ infrared spectroscopy is used to monitor the course of pyrolysis
of the polymers. (a) IR spectra of the pure polyHIPE polymer show the most common
bands characteristic of polystyrene (b) IR spectra of the sulfonated polyHIPE at var-
ious temperatures. The bands which correspond to —SO,— stretching vibrations are
designated by parallel lines.
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Figure 3.12. The S 2p X-ray photoelectron spectra of the pure polymer, the sulfonated

polymer and the carbon foams obtained at various pyrolysis temperatures. The S 2p
spectra reveal the chemical states of the sulfur species as a function of temperature.
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determine the oxidation states of ions or atoms which constitute a given sub-
stance. Shown in Figure 3.12 are the S 2p XPS spectra of the pristine polymer,
the sulfonated polymer (S-polyHIPE) and several other samples obtained by
heating the sulfonated polymer at different temperatures. One can see that the
sulfonated polyHIPE displays a broad peak centered on a binding energy of
169.5 eV that typifies highly oxidized sulfur species [189, 191]. Undoubtedly,
the sulfur 2p peak seen at higher energy can be assigned to the —SO;H func-
tionality. It can be noted that a new peak emerges as the sulfonated polymers
are heated at 250 °C. The peak has shifted by 5 eV and corresponds to —C—S—
bond, hinting at the onset of deoxygenation of the sulfone —C—-SO,—C—
bonds [189, 191]. In the sample heated at 350 °C, the sulfur exists in two
different states, as evidenced by the peaks appearing at two different binding
energies of approximately 169 and 164 eV. Both oxidized and reduced forms
of sulfur are present at this stage. Further heating above 450 °C leads to the
formation of predominantly —C—S—C— bonds in the carbon foams. Based
on XPS analyses, the sulfur persists even at temperatures as high as 1200
°C. Beyond 1500 °C, however, no detectable amount of sulfur was observed.
Additional XPS data and the atomic percentage of sulfur at the surface as a
function of temperature are given in Figure S9 and Figure S10 of the support-
ing document appended to Paper I. As XPS probes only few nanometers deep
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T T T T T
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Figure 3.13. In the XANES part of the X-ray absorption spectra, the K-edge absorp-
tions were used to determine the oxidation states of sulfur at three selected tempera-
tures

into the surface, results discussed so far reflect only the elemental make-up of
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the samples at the surface. Insight into the chemical nature of the bulk of three
selected samples was obtained through X-ray absorption near edge fine struc-
ture (XANES) measurements conducted in the fluorescence yield mode. The
spectra are shown in Figure 3.13. The sulfur species in each sample were iden-
tified by their oxidation states deduced from the ’white-lines’ of the absorption
S K-edges. Furthermore, the spectra of the sulfur species were compared to
absorption edges of different sulfur species reported in published literature.
A summary is given in Figure 5 c) in Paper I. Accordingly, the sulfonated
polymer prior to thermal treatment contains sulfur in the form of sulfonates
as indicated by the peak around 2481.4 eV. Changes in the peaks occur as the
polymer was heated to 350 °C. The spectrum indicates the presence of both
oxidized and reduced sulfur as evidenced by the peaks centered around 2481
eV for sulfone and 2473.6 eV for sulfide bonds. The carbon foam prepared
at 1000 °C contains mainly thioether bonds with a maximum binding energy
of 2473.6 eV. These results are consistent with the conclusions drawn on the
basis of the XPS analyses and prove the existence of same chemical species of
sulfur on the surface and in the bulk of the samples.
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Figure 3.14. Modulated thermogravimetric analyses (MTGA) are conducted on the
pristine and sulfonated polymers. a) TG curves showing the decomposition patterns
of the pristine and sulfonated polymer. b) The influence of excess adsorbed water
on the pyrolysis of the sulfonated polymers. c¢) A plot of activation energy versus
temperature as determined by modulated TGA. d) Kissinger’s plots of decomposition
activation energies.
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How do such chemical transformations affect the thermal properties of the
polymers? Thermogravimetric analyses were performed on both the pristine
and the sulfonated polymers to study their thermal stability and decomposi-
tion kinetics. In the case of the pure polymer, the decomposition takes place
rapidly within a narrow temperature range. As shown in Figure 3.14 a), the
TGA curve falls off sharply as opposed to that of the sulfonated polymer in
which case stepwise decomposition patterns are observed. Initial mass loss
can be attributed to evaporation of moisture adsorbed on the surface or en-
trapped in the pores of the polymer. The influence of adsorbed water on the
pyrolysis of the sulfonated polymer can be seen in Figure 3.14 b), which dis-
plays the decomposition behaviors of the sulfonated polyHIPE before and af-
ter drying under vacuum for 24 hours. Accordingly, the carbon content in-
creases by almost 36 % for the vacuum dried polymer. This is presumably
linked to the fact that sulfonation is reversible in the presence of water, par-
ticularly at elevated temperatures [192, 193]. In brief, adsorbed water leads to
the expulsion of sulfonic acids and hence compromises the thermal stability
of the sulfonated polymer during pyrolysis. As the temperature increases the
release of other gases such as CO, H,O, CO,, SO, et cetera accounts for the
drop in the mass of the sample. A detailed explanation is given in the discus-
sion of the residual gas analysis. In Figure 3.14 c), plots of activation energy
of pyrolysis of the pristine and the sulfonated polymers are given as a func-
tion of temperature. Obviously, the plots indicate that the activation energy
of decomposition is zero at the beginning as no chemical reaction occurs. As
the temperature increases, the polymers start to decompose, and the activation
energy for the unmodified polymer decreases whereas that of the sulfonated
polymer increases. The depolymerization of the pristine polymer is favored,
and thus increasingly lower activation energy is required until more or less the
entire polymer is degraded. In addition, as shown in Figure 3.14 d) the use of
Kissinger’s equation [194] indicates that the decomposition of the sulfonated
polymer requires higher activation energy (around 23 kJ mol™! higher) than
the untreated polymer.

A summary of the residual gasses emitted as a result of the thermal decom-
position of the sulfonated polymer is given in Figure 10.1. Initially, water
is the predominant emission detected by the mass spectrometer. As the tem-
perature increases, however, other gasses are also produced. The principal
emissions up to 300 °C occur with m/z ratios of 18, 28, 44, and 64 which
correspond to water, carbon monoxide, carbon dioxide and sulfur dioxide, re-
spectively. At around 400 °C, the polymer starts to decompose giving off
volatile organic molecules such as benzene (m/z 78), methylbenzene (m/z 91)
and styrene (m/z 104) in addition to the gases listed above. One can also note
that at temperatures above 800 °C carbon monoxide is the major gas being
emitted along with dihydrogen gas and water. This indicates that the surface
of the carbon has been oxidized in the course of pyrolysis, probably as a re-
sult of the deoxygenation of —SO,— to sulfide moieties. Another important
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Figure 3.15. In situ residual gas analysis (pyrolysis-mass spectrometry) performed on
the sulfonated polymer to identify the various gases emitted during pyrolysis. a) The
3D colour map shows the gaseous emissions identified by their mass-to charge ratios

and as a function of temperature. b) A summary of the results showing the different
gases given off at selected temperatures.

point is that all the sulfonic acid groups do not end up being reduced to form
thioether bonds. There is competition between reduction to sulfide bonds and
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desulfonation leading to the release of sulfur dioxide. However, it is evident,
as discussed above, that part of the sulfonic acid groups are reduced to form
—C—S—C- links unlike some literature reports purporting that desulfonation
results in a complete removal of sulfur from the carbon materials during py-
rolysis [125,137,195]. Evidently, our results argue against these claims and
are in good agreement with the report by Matsuda et al [190].

In conclusion, the data discussed above confirm that the pendant sulfonic
acid groups undergo chemical transformations to —C—S—C— crosslinks in the
course of pyrolysis. The thioether (—C—S—C—) bonds reinforce the thermal
stability of the polymer thereby reducing the extent of depolymerization and
boosting the charring tendency of the porous polymers.

3.6 Structural evolution during pyrolysis

Another interesting feature of the XPS data is that the C 1s peaks become
increasingly more well-defined with increasing pyrolysis temperature. The
peaks appear to have well-separated and sharp doublets. This phenomenon
may be indicative of the increased order and homogeneity in the carbon-
carbon bonds as predominantly sp>-type carbon forms at higher temperature.
The C 1s XPS spectra are provided in Figure 5 b) in Paper 1. Studies on the
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Figure 3.16. Structural changes in the carbon foams synthesized at 2000 rpm and
pyrolysis temperature of 1000, 1500, and 2200 °C were investigated using powder
X-ray diffraction (XRD). In the XRD patterns a) with diffuse scattering backgrounds
and b) obtained after removing the diffuse scattering backgrounds show the impact of
pyrolysis temperature on the ordering and size of the crystallites in each carbon foam.

microstructure of the carbon foams were conducted using X-ray diffraction,
high resolution TEM and Raman spectroscopy. The X-ray diffraction patterns
of the carbon foams are shown in Figure 3.16. After stripping the diffuse
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background off by spline fitting, the XRD patterns clearly display the changes
in the width and intensity of the (002) peak that is attributed to stacking of
garphene layers along the c-crystallographic direction. As a matter of fact, the
structure of carbon materials can be explained in terms of the stacking order
of the graphene layers, and the extent and orientation of the graphitic crystal-
lites. In Figure 3.16 b), it can be noted that the broad peak centered initially
on around 20= 22° for the 1000 °C carbon foam moves to higher angles, and
becomes sharper progressively with increasing pyrolysis temperature. This
trend arises from the increasing stacking order of the graphene sheets and the
increase in the size of the graphitic domains. Carbonization at 2200 °C results
in a carbon foam characterized by much sharper and more intense (002) peak
around 26° superimposed on a broader one, typical of carbon materials with
significant degree of graphitization. As the polymer precursors are extentively
crosslinked, one should be aware of the fact that temperature [196—198] alone
cannot cause the development of graphitic crystals in the carbon foams. For
instance, carbon foams prepared by Hasegawa et al. at 3000 °C exhibited
much less graphitization level as compared to carbon foams reported in this
thesis [199]. It is possible that traces of metal oxides left over from the prepa-
ration stages of the polymer and carbon foams may catalyze the graphitization
process. Further studies are going on. In the Raman spectra of the samples, it
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Figure 3.17. Structural changes in the carbon foams synthesized at pyrolysis temper-
ature of 650, 750, 850, 900, 1000, 1200, 1500 and 2200 °C, along with the spectra
of commercial graphite and multi-walled carbon nanotubes, were investigated using
Raman spectroscopy with 532 nm laser. The structural changes linked to thermal treat-
ments can be noted in the a) first- and second-order Raman scattering bands, which
become more distinct and sharper with increasing pyrolysis temperature. In b) a plot
of the ratio of the maximum intensity of the disorder band to that of the graphitic
bands is given as a function of temperature for the spectra given in a).

is to be observed that the characteristic bands of carbon become increasingly
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well-defined with increasing temperature. In Figure 3.17 a) plots of Raman
spectra collected for samples prepared at different heat treatments are shown.
All the spectra, especially below 1500 °C, are dominated by broad and intense
bands around 1346 cm™' (D-band) and 1600 cm™! (G-band) which can be as-
signed to a breathing mode of vibration of A, symmetry of the six-membered
ring and in-plane modes of vibration of E; symmetry of the conjugated sp?
bonds, respectively [200-202]. In addition, overtones (2D and G+D, for ex-
ample) can be seen in the region 2360 to 3380 cm™' [200-205]. The carbon

Figure 3.18. Closer inspection of the carbon foams obtained from the polyHIPEs
prepared at 2000 rpm and pyrolyzed at a) and b) 1500 °C, and c) and d) at 2200 °C
was conducted using high resolution electron microscopy (HRTEM). The insets in a)
and c¢) show the morphologies of carbon foam struts used for the analysis.

foam prepared at 2200 °C exhibits sharp, well-defined Raman bands at 1342.6
and 1588 cm!. Given that the D- and G- bands are due to sp? scattering sites,
it can be concluded that the content of sp? carbon is increasing progressively
with increasing temperature. In an amorphous carbon, the increase in the Iy/I
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is indicative of ordering in contrast to the case of graphite. Since the D-mode
is linked to the presence of six-membered carbon rings, its intensity is pro-
portional to the extent of graphitic clusters (Lp) as described by Ip/ Ig~ Lp>.
What is more, the second order Raman scattering bands are also clearly de-
tectable for this carbon. They occur around 2451, 2677, 2932, 3236 cml.
These bands are characteristic of carbons with finite-sized graphitic crystal-
lites and significant contributions from the edge planes [200-204]. The high
resolution transmission micrographs (HRTEM) given in Figure 3.18, and in
Paper I in Figure 6 and Figure S5 show clearly the continuous increase in the
order of the carbon foams in good agreement with the Raman spectra. One can
note the presence of turbostratically disordered graphene layers whose extent
and order increases with increasing pyrolysis temperature. In the high res-
olution transmission electron micrographs (HRTEM), it can be seen that the
carbon foams synthesized at 1000 and 1500 °C are characterized by turbostrat-
ically disordered graphene sheets as compared to the carbon foam synthesized
at 2200 °C [197,198].
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Figure 3.19. The a) C 1s and b) O 1s XPS spectra of the carbon foam synthesized at
2200 °C.

3.7 The surface of carbon foams

Surface functional groups affect the electrochemical performance of carbon
materials which are commonly used as anodes in lithium-ion batteries [206—
208]. Probing the surface of the carbon foams is, thus, important in order
to be able to explain their electrochemical behaviors. A surface study was
performed using X-ray photoelectron spectroscopy. The spectra of the carbon
foams prepared at various pyrolysis temperature can be seen in Figure 5 b)
and Figure S9 and S10 in Paper 1, as well as Figure S3 and S4 in Paper IL.
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Accordingly, the elemental composition of surface functionalities consisting
of S and O generally tend to decrease with increasing temperature. In addition,
the carbon foam synthesized at 2200 °C is observed to have no detectable
amount of sulfur and lower amount of oxygen. The C 1s and O 1s spectra are
provided in Figure 3.19.
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4. Lithium-ion Storage in Emulsion-templated
Carbon Foams

This chapter deals with the potential use of a polyHIPE-derived carbon foam
as a monolithic anode in lithium-ion microbatteries. The carbon foam is in-
tended to serve dual purposes, namely as an active material and a 3D current
collector. In conventional use, porous carbon materials are crushed to pow-
der and cast from a slurry onto metal current collectors along with conductive
additives and binders. Providing the porous carbon particles are reduced in
size, usually a higher gravimetric capacity is obtained. It is of critical interest
to underline the fact that the emulsion-templated carbon foam studied in this
thesis can be used in the absence of a binder and a metal current collector.
The impact of the pyrolysis temperature on the electrochemical behavior of
the carbon foams is investigated. Particularly, the dependence of the initial
irreversible loss of lithium ions on pyrolysis temperature is looked into.

4.1 Lithium-ion storage and the structure of carbon
materials

Carbon materials are renowned for their structural diversity. Depending on
the preparation history and precursors used, they exhibit distinctively differ-
ent chemical, electrochemical, and mechanical properties. Carbon exists in
various forms called allotropes, namely disordered carbon, graphite, diamond,
fullerenes, nanotubes, and so on [209]. Those which consist of sp2 carbon
bonds like graphite and disordered carbon materials have long been stud-
ied in interest of their ability to store lithium ions. Particularly, graphite is
widely used in commercial lithium-ion rocking-chair batteries due to its better
safety, less reactivity and cost as compared to lithium metal. However, lithium
ion intercalation into graphite limits the maximum capacity to 372 mAh g!
which corresponds to LiCg staging. Disordered carbons obtained from the low
temperature pyrolysis of organic precursors offer remarkably higher specific
capacities, but with some limitations such as low density, high irreversible
capacity during the first cycle, and hysteresis between charge and discharge
voltage-capacity curves [206,210]. The electrochemical formation of a pas-
sivation layer on the carbon surface, i.e., SEI layer, reaction of lithium with
surface functional groups, adsorbed molecules and entrapment of lithium ions
in nanopores account for the high irreversible capacity [206]. It is worth not-
ing that the structure of disordered carbons varies considerably depending on
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the type of precursor and pyrolysis temperature. Same holds good regarding
their capability to store lithium ions [37]. Rosalind Franklin is credited for
having proposed the classification of carbonaceous materials as (i) graphitiz-
ing, (ii) partially-graphitizing, and (iii) non-graphitizing [196]. Based on their
electrochemical behaviors, Dahn ef al. classified carbonaceous anodes as (i)
graphitic or soft, (ii) hydrogen-containing, and (iii) non-graphitizable or hard
carbons [37].

4.2 Emulsion-templated carbon foam anodes
4.2.1 The first discharge and pyrolysis temperature

As arule, low-temperature, disordered carbon materials are plagued with huge
irreversible capacity losses during the first discharge as a sizeable amount of
lithium is consumed in passivating their large surface areas (SEI layer for-
mation). Irreversible reaction with surface functional groups and adsorbed
molecules, and entrapment of lithium in nanopores can be regarded additional
sources of lithium ion sinks which contribute to the initial capacity loss. True
to form, the polyHIPE-derived carbon foam prepared at 700 °C shows a foot-
print area capacity of 5.5 mAh cm™2 on the first discharge; however, the amount
of lithium inserted during the first discharge is not fully retrieved during charg-
ing and the subsequent cycles. See Figure 4.1 a). After the first cycle, the
capacity tends to be more stable indicating the increase in reversibility of the
lithium insertion process. Improvement in the reversibility means parasitic re-
actions involving the irreversible reduction of the electrolyte and the surface
functional groups have abated. The coulombic efficiency computed as

Ce _ Qdeltthmtwn (4 1)
Qlithiation

improves progressively from 31.4 % for the first cycle to 71.4, 82.7, and 85.8
% in the following second, third, and fourth cycles. In the Supplementary
document appended to Paper II, XPS measurements used to explore the sur-
faces of the pristine and cycled carbon foams are presented in detail. Accord-
ingly, the pristine carbon contains oxidized carbon functional groups aside
from residual impurities (sulfur and calcium) left over from the preparative
process of the carbon foams. Calcium impurities can be effectively avoided
by repeated washing of the polymer with water and ethanol before the sul-
fonation step. After cycling, the XPS spectra of the carbon foam bear the
characteristic features of SEI layer as identified by the peaks reminiscent of
electrolyte decomposition. The spectra are shown in Figure S4 and the rela-
tive molecular composition of the surfaces are given in Figure S3. Detailed
discussion can be found in the supplementary information of Paper IL.
Success to apply the carbon foam monolithic electrodes in practical micro-
batteries is contingent upon the ability to bring the irreversibility down to as
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Figure 4.1. Electrochemical behavior of a monolithic carbon foam anode. (a) The first
four cyclic voltammograms of the carbon foam scanned at a rate of 0.01 mV s™! in the
range 0.05 and 2.0 V versus Li*/Li. The coulombic efficiency for cycles 1, 2, 3, and
4 are 31.4,71.4, 82.7, and 85.8 % (b) A plot of the areal capacity at different current
densities: 0.37 to 8 mA cm™

low a level as possible. A tried and tested strategy for ensuring acceptable
electrochemical performance would entail optimizing the pore sizes, reduc-
ing the specific surface areas, and increasing the degree of graphitic ordering.
With this in mind, a set of carbon foams have been prepared by carbonizing the
sulfonated polyHIPE (from 2000 rpm HIPEs) at 1000, 1500 and 2200 °C. One
needs to understand that the pyrolysis temperature determines the total surface
area, pore sizes, morphology, chemical bonding and the structure of the carbon
foams. The results obtained from CV analyses are plotted in the graphs given
in Figure 4.2. It is clearly observed that the CVs for the three different samples
are substantially different based on the features visible in the discharge-charge
waves. The carbon foam resulting from pyrolysis at 2200 °C exhibits a single,
distinct and sharp reduction peak around 0.72 V Figure 4.2 c) that is indica-
tive of electrolyte reduction and SEI formation on the carbon surface. This
reduction peak appears at a much higher potential, around 1.13 V, and is fol-
lowed by more features in the CV of the 1500 °C electrode, as can be seen in
Figure 4.2 b). Such well-defined features are not observed for the 1000 °C car-
bon foam electrode (Figure 4.2 a)). More importantly, the amount of charge
wasted due to the reductive decomposition of the electrolyte (and reduction
of oxygen containing surface groups) in the high temperature carbon anode
appears to be much less as compared to those of the other two electrodes. To
be precise, irreversible losses associated with the three electrodes synthesized
at 1000, 1500, and 2200 °C are 58.4, 51.5, and 24 %, respectively. As pointed
out in detail in the previous chapter, the carbon foams synthesised at a range
of pyrolysis temperature differ in terms of the amount and composition of the
heteratom functionalities present on their surfaces. Ample references exist in
the literature in support of the fact that surface functionalities contribute to
the irretrievable capacity loss observed in the course of the initial discharge
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Figure 4.2. Evaluation of the electrochemical performance of each carbon foam ob-
tained by carbonizing the sulfonated polymers prepared at 2000 rpm and at different
pyrolysis temperatures. In the cyclic voltammograms (CVs) recorded at a scan rate of
0.05 mV s’ for a) 1000 °C, b) 1500 °C and ¢) 2200 °C, it can be noted that the first
discharge (lithiation) process display some features resulting from irreversible reduc-
tion of the electrolyte and surface functional groups. Over the subsequent 10 cycles
the coulombic efficiency improves from 41.6, 48.5, and 76 % to 100, 95.6, and 98.6
% for the CVs given in a) to ¢), respectively.

reaction [206-208]. In a full-cell design, the positive electrode provides the
lithium ions that are inserted into the carbon anodes during charge. Exces-
sive loss of the lithium ions is detrimental to the cycle performance and life
of the battery. Needless to say, only the 2200 °C is considered promising for
successful application as a 3D anode in microbatteries.

4.2.2 Electrochemical performance

As discussed in detail in Paper I, after the cyclic voltammetry experiment gal-
vanostatic cycling tests were conducted on the carbon foam prepared at 700°C.
The rate performance of the electrode is shown in Figure 4.1 b). For the lowest
cycling rate (a current density of 0.37 mAh cm™ corresponding to roughly 0.1
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C), a footprint area of 4.0 mAh cm is obtained. It should be remembered that
in this particular application the carbon foam is acting as both active material
and current collector and that the entirety of the 3D geometry may not be ac-
cessible to the lithium ions in the electrolyte. Gravimetrically, this capacity
amounts to 214 mAh g! as can be seen in Figure 6 a) of Paper IL. This is in
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Figure 4.3. The carbon foams prepared at 2200 °C was further characterized by
controlled-current cycling at various current densities. a) The first discharge displays
a distinct plateau at around 0.84 V vs. Li*/Li which can be attributed to electrolyte
decomposition. b) The voltage-capacity galvanostatic curves obtained for the indi-
cated current densities. The corresponding areal capacities are also shown in the c)
capacity-current density plots along with the respective coulombic efficiency. d) The
cycling behavior of the electrode is shown for over 20 cycles at a current density of
500 pA cm™.

good agreement with Brun ef al. who demonstrated that a Si(HIPE)-derived
carbon foam could supply a stable capacity of 200 mAh g'! for the first 50
cycles [167]. It’s worth mentioning, though, that they utilized 10 % carbon
additive along with a powdered sample of the carbon foam. At higher cycling
rates the capacity drops drastically mainly due to the internal cell resistance
as the electrical conductivity of porous and freestanding carbons are usually
low [61]. On the whole, large capacity losses, and low coulombic efficiency,
during the first discharge are the hallmark of carbon anodes with disordered
structures and scale with increasing specific surface areas [206-208]. So, it
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suffices to state that carbon foams ideally suited to microbattery applications
are the ones with high degrees of graphitization and low specific surface ar-
eas. In practice, pyrolysis of the polymer foams at higher temperatures tends
to diminish the specific surface areas and increase the density of the carbon
foams thereby redoubling their mechanical stiffness as a result. In addition
to cyclic voltammetry (CV), galvanostatic or controlled-current methods have
been used to study the performance of the carbon foam electrodes.

In Figure 4.3, the voltage-capacity curves associated with the first and sec-
ond cycles are recorded at a current density of 50 uA cm™. As can be seen in
the initial discharge curve, a distinct plateau appears around 0.84 V vs. Li*/Li
that is characteristic of electrolyte decomposition, and the formation of the
SEI layer, which is true of graphitic carbon anodes with pristine surface. The
influence of increasing current density on the areal capacity can be observed in
Figure 4.3 c). High areal capacities of 1.22 and 1.03 mA h cm™ are obtained
when the carbon foams were cycled at 50 and 500 pA cm™2. Accordingly, de-
spite the 10-fold increase in the current density, approximately 85 % of the
low rate capacity is accessible which in turn hints at the suitability of the ma-
terials for high power applications. The good cyclability of the electrode can
also be seen in the capacity-cycle number plot provided in Figure 4.3 d) for
over 20 cycles. However, further investigation is needed to study the power
performance of the carbon foam in the future.
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5. Emulsion-templated Carbon Foams as 3D
Substrates

This chapter is based on the results reported in Paper Il and IV, and discusses
the potential use of carbon foams as substrates for active materials that can
be deposited via electrodeposition and sol-gel processing. As described in the
preceding sections, polyHIPE-templated carbon foams are of immense inter-
est due in large part to their high specific surface areas and well-networked
structures. To prove their applicability in electrodeposition of battery materi-
als, a layer of polyaniline (PANI) was electrodeposited on the carbon foams
and used as a cathode versus lithium. The synthesis of LiFePO , on the carbon
foams by means of a sol-gel approach, and the electrochemical performance
of the composite electrode as a cathode for 3D microbatteries have been ac-
complished.

5.1 PANI-coated carbon foams for 3D lithium
microbatteries

Polyaniline (PAN]) is a classic example of polymers which are rendered con-
ductive by appropriate oxidation or doping [211]. Ideally speaking, polyani-
line exists in one of the three chemical forms which have different colors
and electrical properties: (a) leucoemeraldine: colorless and insulating, (b)
emeraldine: green/blue and highly conducting in its salt form, and (c) perni-
graniline: blue/violet and weakly conducting [211]. In its fully reduced state
polyaniline is known as leucoemeraldine. The fully oxidized form is termed
pernigraniline. Both leucoemeraldine and pernigraniline are poor conductors.
The emeraldine base, which is a combination of benzoid and quinoid struc-
tures, is the most useful form of polyaniline. Doping of emeraldine base gives
rise to a highly conducting form of polyaniline, emeraldine salt.

5.1.1 Electrodeposition of PANI

Polyaniline is commonly synthesized by oxidative polymerization of aniline
either chemically using ammonium peroxydisulfate as oxidant, for example,
or electrochemically. Cyclic voltammetry (CV) is the major electrochemical
technique employed to prepare polyaniline from a wide selection of deposi-
tion baths, both aqueous and non-aqueous [212-215]. In Figure 5.1 are shown
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the cyclic voltammograms for PANI deposition on several substrates. Accord-
ingly, the CV for the electropolymerization of aniline, as indicated in Figure
7a, shows two sets of prominent peaks on anodic and cathodic sweeps. The
first peak is associated with the oxidation of leucoemeraldine state of polyani-
line and is believed to occur without the participation of protons; it involves
the release of electrons and formation of quinoid rings. The position of the
second peak has been found to vary with the pH and is assigned to the oxida-
tion of emeraldine to pernigraniline state of polyaniline. Removal of one mole
of electrons is accompanied by the release of four moles of protons which
leads to the formation of additional quinoid ring [216]. There is also a pair of
small peaks which have been linked to intermediates formed during the elec-
tropolymerization [212,217]. In Paper I, polyaniline was electrodeposited by
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Figure 5.1. Cyclic voltammograms of polyaniline deposition from aqueous solution
of 0.1M aniline in 0.25 M H,SO, on different substrates: (a) planar gold (b) planar
reticulated vitreous carbon (RVC) (c) 100 ppi RVC foam and (d) polyHIPE-derived
carbon foam. In all cases, a scan rate of 100 mV s™! was used.
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CV on 1 mm thick 100 ppi compressed RVC and polyHIPE-derived carbon
foams from an aqueous solution of 0.1 M aniline and 0.25 M H,SO, using
multiple cycling at a sweep rate of 100 mV s ~! in the potential range -0.2 to
1.2 V vs. Ag/AgCl. This was done in a standard three-electrode setup with
a stainless steel plate counter electrode using an SP240 Biologic potentiostat.
After deposition, excess sulfuric acid was carefully rinsed off with distilled
water and the PANI coatings on the substrates were dried in air.

5.1.2 PANI in lithium batteries

Because of its metal-like conductivity (~ 1 to 18.8 S cm -1y, good redox re-
versibility, light weight, stability, chemical properties and low cost, polyani-
line has a tremendous potential for applications in electronics and energy stor-
age devices [218]. MacDiarmid and coworkers presented a detailed report on a
rechargeable battery constructed from emeraldine base form of polyaniline as
cathode and lithium metal as anode [216]. According to their work, polyani-
line could supply a capacity of circa 147.7 mAh g and energy density of 340
Wh kg'! with a coulombic efficiency greater than 98 %. In the same report, it
was demonstrated that the mechanism responsible for the electrochemical per-
formance of PANI is the reversible anion doping and dedoping. According to
Macdiarmid and coworkers the charge and discharge reactions of emeraldine
base form of polyaniline can be designated by the following equation:

charge discharge

PFs , PFg
- N N N N+ + xLit + e
H H
X

Figure 5.2. Anion doping-dedoping is the underlying mechanism of energy storage in
the electrochemical cycling of PANI versus Li.

The electrochemical characteristics of the different forms of polyaniline,
1.e., emeraldine base, emeraldine salt and leucoemeraldine versus lithium have
been studied, as well [219]. The results borne out that emeraldine base had
higher capacity and better charge recovery, 95 % as compared to the other
chemical states of PANI. Various dopants such as LiClO,, LiPF,, LiBF, and
polymer electrolytes have been used with polyaniline and its derivatives. Manuel
et al., evaluated the performance of polyaniline doped with LiPF and LiCIO,
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in a 1:1 mixture of EC/DMC versus lithium and found out that LiPF¢-doped
PANI delivered higher capacity (125 mAh g'!) and coulombic efficiency [219].

5.1.3 Electrochemical study on PANI-coated carbon foams

a| b|
cl B dj
e— f;—
i .

Figure 5.3. Scanning electron micrographs of bare and PANI-coated polyHIPE-
derived carbon (bare: a and inset, coated: c, e and g) and RVC (bare: b and inset,
coated: d, f and h) foams taken at different magnifications. For each substrate 10 cy-
cles of deposition were performed using cyclic voltammetry. Note: Each micrograph
in the second and third rows represents same image as the one directly above it but is
taken at a higher magnification.
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In Paper II, the polyHIPE-derived carbon foams, synthesised at 700 °C, and
some commercial RVC substrates (for comparison) were coated in layers of
polyaniline as described in the experimental section. The SEM images of the
bare and coated carbon foams can be seen in Figure 5.3. The PANI coating on
the RVC and polyHIPE-derived carbon surface is clearly seen as a porous layer
of entangled fibers as compared to the smooth surface of the bare substrates.
In both cases the deposits look to be reasonably conformal. SEM images of
the cross-section of these structures were also taken and PANI deposits were
observed throughout with some thinning towards the center as shown in Figure
S6 in the supportive information of Paper II.

Infrared and electron dispersive X-ray spectroscopy (EDX) analyses were
carried out on the polyHIPE-derived carbon foams so as to confirm the pres-
ence of polyaniline. The EDX measurement (Figure S2 of Paper II) clearly
shows the presence of the polyaniline coating as nitrogen is detected. Car-
bon from both the polymer and the carbon foam is detected along with sulfur
which is partly due to the sulfate dopant introduced during the electropoly-
merization and some remnants of the sulfonation treatment performed in the
course of preparing the carbon foam. The IR spectrum is presented in Figure 8
in Paper II and displays the most prominent absorption bands corresponding to
aromatic and quinoid rings. A detailed assignment of the peaks can be found
elsewhere [220]. The characteristic absorption bands of PANI salt appear at
wavenumbers 1574, 1488, 1301, 1246, 1121, 804 and 702 cm™. The bands at
1574 and 1488 cm™! pertain to C-N stretching of quinoid and benzenoid rings,
respectively. The peak around 1301 cm™! can be assigned to C-N stretching of
secondary amine. The other peaks located around 1246 and 1121 cm™! are due
to C-N stretching in BBB unit and C—H in-plane deformation in Q=NH"-B
or B—NH™""-B unit, respectively (B: benzenoid ring, Q: quinoid ring). Around
804 cm™! appears a slightly weaker band which is due to C—H out-of-plane
deformation in the benzenoid and quinoid rings.

The electrochemical performance of the PANI-coated carbon foams was
evaluated at current densities by means of controlled-current technique. The
discharge curves recorded at a current density of 133 uA cm shown in Fig-
ure 5.4. The discharge occurs with a linearly decreasing voltage profile be-
tween 4 and 2.5 V vs. Li*/Li and the majority of the capacity can still be
accessed above 2.8 V. A sharp drop in discharge capacity is seen at higher cy-
cling rates (particularly above 2 C rate) possibly due to the electrical resistivity
of the carbon foam. The electrochemical cycling of PANI-coated polyHIPE
carbon foams in the voltage range 2.5 to 4.0 V versus Li*/Li proceeds with
high coulombic efficiency reaching in excess of 99 % and a small hysteresis
of 0.15 V (Figure 5.4). As shown in Figure 5.5 the capacity is well maintained
until rates above 2 C are applied; however, almost 50 % of the slow rate ca-
pacity is achieved at 5 C which is competitive with other materials reported in
the literature [59,221]. The decrease in capacity at higher cycling rates may
be attributed to resistive losses as porous carbons are generally not known to
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Figure 5.4. Electrochemical behavior of PANI-coated polyHIPEC foam versus lithium
was examined with the help of controlled-current techniques. a) The voltage profiles
obtained when a current density of 133 uA cm is applied. b) A voltage-capacity
profile displaying the hysteresis between the charge and discharge curves.

be sufficiently good electrical conductors. It should be noted that much less
areal capacity is obtained for the RVC substrate, presumably due to its lower
specific surface area.
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Figure 5.5. Electrochemical behavior of PANI-coated polyHIPEC foam versus lithium
was examined by means of controlled-current techniques. A comparison of the rate
performances of PANI-coated polyHIPEC and RVC foams are shown for several C-
rates.

5.2 LiFePO,-coated carbon foam as a positive electrode

This section deals with the synthesis of LiFePO, coated carbon foams and
their use as monolithic cathodes in 3D microbatteries. A variety of tech-
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niques are used to characterize these electrodes prior to electrochemical test-
ing. In general, LiFePO, is synthesized in the carbon foams by sol-gel assisted
method in which the carbon foams are dip-coated with the precursor solution.
The procedure of the synthesis is described in detail in the experimental part
of Paper IV.

5.2.1 Sol-gel synthesis of LiFePO,

As a topical cathode material, LiFePO, has attracted a great deal of attention
since the seminal work of Padhi et al. [20]. One of the most common prepar-
ative routes to nano-sized LiFePO, is sol-gel method. The synthesis approach
requires the use of chelating ligands such as citric acid not only to prevent
the oxidation of ferrous ions but also to generate carbon residues as the ligand
undergoes pyrolysis upon heating. The carbon residues improve the electri-
cal conductivity of the particles and create porosity desirable for electrolyte
percolation [222,223]. In addition, sol-gel synthesis of LiFePO, produces
nanoparticles with more or less controlled size distributions. In Paper IV, thin
pieces of as-prepared polyHIPE-derived carbon foams were immersed in a
sol-gel precursor of LiFePO,. This consisted of 0.2 M FeSO, -7H,0, 0.2 M
NH,H,PO,, 0.4 M citric acid, and 0.2 M lithium acetate in a 9:1 mixture of
distilled water and methanol. The solution containing the carbon foams was
evacuated in a vacuum chamber to drive out air from and to force the solution
into the interior of the carbon foams. Part of the solvent was evaporated at 70
°C for 12 h leading to thicker gel due to self-condensation of citric acid. The
carbon foams were taken out of the thick gel and dried at 70 °C overnight.
Then they were dried under vacuum at 120 °C. The dried carbon foams were
heated in a tube furnace up to 700 °C at a rate of 1 © C min"! in Ar atmosphere
for 8 h.

5.2.2 Characterization

It is of primary importance to make sure that the bicontinuous structure of
the carbon foam remains intact after synthesis, with no blocking of the open-
celled voids. Such evidence comes from electron microscopy techniques. In
Figure 5.6 (and Figure 3-5 and Figure SI of Paper IV) SEM, TEM and STEM
(HAADF-TEM) images are given. From the SEM images (using secondary
electrons) it is evident that the carbon foams have been successfully coated
with a layer of the active material without blocking the voids. Based on TEM
images given in Figure 5.6 and Figure 4 in Paper IV , the LiFePO, particles
are embedded in or surrounded by a porous carbon layer (< 200 nm) which is
deposited on the carbon foam. Since they are heavier than the carbon parti-
cles and thus scatter electrons more strongly, they appear in the STEM (dark
field) images, Figure 5.6 f), brighter than the surrounding carbon. In addition,
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high resolution TEM indicates that these particles are highly crystalline as ev-
idenced by the lattice fringes as shown in Figure 5.6 e). XRD pattern shown
in Figure 2 b) of Paper IV confirms that LiFePO, has been synthesized in the
desired crystal structure. Providing that LiFePO, is a complete insulator, the

d ML - I— y
Figure 5.6. Electron micrographs show the distribution of LiFePO4 and topography of
the 3D electrodes. (a) The SEM of uncoated carbon foam, (b) to (d) The SEM of the
coated carbon foams taken at different magnifications, (e) and (f) are the bright field
TEM and STEM (dark field) images of the coated carbon foams, respectively, and
show that crystalline LiFePO4 particles are distributed throughout the carbon foam.

possibility of nano-sizing and carbon coating will allow for high rate cycling
of the active materials. In the supplementary information of Paper IV (Figure
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$2), the size distribution of the nanoparticles, which is evaluated on the basis
of electron microscopy, indicates the majority of them are below 70 nm. Need-
less to say, nanoparticles are preferred for battery use as they provide shorter
path length for the solid-state diffusion of the lithium ions [224].

~ — 5.1
R (5.1

The above relation applies to one-dimensional diffusion processes. The vari-
ables tp, L and D stand for the time constant required for the diffusing species
to complete a distance of L at a diffusion coefficient of D. Porosity is believed
to be, as explained by Dominko et al., essential for the electrolyte to permeate
the vicinities of the active materials and thus facilitate the movement of ions
during battery operation [222].

5.2.3 Electrochemical investigation

Next, the electrochemical behavior of the LiFePO,-coated carbon foam is
studied using cyclic voltammetry and controlled-current techniques. Pouch
cells were assembled using a piece of carbon foam (footprint areas ranging
from 0.12 to 0.20 cm? , 400 um in thickness) as the working electrode, a
lithium foil as the counter and the reference electrode and a separator soaked
in electrolyte. The gravimetric loading of the active materials is 37% of the
total weight. The overall cycling and rate performance of the electrodes are
shown in Figure 5.7. The contribution of the carbon foam substrate to the total
charge and the stability of the electrolyte in contact with the carbon surface has
been studied using XPS. Detailed explanation is deferred to the supporting in-
formation of Paper IV. Clearly, the electrode performs remarkably well at all
rates in terms of both areal capacity (as shown in Figure 5.7) and coulombic
efficiency. The latter exceeds 99.5 % and almost 60 % of the slow rate capac-
ity (1.72 mA h cm™) is accessible at a current density 60 times higher. The
gravimetric capacity at 0.2 mAh cm™ (=~ 0.1 C-rate) is calculated to be approx-
imately 157 mAh g! which corresponds to 92 % of the theoretical capacity
of LiFePO,. Table S1 in the supplementary information of Paper IV presents
a summary of literature reports on different electrode materials suggested for
use in microbatteries. In comparison, the performance of LiFePO,-coated car-
bon foam compares reasonably well with those of the electrodes for which the
highest footprint area capacities are reported in the literature. Be that as it may,
the capacity falls continuously as the rate of cycling is increased. This can be
associated with ohmic losses (due to internal resistance of the cell), diffusion-
limitation in the solid active materials and uneven current density distributions
(inhomogeneous reaction rates) across the carbon foam electrodes. In general,
the potential difference across a cell can be expressed in terms of (i) the open
circuit or equilibrium potential, Vocy (ii) the surface (activation) overpoten-
tial, n, (iii) the concentration overpotential, 1. and (iv) the ohmic potential
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Figure 5.7. Galvanostatic cycling at different current densities (a) The

charge/discharge voltage profiles of LiFePO,-carbon foam are shown for the volt-
age range from 2.8 to 4.0 V vs. Li (b) areal discharge capacities are given for several
current densities.
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Figure 5.8. Diffusion limitation can account partly for the decrease of capacity at
high rates. (a) Cyclic voltammograms of LiFePO,-coated carbon foam at different
scan rates. The CVs labeled as a, b, c, d, e, f, g, and h correspond, respectively, to
scan rates of 0.01, 0.05, 0.1, 0.2, 0.4, 0.8, 1, and 2 mV s’! (b) Linear dependence
of peak current densities (absolute values) on the square root values of the scan rates
indicate that insertion or deinsertion of lithium ions in LiFePO, particles is diffusion-
controlled. The symbol r stands for the correlation coefficient of linearity.

drop, IRohmic- [48] as discussed in Section 1.2 of this thesis. In Paper IV (Fig-
ures 7c and S6), a detailed explanation is provided regarding the dependence
of the peak current densities on the potential of the working electrode. For the
scan rates used in the CV experiment (Figure 32 (a)), the peak currents tend
to follow the relation

AE, =I,R (5.2)
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which indicates that resistive losses are more dominant than kinetic limita-
tions. See Figure 7(c) in Paper IV. It is customary to enlarge the working
voltage window to recover the capacity lost due to IR drop; however, still less
capacity is obtained at higher rates even if the voltage window has been ex-
tended by 200 mV (Figure 7(d) in Paper IV) which more than compensates
for the ohmic drop deduced from the galvanostatic curves (see Figure S7 in
the supporting information of Paper IV). This may suggest that factors other
than IR drop are implicated in the high rate capacity losses. In the presence
of mass transfer effects, the peak current, I, is supposed to follow a linear de-
pendence on the square-root of the scan rate, v, as discussed in Section 10.8.1
and expressed by the Randles-Sevcik equation.

I, = (2.69 x 10°)n*2AD}* [C,]P v!/2 (5.3)

The plots of charge and discharge peak current densities against the square
roots of scan rates are shown in Figure 5.8 b). Accordingly, the peak current
densities of the voltammograms vary linearly with the square root of scan rate.
This behavior has been widely reported in other similar works and suggests
that the electrochemical activity of LiFePO, is diffusion-controlled [225-227].
This is partly responsible for the incomplete utilization of the active materi-
als at high rates. As explained in Paper IV, the solid-state diffusion coeffi-
cient of lithium ions in the active materials is dependent on the state of charge
(SOC), defect concentration, particle size and so on. The diffusion coefficient
that is commonly reported in the literature ranges from 107> to 107'% cm?
s'! [226-229]. Assuming an average particle size of 40 nm, and using the
equation provided in Section 5.2.2, the time constant for a complete charge
and discharge is of the order of

L? 3
Tp ~ 3D =107010"s

It is worth bearing in mind that the diffusion of lithium ions will take longer
times in particles bigger than 40 nm. At higher cycling rates, the diffusion
of the ions in the active materials may not be sufficient to support the applied
current. Notably at 6 mA cm, the discharge process lasts for 11 minutes
and only 64 % of the lowest rate capacity is obtained. Additionally, inhomo-
geneous reaction rates (current distributions) through the depth of the porous
electrode, which are common in porous electrodes, can also be responsible for
aggravating the capacity loss observed at high rates of cycling. Such inho-
mogeneous current densities can result in an uneven rate of consumption of
lithium ions in the pore electrolyte [63]. In some regions where the reaction
rate is higher, the discharge of the FePO, particles can end prematurely due
to the depletion of the lithium ions in the electrolyte at a rate that cannot be
replenished by diffusion [230]. It is relevant to mention that Strobridge et al
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reported in a recently published work similar behavior for the electrochemical
reaction of LiFePO, through porous electrodes [231]. To sum up, it is rather
complicated to pinpoint the origin of the capacity loss in porous electrodes as
it is dificult to straightforwardly separate the factors mentioned above: ohmic
drop, mass transport processes in the solid active materials and in the pore
electrolyte, and inhomogeneous current distributions.
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6. Synthesis of Mixed-Valence Niobium and
Molybdenum Oxides Through
Carbothermal Reduction in
Emulsion-templated Carbon Foams

Oxides of niobium and molybdenum have long attracted attention as active
materials in lithium batteries and pseudocapacitors [232-234]. Both molyb-
denum and niobium are characterized by multiple oxidation states, and hence
their oxides are of particular interest to electrochemical energy storage. A va-
riety of approaches exist for their synthesis. Sol-gel processing of the oxides
is well-established and commonly used to prepare nanoparticles of MoQO; and
Nb,Os from the respective alkoxides or chloride salts [232, 234, 235]. Car-
bothermal reduction of these oxides has been employed to synthesize MoQ,
and NbO, [233,236]. This chapter explores the use of emulsion-templated
carbon foams as monolithic reactors for synthesizing transition metal oxides
consisting of mixed-valence cations. Initially, amorphous oxides MoQO; and
Nb,O; are produced inside the carbon foams through the hydrolysis of MoCl
and NbCls in a mixture of ethanol and water. Carbothermal reduction allows
for the synthesis of nanoparticles embedded in the porous structures of the
carbon foams. The resulting composite electrodes have been investigated as
monolithic electrodes for 3D microbattery applications.

6.1 Sol-gel synthesis of niobium and molybdenum
oxides on carbon foams

Porous carbon materials like carbon foams can be attractive candidates as
three-dimensional substrates for transition metal oxdies. A variety of ap-
proaches have been used to achieve the deposition of oxide active materials
on carbon foam substrates. Solution-based approaches like electrodeposition
and sol-gel synthesis are particularly efficient to prepare conformal coatings or
distributions of the oxides throughout the carbon substrates. A sol-gel synthe-
sis approach was adopted to coat the bespoke carbon foams in niobium oxide
nanoparticles. First, a stock solution was prepared by dissolving NbCls (23 g,
Aldrich®, 99 %) in absolute ethanol making up to a total volume of 25 mL. To
prepare the sol-gel precursor solution, 2.5 mL of the stock solution, 5 mL of
ethanol and 0.2 g of PEO ( Mn=10,000, Aldrich®) were mixed while heating
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at 60 © C. The clear solution was cooled to room temperature and then 1 mL of
distilled water was added under constant stirring. Pieces of the carbon foams
were immersed in the precursor solution for 48 hours at room temperature. Af-
terwards, they were taken out of the solution and dried at 70 °C for 24 h. The
coated carbon foams were then heated at 390 °C in air for 1 h in order to form
amorphous Nb,Os. The oxide was then crystallized and partially reduced by
heating it at 1100 °C in Ar atmosphere for 1 h. For the synthesis of the active
material Mo;Nb,O,; the following procedure was employed. The precursor
materials were purchased from AlfaAesar and used as recieved. In a typical
synthesis, 0.82 g of MoCly and 0.54 g of NbCls were dissolved in 12 mL of
absolute ethanol and the deep blue solution was kept stirring for an 1 hour at
room temperature. Then, 1 mL of distilled water was added to initiate hydrol-
ysis of the salts, formation of sols. The dark-green sol solution was stirred for
30 minutes. A portion of the solution was added onto thin pieces of the carbon
foams kept in a glass vial and left to soak for 48 hours. Afterwards, the carbon
foams bearing the sol-gel precursor solution were taken out and allowed to
age and dry at 90 °C in air for two days. Complete oxidation and evaporation
of water was carried out by heating the coated carbon foams at 300 °C in air
for 2 hours. Subsequently, the materials were put in a horizontal tube furnace
and heated at first 600 °C for 5 hours and then at 750 °C for 2hours in argon
atmosphere. A continuous flow of gas (100 cm® min™!) and a heating rate of
5°C min"! were applied. The treatment at elevated temperature was meant to
reduce Mo"! to Mo!V and crystallize the resulting oxide nanoparticles inside
the porous structure of the carbon foams.

6.2 Structural investigation: over-stoichiometric NbO,

Characterizations using electron microscopy, X-ray diffraction and Raman
spectroscopy were conducted on the composites in order to determine the mi-
crostructures of the 3D electrodes and identify the crystal structure of the oxide
particles. The scanning electron micrographs shown in Figure 6.1 display the
cellular morphologies of the carbon foams supporting the niobium oxide par-
ticles that are distributed throughout the substrate. It is crucial for the particles
to maintain intimate electrical contact with the carbon foam. The particles are
clearly visible in the SEM obtained by collecting the back-scattered electron,
which scatter strongly and elastically from the high atomic number elements.
On the basis of the HRTEM, the SAED pattern, XRD, and Raman spectra pro-
vided in Figure 6.1 and 6.2 the synthesized oxide has tetragonal NbO, struc-
ture, which belongs to the space group 141/a (88) [237]. However, the X-ray
photoelectron spectrum (XPS) as provided in Figure 6.2 reveal the existence
of mixed valence. Since XPS can delve into only few nanometers below the
surface, the surface composition is predominantly NbY. This is in agreement
with other XPS studies which came to conclusion that niobium oxides tend to
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Figure 6.1. The microstructure of the carbon foams coated with niobium oxides has
been probed using electron microscopy. The scanning electron micrographs of the
carbon foam coated in niobium oxide nanoparticles were taken at various magnifi-
cations and at an accelerating voltage of 10 kV. The SEM in (a) is representative of
the general topography of the electrodes, which feature open-celled macropores inter-
connected via windows. The inset image better reveals the cellular topography of the
carbon foams and was taken at 3 kV and 2.6 mm distance. The niobium nanoparticles
are more visible in the SEM given in (a) and exhibit a wide size distribution. Both (a)
and (b) were images were obtained using the secondary electrons. In order to achieve
contrast between the carbon and the oxides, the back-scattered electrons were used to
collect the micrographs (c). The particles which appear brighter in the SEM repre-
sent niobium oxides, as the intensity of the scattered electrons scales directly with the
atomic number of the elements in the specimen. Further analyses were conducted on
the oxides using transmission electron microscopy. From the particle shown in (d),
HRTEM image (e) and SAED pattern were collected and used to identify the crystal
structure of the oxide.

oxidize at the surface upon exposure to air [238]. The bulk composition and
structure were investigated using electron energy loss spectroscopy (EELS).
In EELS, the distribution of the changes in the energy of an electron beam
that has passed through a thin specimen is analyzed to determine the compo-
sition, the electronic structure and the phase of the substance in the specimen.
The full spectrum consists of the zero-loss peak (ZLP), the low-loss region
(roughly up to 50 eV) and the core-loss region. The various regions of the
EEL spectrum of the niobium oxides can be seen in Figure 3 in Paper V. Per-
haps, the most useful part of the spectrum that can be used for *fingerprinting’
is the O-K edge and its electron loss near edge structure (ELNES). In Figure
3 f) in Paper V, the O-K edge, attributed to 2s electrons transitioning to empty
2p states, is shown in the range from 532 to 580 eV. Usually, the O-K shows
a pair of peaks for NbO, and Nb,O5 whose intensity ratio depends on the oc-
cupancy of the 4d states. The pair of poorly resolved peaks which are equal in
intensity, designated by a and b, alongside the fine structures, designated by ¢
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and d, are typical of NbO,. Detailed EELS analysis of various niobium oxides
can be found in the literature [239].
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Figure 6.2. Insight into the crystal and electronic structures of niobium oxides was
sought with the help of x-ray diffraction, Raman spectroscopy and photoelectron emis-
sion spectroscopy. Based on the XRD patterns for the as-prepared niobium dioxide
and commercial niobium dioxide shown in (a), the most intense peaks can indicate the
presence of NbO,. Similarly, the Raman spectrum (b) also bears close resemblance
to the commercial NbO,. The oxidation states of niobium cations can be determined
from the XPS spectrum in (d) after peak deconvolution. The overview of the elements
present in the NbO,-coated carbon foam can be noted in the survey spectrum in (c).

6.3 Structural investigation: mixed oxides Mo;Nb,O,

As much as electronic and ionic charge transport pathways are required in
redox active materials, electrode formulations are expected to incorporate ad-
equate conductive additive for electronic wiring and continuous porosity to
make for percolation of ions in the electrolyte. The utility of highly networked
carbon matrices increases the effective electrical conductivity of the 3D het-
erogeneous nanocomposites. Pieces of carbon foams were added into the so-
Iution and left to soak in there for 2 days to allow for infiltration of the solution
into the accessible pores present in the carbon foam. The carbon foams coated
in the sol were then dried first in ambient conditions at 90 °C for two days
and then at 300 °C to complete conversion into amorphous oxide nanoparti-
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Figure 6.3. Electron microscopy characterization of emulsion-templated carbon foam
coated in Mo;Nb,O,; through sol-gel approach followed by carbothermal reduction
at 750 °C: the scanning electron micrographs recorded by collecting a) the secondary
electron and b) the back-scattered electron signals. The high resolution transmission
electron micrographs (HRTEM) of the samples display in c) the distribution inside the
carbon foams and d) the crystallinity of the oxide nanoparticles

cles. The reduction of MoO; to MoO, and crystllization of Mo;Nb,O,, were
carried out in Ar atomosphere at 600 °C (5 h) and 750 °C (2 h). The SEM
and TEM images given in Figure 6.3 show crystalline particles distributed
throughout the porous carbon structure. Specifically, the back-scattered elec-
tron micrographs help identify the oxide nanoparticles, in which they appear
brighter due to Z-contrast. Powder X-ray diffraction patterns of the oxide af-
ter thermal annealing are shown, alongside that of MoO,, in Figure 6.5. As
expected, the material treated at 300 °C is entirely amorphous as indicated by
broad XRD pattern, whereas higher temperature treatment give rise to highly
crystalline product as verified by the peaks observed in the XRD pattern. The
open tunnel frameworks desired for reversible lithium cycling are only avail-
able in well-crystllized oxides and thus only the high temperature material has
been pursued here for electrochemical testing. Evidence regarding the oxida-
tion states of the transition metal cations has been gathered using XPS, shown
in Figure 6.4. As expected, the surface of the oxides heated in air at 300 °C
consists mainly of molybdenum in the form of Mo"! and niobium Nb". Upon
heat treatment at 750 °C, the molybdenum trioxide undergoes reduction with
carbon to form molybdenum dioxide, while the pentavalent niobium remains
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Figure 6.4. The X-ray photoelectron spectra of Mo;Nb,O,; deposited on carbon foam
through sol-gel approach and treated at 300 and 750 © C. In a) Mo"! is reduced by
the carbon foam to Mo!V after being treated 750 © C, whereas b) the Nb¥ remains
unaffected.

unaltered. The synthesis approach discussed in this paper may be transferred

— Mo,,Nb,O,, on carbon foam
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Figure 6.5. The XRD patterns of MoO, and Mo;Nb,O,

to the preparation of other mixed oxides like which are commonly used in the
partial oxidation of organic compounds.
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6.4 Electrochemical behaviors and rate
performance:NbO,_ 5

Comprehensive insight into the electrochemical behavior of the oxides and the
rate capability of the electrodes was obtained based on data collected through
cyclic voltammetric and controlled-current experiments. The CVs recorded at
varying scan rates are depicted in Figure 6.6. As can be observed in Figure
6.6 a), multiple peaks can be seen for the redox reactions of NbO, ;. It is
well-known, and as discussed in the preceding section, that NbV is the most
stable oxidation state of niobium and thus the oxide NbO, is prone to surface
oxidation upon exposure to air, i.e. pentavalent niobium is detected at the
surface of the tetra- and di-valent oxides. The CV given in Figure 6.6 a) shows
a pair of peaks at around 1.64 and 1.72 V vs. Li*/Li due to the NbY/Nb!V redox
couple. The other peaks, 1.34 and 1.37 V, 1.18 and 1.31 appear below 1.5 V,
which can be attributed to redox reactions entailing the conversion of Nb!Y
to Nb'"!, and vice versa. The overall electrode reaction for the mixed valence
oxides can be expressed as

NbO, 5 +xLi" +xe” = LiyNbO, 5 6.1)

In Figure 6.6 c) plots of the total charges passed in the course of electrode
reactions are plotted as a function of the square root of the scan rates. As
suggested by Ardizzone et al. [248], the following relation

O(v) = 05+ Q0 (6.2)
Q(V) = Qs+ constant(1//V) (6.3)

can be employed to evaluate the contributions of the surface and bulk lithiation
to the overall charge as a function of scan rate. In this relation, Q(v), Qs, and
Qy, represent, respectively, the total charge associated with the given scan rate
v, charge contributions from the surface activities and the bulk diffusion of
the lithium ions occuring during the redox reactions of the active materials.
Accordingly, at scan rates up to 6 mv s™!, the time scale of the experiment is
long enough to let the lithium ions diffuse into bulk of the active materials and
most of the active material can react to provide considerably high capacity. At
a scan rate of 9.5 mv s\, it can be noted that almost half of the slow scan rate
(0.05 mv s7!) capacity can be obtained. In contrast, fast scan rates, curtail the
extent of diffusion into the electrode bulk and hence the capacity drops rapidly
with increasing scan rates [232,234,248]. The total charge is mainly due to
redox active sites at the surface, which are more accessible to the lithium ions
than the bulk is.

The rate capability of the electrode was also investigated by applying dif-
ferent current densities. The galvanostatic curves are given in Figure 6.6 d)
and 6.6 e). The prominent redox plateaus which occur around 1.65 and 1.69 V
vs Li*/Li for discharge and charge, respectively, are associated with the Nb"
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Figure 6.6. In the CV of the composite electrode (a) recorded at a scan rate of 0.05
mV s, it can be noted that a pair of redox peaks appear at around 1.64 and 1.72 V
vs. Li*/Li on reduction and oxidation, respectively. More less intense peaks (1.34
and 1.37 V, 1.18 and 1.31, and a clear oxidation peak at 1.14 V) appear below 1.5V,
which can be attributed to redox reactions entailing the conversion of Nb'Y to Nb!!
and vice versa. The trend and change in position and shape of the peaks with in-
creasing scan rate can be noted in CVs in (b). The scan rates are 0.05, 0.1, 0.2, 0.4,
08,1,1.5,2,25,3,35t010mV s!. A plot of the charges passed during reduc-
tion and oxidation, corresponding to each CV in (b), are presented as a function of
the inverse of the square-root of the scan rates (c). The voltage-capacity profiles of
the electrodes recorded at current densities ranging from 0.082 to 11.3 mA cm™ (d)
are used to establish the rate capability of the oxides, along with the cyclability over
many cycles (e). A Ragone plot has been prepared to make comparisons with carbon-
based supercapacitors and pseudocapacitors consisting of MnO, reported in the lit-
erature: (1) lithium thin film battery [240], (2) all-solid-state patterned porous car-
bon micro-supercapacitor [241], (3) laser-scribed graphene-MnO, asymmetric micro-
supercapacitor [242], (4) MnO,-reduced graphene oxide micro-supercapacitor [243],
(5) activated carbon micro-supercapacitor [240], (6) MXene micro-supercapacitor
[244], (7) graphene-based micro-supercapacitor [245], (8) MnO,-coated carbon fiber
micro-supercapacitor [246], (9) carbon onions micro-supercapacitor [240], and (10)
Al electrolytic capacitor [247].
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cations. Almost half of the capacity is obtained below the plateaus, which
indicates that further reduction of the Nb!V cations to Nb!' makes significant
contribution to the total charge. Additionally, the power performance given in
Figure 6.6 e) indicate the active materials can sustain high current densities.
At 11.3 mA cm2, which is about 140 times the lowest current density, about
50 % of the capacity is accessible. For good power performance, not only
nano-structuring of the active materials, but also excellent electrical conduc-
tivity in the active materials is necessary. Detailed analysis of the internal cell
resistance of the electrode is given Figure 5 in Paper V.
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Figure 6.7. Plots of differential capacities as functions of voltages show the continuous
changes in the positions of the peaks corresponding to the reduction and oxidation of
NbO?2 tethered on carbon foams. The plots from a) to f) represent the respective
differential capacities of 1, 2, 5, 10, 15, and 20th cycles for the electrode cycled at
0.082 mA cm™. The decrease in the potential differences between the pairs of peaks
is indicative of improved electrical conductivity and charge transfer kinetics in the
electrodes during electrochemical cycling.

6.5 Lithiation-induced enhancement of charge transfer
kinetics

Lithiation-driven semiconductor-to-metal transition was observed in MoS, and
has been attributed to structural transformations to more electronically con-
ductive phase [249]. Similar behavior was reported by Kong ef al. in niobium
oxide nanoparticles. [233] Studies using voltammetric, current-controlled and
staircase potentiostatic electrochemical impedance techniques were conducted
in Paper V to provide further evidence to the existence of similar behaviour in
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over-stoichiometric NbO,. The data presented in Paper V show that elec-
trochemical lithiation of over-stoichiometric NbO, results in progressive de-
crease in the internal cell resistance. This behavior is manifest in the continu-
ously decreasing peak-to-peak potential difference between the reduction and
oxidation peaks in the differential capacity plots shown in Figure 6.7. In the
differential capacity-voltage plots, the voltage difference between the pair of
redox peaks is a measure of the hysteresis in the corresponding galvanostatic
curve. It can be observed that the peak-to-peak voltage difference decreases
from 38.02 mV to 17.24 mV over the first 20 cycles indicating that some form
of structural and/or electronic transformation has occurred. The redistribution
of the NbV cations from the surface to the bulk of the materials can potentially
affect electronic structure of the oxides. Further study is required in order to
accurately determine these changes. The plots from a to f represent the dif-
ferential capacities for the cycles 1, 2, 5, 10, 15, and 20, respectively. The
progressive decrease in the hysteresis can be indicative of decrease in cell re-
sistance as a result of enhanced charge transfer kinetics across the electrode
interface and increase in the electrical conductive of the active materials.
More evidence has been obtained from EIS studies. The plot in Figure
6.8 c) displays the general trend in the charge transfer resistance for a se-
lected number of cycles. For sufficiently small potential amplitude of the AC
excitation signal, the Butler-Volmer current-overpotential relation can be lin-
earized [46] to give
RT
Fi°
where Ry, R, T, F and i, stand for the charge transfer resistance, the ideal
gas constant (8.314 J mol'! K1), the temperature in K, the Faraday constant
(96485.3329 C mol'!) and the exchange current. Accordingly, decreasing
charge transfer resistance implies increasing exchange current density which
is indicative of the kinetic reversibility of the electrode reactions. The ex-
change current characterizes the rate of the electron-transfer processes inside
the redox couple. To ascertain if any structural changes occured during the
electrochemical cycling ex situ XRD was performed on the electrodes stopped
at various states of charge. The results can be found in Figure S5. Based on
the XRD patterns no detectable structural changes or phase transformations
occur during electrochemical cycling of lithium in the oxides. Better kinetic
facility leads to improved power performance which indicates in turn that the
mixed valence oxides are suited for microbattery applications.

Ry = (6.4)

6.6 Electrochemical behaviors and rate
performance:Mo;Nb,O

Most redox active materials which exhibit high charge transfer kinetics are
characterized by open crystallographic frameworks and semiconducting to
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Figure 6.8. Electrochemical impedance spectroscopy study of the NbO, electrodes
on a carbon foam polarized at various DC potentials and investigated with an AC
voltage of amplitude 10 mV and a frequency range of 1 MHz to 10 mHz. The real
and imaginary parts of the impedance are plotted in (a) as a function of the logarithm
of frequency to help estimate the magnitudes of the electrolyte resistance and the
charge transfer resistance for the first cycle. Similar analyses on the 27 cycles show
the general trend in the electrode kinetics. The contour color map in (c) presents
the whole data collected for the first 27 cycles (1134 EIS data curves). The arrow at
the bottom on the left-hand side of the plot points to the box circumscribing the first
discharge-charge cycle. (c) Selected values of the charge transfer resistance for cycles
1,2,5, 10, 15, 20 and 25 are given as a function of voltage against lithium.

metallic conductivities. High rate lithium ion cycling in these materials occurs
via topotactic mechanism favored by two-dimensional layered structures or
three-dimensional tunnel structures. Examples recognized for combining fa-
vorable intrinsic electronic and ionic conduction pathways include T- Nb,Os,
and hydrogen titanates, particularly H,Ti;O,, and their ultimate thermolysis
product B-TiO, [232,250-252]. Redox-active materials suited for high rate
cycling are characterized by fast electron and ion transfer kinetics and do not
entail drastic structural/phase changes during lithium insertion and removal.
On top of that, it is desirable that they possess high electronic conductivities
sufficient to let electrons tunnel across the current collector-active material in-
terface with minimal resistive losses. Carbothermal reduction of MoOj; yields
MoO, which is known to be metallic and can be used as a high voltage anode
in lithium-ion batteries [253]. Particularly, in its nanosized form it has been
discovered to be extrinsic pseudocapacitor [254]. Hence, MoO, nanoparticles
tethered on 3D electrodes are well-suited for high power microbattery applica-
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Figure 6.9. The electrochemical performance of Mo;Nb,O,; deposited onto carbon
foam substrates. a) CVs of the coated and bare carbon foams for the 1% and 8™ cycles
b) the differential capacity-voltage curves of the coated carbon foam electrodes for
selected cycle numbers c) voltage-capacity curves recorded at various current densities
and d) the rate performance of the electrodes is shown along with the corresponding
coulombic efficiencies

tions. As described above, Mo;Nb, O, nanoparticles, which is formed from
a mixture of MoO, and Nb,Os in a 3:2 ratio, was synthesised through a sol-
gel approach. The electrochemical performance of the mixed molybdenum-
niobium oxide is diplayed in Figure 6.9. It should be noted that the origin of
the capacity loss observed during the first discharge process is mainly parasitic
reaction involving the surface functional groups of the carbon foam. This is
manifest in the cyclic voltammogram (CV) of the bare carbon foam, as shown
in Figure 6.9 a) along with that of the coated electrode. Probably, the capacity
loss could be reduced if carbon foams produced at higher temperatures could
be used instead. The overall rate performance of the electrode, as can be seen
in Figure 6.9 c), is good both in terms of capacity retention especially up to
5 mA cm? and cycling stability. Even at a current density of 10 mA cm?,
the electrochemical cell could deliver an area capacity around 300 uAh cm’!
which is higher than what most thin film microbatteries can provide. Thus,
this material can be worth investigating further for application in high power
density microbatteries.
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7. Exfoliation-Deposition of Metal Oxides: A
Facile Approach to Material Deposition on
Carbon Substrates

Among the hottest and topical research areas in materials science in recent
years is the study of the graphene analogues of inorganic materials includ-
ing transition metal oxides, nitrides, carbides and chalcogenides. An upsurge
in the electrochemical study of these materials has recently been wittnessed
largely owing to their higher electrical conductivities and interfacial surface
areas as opposed to their bulk counterparts. This chapter highlights a work
on the synthesis and electrochemistry of hydrated V,0s nanosheets obtained
through exfoliating VO, crystals. Fabrication of freestanding electrodes has
been achieved by depositing the exfoliated oxide nanosheets directly onto car-
bon nanotube paper. Ensuing thorough structural investigations, the compos-
ite electrodes were studied for potential application in lithium batteries. The
effect of oxide film thickness on the electrochemical performance has been
investigated as well.

7.1 Exfoliation of VO, (B) in water

A colloidal suspension of vanadium oxide nanosheets was prepared by exfoli-
ating VO, (B) in water. The precursor material was synthesised from NH, VO,
via the hydrothermal approach reported by Xie et al. [255]. To effect the ex-
foliation of the bulk VO, was (i) dispersed in de-ionized water and sonicated
for about 30 minutes, and (ii) refluxed for several days (1 to 7) with the tem-
perature ranging from 20 to 70 ° C. Upon completion, a dark green solution
of V,05-xH,0 was obtained. The suspension of exfoliated oxide nanosheets
was then drop-cast onto pieces (1 to 2 cm disks) of multi-walled carbon nan-
otube paper (MWCNT, NanoTechLabs, US) to fabricate free-standing com-
posite electrodes. Controlled amounts of the suspension were applied on the
MWCNT paper disks. After evaporation of the solvent, oxide films with vary-
ing thicknesses were achieved.

7.2 Hydrated V,05 ; nanosheets from exfoliated VO,

Atomically thin materials, especially transition metal oxides and dichalco-
genides, are currently in the spotlight of research owing to their intriguing
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chemical, electronic, optical, mechanical, catalytic and electrochemical prop-
erties. In general, they can be prepared by exfoliating bulk materials mechan-
ically or in suitable solvents, or by botom-up approaches including chemical
vapor deposition [256-258]. Nanosheets of hydrated V,05 were prepared
through exfoliation of VO, crystals in water. As described in the experimental
section, the bulk material undergoes morphological and structural changes as
the exfoliation process progressed for several days. In Figure I in Paper VI,
the X-ray diffraction (XRD) patterns indicate that the structure of the precursor
material changes upon water insertion and further exfoliation. After 6 days of
refluxing in the solvent, the XRD patterns display only the peaks correspond-
ing to the (00!) planes, which indicate the expansion of the interlayer distance
along the c-direction. The microstructures and morphologies of the exfoliated
oxide nanosheets are shown in Figure 7.1. In contrast to the bulk, the exfoli-
ated products are composed of an assemblage of nanosheets with significantly
less ordering as evidenced by the rings in the selected area electron diffration
in Figure 7.1 a). In the course of exfoliation, about 80 % of the V!V cations in
the precursor undergo oxidation to V¥ based on chemical and spectroscopic
evidence. The X-ray photoelectron and X-ray absorption near-edge structure
spectra displayed in Figure 7.2 prove the existence of mixed valent vanadium
in the oxide nanosheets. The electrode active material will be represented as
V,05_5-nH,0.

7.3 Deposition of hydrated V,05 5 nanosheets on
carbon nanotube paper

To fabricate self-supporting electrodes, predetermined amounts of the col-
loidal dispersion of the exfoliated materials were poured onto pieces of multi-
walled carbon nanotube paper (MWCNT). Layers of hydrated V,05 measur-
ing from 4 to 45 um were obtained as the solution dries up. The thickness of
the oxide films was controlled by varying the concentration of the dispersions,
as can be seen in Figure S5 in Paper VI.

7.4 V,05-coated CNT paper as a freestanding cathode
for lithium batteries

Many published articles exist on the synthesis and electrochemical investiga-
tions into vanadium oxides nanostrucures [259—-262]. The fabrication of com-
posites of vanadium oxides and carbon nanomaterials has also been widely
reported [263-268]. The main objective of the work detailed in this chapter
is to present exfoliation-deposition as a viable strategy for the deposition of
metal oxide nanostructures on carbon substrates. In this study, flexible elec-
trodes made of V,0Os ;-nH,O nanosheets physically tethered onto pieces of
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Figure 7.1. (a) and (b) SEM image of bulk VO, (B) and the exfoliated V,05 5 -nH,0
nanosheets, respectively; inset in (b) photograph of a free-standing film of the exfo-
liated V,05_5 -nH,O nanosheets. (c) TEM image of the exfoliated nanosheets; inset
in (c) photograph for Tyndall effect of the exfoliated nanosheets dispersed in water.
(d) SAED pattern obtained from the highlighted area in the inset TEM image. (e)
HRTEM image for V,05 5 -nH,O nanosheets showing that the thickness is about 3-
4 layers; and (f) AFM image of exfoliated nanosheets; inset in (f) height profile of
the highlighted dashed line. Reproduced from Paper VI by permission of ©2016 The
Royal Society of Chemistry

multi-walled carbon nanotube (MW-CNT) paper. Four electrodes designated
by VO-45, VO-12, VO-7, and VO-4 were prepared with the thicknesses of the
active materials being 45, 12, 7, and 4 um. Electrochemical investigation into
these electrode was conducted using cyclic voltammetry (CV) and controlled-
current methods. The CVs of the three electrodes were recorded in the voltage
range from 1.7 to 3.9 V vs. lithium at a scan rate of 0.05 mV s! are given in
Figure 7.3 a). As can be seen in the CVs, the electrochemical lithiation of the
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Figure 7.3. Comparison of the electrochemical behaviors of the four electrodes which
are designated as VO-45, VO-12, VO-7 and VO-4. a) Cyclic voltammograms at a scan
rate of 0.05 mV s, b) Discharge and charge curves of the electrodes at an applied
current of 10 mA g’!

V,0s_; -nH, 0 nanosheets is characterized by two pairs of redox peaks occur-
ing at different potentials. The peaks are designated as 1 and 2 for oxidation,
and 1’ and 2’ for reduction. The electrochemical reaction involving lithium
insertion into the nanosheets can be expressed as:

V,05_5-nH,0+xLi" +xe™ 2 Li,V,05_5-nH,0 (7.1)

dch
The galvanostatic curves of the four electrodes recorded at a current density of
10 mA g'! are shown in Figure 7.3 b). In contrast to crystalline phases of V,0;
[269], only sloping voltage-capacity profiles are observed, typical of amor-
phous vanadium oxides [270]. The exfoliated nanosheets of V,0s 5 -nH,0
can be reduced to 1.7 V vs. Li and no change in the voltage profiles can
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observed. This can possibly be owed to the less ordered structure of the exfo-
liated nanosheets and the increased interlayer distances caused by the exfoli-
ation process owing to intercalated water molecules [271]. Consequently, the
nanosheets possess high interfacial electrode area and increased lithium-ion
mobility between the oxide layers. The lithium insertion, therefore, can occur
in these structures without causing substantial structural alterations in com-
parison to crystalline V,0s5. The effect of interfacial surface area becomes
more pronounced as the thickness of the V,045-nH,0O decreases (VO-4),
and thus the discharge capacities increase progressively as 174, 267, 402 and
489 mAh g! for the electrodes whose thicknesses are 45, 12, 7 and 4 pm.
Further insight into the electrode kinetics is obtained from the electrochem-
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Figure 7.4. Electrochemical impedance spectroscopy (EIS) data collected for elec-
trodes VO-45 and VO- 4 at various DC voltages during discharge (a) and charge (b).

ical impedance spectroscopy (EIS) data collected at several state-of-charge
for both electrodes during discharge and charge. These data are presented as
Nyquist plots in Figure 7.4 which indicate the thicker electrode suffers from
more sluggish kinetics as compared to the electrode with thinner oxide film.
This accounts for the fact that electrode VO-4 can be cycled at much higher
scan rates with much less severe resistive losses. As pointed out above, elec-
trochemical lithiation of vanadium oxides is characterized by several phase
transformations depending on the depth of dischage. Usually, deep discharge
causes irreversible structural changes. To find out if similar changes occur
in the exfoliated nanosheets, electrodes VO-45 and VO-4 were cycled at a
current density of 10 mA g™'. The electrochemical behaviors of the two elec-
trodes over the first few cycles can be noted in Figure 7.5. The first discharge
curve for electrode VO-45 exhibits more discenible difference, versus VO-
4, as compared to the subsequent cycles. This observation can be explained
based on the fact that structural changes become less drastic for thinner ox-
ide films as compared with electrode VO-45. Hence, the electrode kinetics
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Figure 7.5. The voltage-capacity curves for electrodes a) VO-45 and b) VO-4 display
their electrochemical behaviors for the first few cycles.

and charge storage processes in the exfoliated V,0Os 5 -nH,O nanosheets are
affected by the thickness of the oxide layers deposited on the CNT paper. The
conductivity and electrochemical kinetics of the electrodes investigated in this
work could be improved if the thickness of the V,05 5 -nH,O coating can be
reduced even further.
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8. Conclusions and Outlook

This thesis has set out the synthesis, optimization, and applications of car-

bon foams that are derived from high internal phase emulsion polymers (poly-

HIPEs). In conclusion, the works presented in this thesis have concentrated

on two issues of paramount importance to microbattery research:

* fabrication and optimization of 3D electrode designs based on emulsion-
templated carbon foams

* synthesis of active materials suited for use in lithium-ion microbatteries

Synthesis of emulsion-templated carbon foams

The synthesis of the carbon foams begins with the preparation of styrene-based
high internal phase emulsion (HIPE) polymers that are extremely porous and
fully networked. Due to their tendency to volatilize at elevated temperatures,
styrene-based polyHIPEs cannot be carbonized readily without prior chemical
modification. Sulfonation is commonly carried out to introduce potential moi-
eties (—SO;H) for crosslinking during pyrolysis. In this work, a range of tech-
niques have been used to elucidate the chemical transformations the sulfonic
acid groups undergo as a function of temperature. Thermogravimetric and
spectroscopic analyses indicate that thioether (—C—S—) crosslinks form at the
expense of the sulfonic acid groups during pyrolysis. Due to the increase in the
extent of cross-linking and thus the enhancement in thermal stability, the sul-
fonated polymer tends to pyrolyze at a bit higher temperature and with much
less volatilization as compared to the pristine polymer. Consequently, highly
networked and rigid carbon foam can be prepared from sulfonated polyHIPEs.
According to XPS and mass spectrometry measurements, the carbon foam has
oxidized surface and contains residual sulfur species even when synthesized at
temperatures as high as 1200°C. Efforts have been made to optimize the void
size distributions, specific surface areas, and surface chemistry of the carbon
foams. Results obtained indicate that void dimensions are strongly correlated
to the homegenization speed used in preparing the HIPE precursor using rotor-
stator. Exploiting the rheological properties of HIPEs offers a unique oppor-
tunity to optimize the dimensions of the open-cells and the interconnecting
voids. By varying the rotational speed of the homogenizing mixer from 500 to
2000 rpm, it was observed that the void size distributions get narrower, with
the corresponding mean void sizes being 24 and 3.3 um. As far as the appli-
cation of the carbon foams as freestanding anodes is sought, it is desirable for
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the void sizes to be as small as possible in order to reduce the dead volume oc-
cupied by the electrolyte. This work demonstrates that the voids of the carbon
foams can be reduced even further if higher rotational speeds can be employed
while preparing the HIPEs. In addition, increasing the pyrolysis temperature
is observed to lead to decreasing specific surface areas and higher degree of
graphitization, which are known to promote the electrochemical performance
of carbon materials in storing lithium ions with higher cycling stability. The
BET specific surface areas decrease from 525 to 11 m? g'! as the pyrolysis
temperature is increased from 1000 to 2200 °C. From applications perspec-
tives, the bespoke carbon foams have been implemented as
* monolithic anodes for storing lithium ions
* three-dimensional scaffolds for active materials
* reactor for carbothermal reduction to synthesize niobium and molybdenum
oxides

Emulsion-templated carbon foams as freestanding 3D
anodes

Typical of disordered carbons, the carbon foam prepared at 700 °C is observed
to consume considerable amount of lithium ions during the first discharge due
to parasitic reactions that lead to surface passivation (SEI layer) and reduc-
tion of oxygen containing surface functional groups. This would limit the use
of the carbon foam as anode material in practical microbatteries. Only after
pre-cycling to bypass the initial the capacity loss can the low temperature car-
bon foam can be used in practival cells. Over the subsequent cycles, a stable
cycling capacity of 3.5 mAh cm™ has been obtained. The ensuing effort has
focused on the optimization of the electrode characteristics including the void
sizes and degree of graphitization. A set of carbon foams has been prepared at
1000, 1500 and 2200 ° and fully characterized using various techniques. The
increasing thermal treatment leads to more structural order, reduced specific
surface areas and suppressed extent of electrolyte decomposition in the course
of initial lithiation of the carbon foams. High areal capacities of 1.22 and 1.03
mAh cm™ are obtained when the carbon foams were cycled at 50 and 500
uA cm2. Above all, the coulombic efficiency tends to improve with increas-
ing pyrolysis temperature. Initially, the carbon foams prepared at 700, 1000,
1500, and 2200 °C exhibited coulombic effeciencies around 31.4, 41.6, 48.5,
and 76 %, respectively. It is worth noting that all the samples possessed differ-
ent specific surface areas, and consisted of varying amounts of heteratoms in
the form of surface functionalities; hence, not only the amount of electrolyte
decomposition but also the shapes of the cyclic voltammograms and galvano-
static curves are different.
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Emulsion-templated carbon foams as 3D scaffolds for
cathode materials

To demonstrate the feasibility of the carbon foam as a current collector for
other active materials, layers of PANI and LiFePO, have been deposited by
electrodeposition and sol-gel method, respectively. Conformal coatings with
a polyaniline cathode material have been observed to deliver areal capacities
of 500 uAh cm™ and a reasonable rate performance. A stable capacity is
noted for more than 90 cycles. Therefore, we conclude that these foam sub-
strates are also ideal candidates for use in lithiumion batteries as architectured
current collectors. Similarly, the LiFePO,-coated carbon foam has been stud-
ied thoroughly to establish its potential use for 3D microbattery applications.
Electron microscopy characterizations reveal that a hierarchically porous com-
posite electrode is achieved. When cycled in the range from 2.8 to 4.0 V vs.
lithium, the composite electrode exhibits remarkable cyclability and rate per-
formance at different current densities. Footprint area capacities of 1.72 mAh
cm? at 0.1 mA cm™ and 1.1 mAh cm™ at 6 mA cm™ have been achieved for
many cycles with significant coulombic efficiency.

Emulsion-templated carbon foams as reducing agents
for preparing mixed valence oxides

The synthesis of mixed valence and over-stoichiometric niobium dioxide nanopar-
ticles has been achieved by partial and in situ reduction of amorphous niobium
pentoxide and molybdenum trioxide nanoparticles inside the carbon foam sub-
strates. The carbon foam provides both mechanical support and reducing envi-
ronment for converting the niobium pentoxide to dioxide nanoparticles. Such
monolithic and freestanding three-dimensionally (3D) architectured electrodes
are candidates for potential application in lithium-ion microbatteries. The
bicontinuous and interpenetrating electronic and ionic conduction pathways
present in such electrode structures allow for high rate cycling of the active
materials. It is also known that NbO, nanoparticles provide higher gravimetric
capacity as compared to micro-sized NbO,, similar to rutile TiO,. Addition-
ally, the presence of NbY increases the amount of charge stored in the nanopar-
ticles. Electrochemically-driven charge transfer enhancement has been ob-
served using galvanostatic, voltammetric and impedance analysis. Based on
ex situ XRD, the crystal structure of the niobium oxides remain unaltered dur-
ing the first cycle. Thus, non-stoichiometric NbO, nanoparticles can be used
for power applications in lithium microbatteries. The synthesis of Mo;Nb, O,
nanoparticles on the carbon foams was achieved by combining sol-gel method-
ology with carbothermal reduction at 750 °C. The electrodes were cycled at
high rate current densities and can be potentially used for high power applica-
tions in 3D microbatteries. In addition, reported approach can be transferable
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to the synthesis of other molybdenum, niobium and vanadium containing ox-
ides that are commonly applied in oxidative synthesis of organic molecules.

Water-based exfoliation-deposition of vanadium oxides:
A promising strategy for coating carbon substrates

In the last part of the thesis, the synthesis of hydrated vanadium pentoxide
nanosheets through water-based exfoliation process and their use in lithium
batteries is explored. The synthesis procedure involved refluxing VO,(B) in
water over several days at various temperatures. Characterizations using X-ray
diffraction show that water intertion plays the most significant role in the trans-
formation of VO, (B)) to V,05_5-nH,0 nanosheets. The resulting colloidal
solution can be cast into a freestanding oxide film, which can be used in a va-
riety of applications. We exploited this simple synthesis strategy to fabricate
free-standing and binder-free electrodes for use in lithium battery applications.
Composite electrodes consisting of different oxide film thickness were pre-
pared by depositing pre-determined amounts of the colloidal solution on disks
of multi-walled carbon nanotube papers. The electrochemical performance
of the electrodes is heavily dependent on the thickness of the oxide coatings.
The electrode which is 4 pm in thick exhibits similar cyclic performance as
V,05 xerogels, whereas the thickest electrode (about 45 um) behaves to a cer-
tain extent like bulk V,0O4-based electrodes. In brief, the thinner the coating
the better the electrochemical performance. The synthesis strategy can be ex-
tended to other types of transition metal oxides or dichalcogenides, which can
further be employed to coat carbon foams and design 3D electrodes for lithium
microbatteries. Further investigation is sought in order to decrease the thick-
ness of oxide films that can be obtained based on the exfoliation-deposition
approach of oxides.

In brief, the research endeavors made in the course of the PhD study have led
to the following important milestones:

* the use of emulsion-templated carbon foams for microbattery applications in
lieu of commercial carbon foams

understanding the chemical processes that underpin the increased thermal
stability of sulfonated polymers

optimization of the pore size distributions, specific surface areas, and surface
chemistry of the carbon foams

implementing sol-gel methodology to deposit redox-active materials on highly
porous emulsion-templated carbon foams

the synthesis and application of graphitic carbon foams with optimum void-
sizes as freestanding anodes for microbatteries

identifying exfoliation-deposition as a strategy for coating carbon substrates
in oxide nanosheets
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Capitalizing on some of these achievements, ongoing research is aimed at pro-
ducing fully graphitized carbon foams. Preliminary results have proved that
graphitic carbon foams with macropores below 4 um can be prepared via cat-
alytic graphitization. Such materials cannot be obtained by means of tradi-
tional synthetic approaches used to fabricate carbon foams. Studies are under-
way in order to investigate the electrochemical performance of the graphitized
carbon foams.
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9. Sammanfattning pa Svenska

Sedan upptickten pa 1980-talet har litiumjonbatterier utvecklas till det ledande
energilagringssystemet i manga applikationer innefattande allt ifrdn bérbar
elektronik till bilar. Ett litiumjonbatteri bestar av en negativ elektrod, en posi-
tiv elektrod och en separator indriankt med en elektrolyt. I elektrolyten ror sig
littumjonerna mellan de tva elektroderna nér en strom appliceras i den yttre
elektriska kretsen. Eftersom litiumjonerna ror sig fram och tillbaka mellan de
tva elektroderna kallas litiumjonbatterier ofta for "gungstolsbatterier." Som en
foljd av det 6kande intresset for miniatyriseringen av elektroniska apparater
finns det idag ett akut behov av sma batterier som kan passa i utrymmen av
1 till 5 mm>. Applikationer sisom sensorer, tradlés kommunikation, pace-
makers, horapparater och andra medicinska hjdlpmedel kriver ofta batterier
med bade hog energi- och effekttithet som kan integreras med enheterna.
Hittills har man anvént antingen tunn- eller tjockfilms-mikrobatterier, men
den plana elektrodkonfigurationen som dessa bygger pa ér inte kompatibel
med bade hoga energi- och effekttitheter. I ett forsok att na hoga energi-
och effekttitheter har en 6vergang till tredimensionella batterier foreslagits.
Figur 9.1 visar nagra av de elektrodkonfigurationer som skulle kunna anvin-
das i 3D-mikrobatterier. En vanlig typ av elektroder som kan anvéndas i 3D-
mikrobatterier bygger pa anvindandet av porosa kolmaterial. Deras anvind-
ning i 3D-batterier har darfor ront ett stort intresse under senare ar. Detta beror
delvis pa kolmaterialens gynnsamma egenskaper nér det giller elektrisk led-
ningsformaga, anvandbarhet, tillginglighet, kostnad och vikt. Olika typer av
kolglasskum och tredimensionella makropordsa (3DOM) kolmaterial har t.ex.
anvénts som 3D-substrat for elektroder for olika mikrobatterier.

Denna avhandling beskriver tillimpningar av en ny typ av kolskum som kan
framstillas via en enkel syntesmetod och som skulle kunna vara ldmplig for
massproduktion. Syntesen av kolskummet borjar med beredningen av styren-
baserade hog-inre-fas-emulsion (HIFE) polymerer som har formen av ett my-
cket pordst nédtverk. Pa grund av deras tendens att forflyktigas vid forhéjda
temperaturer, kan styrenbaserade polyHIFEer inte forkolnas utan foregédende
kemisk modifiering. En sulfonering utfoérs dirfor vanligen for att introducera
potentiella grupper (t.ex. —SO;H) som kan ge tvirbindningar under den efter-
foljande pyrolysen. I detta arbete har en rad tekniker anvints for att studera
de kemiska omvandlingar som sulfonsyragrupperna undergér vid olika tem-
peraturer. Termogravimetrisk och spektroskopisk analys indikerar att tioeter
(—C—S—) grupper tvirbinder materialet pa bekostnad av sulfonsyragrupperna
under virmebehandlingen. Som en f6ljd av 6kningen i tvarbindningsgraden
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Figure 9.1.  Elektrodkonfigurationer so har foreslagits for anvéndning i 3D-
mickrobatterier: a)parallella nanostavar b) ett koncentriskt cylinderarrangemang c)
parallella nanoark d) en pords svampstruktur e) fristaande nanotuber och f) en veckad
nanostruktur

forbittras den termiska stabiliteten, vilket far den sulfonerade polymeren att
underga pyrolys vid hogre temperaturer och med mycket mindre kolforluster
jamfort med for den ursprungliga polymeren. Foljaktligen kan ett kolskum
med ett stabilt nitverk framstillas fran sulfonerade polyHIFEer. Enligt XPS
och masspektrometrimétningar har kolskummet en oxiderad yta och materi-
alet innehaller ocksa rester av svavel dven efter virmebehandlingar vid s htga
temperaturer som 1200 °C.

Anstringningar har gjorts for att optimera porstorleken, specifika ytareor,
och ytkemin for olika kolskum. Den erhéllna resultaten indikerar att porenas
dimensioner ir starkt korrelerad till den omrorningshastighet som anvinds vid
framstéllning av HIFE prekursorerna. Genom att utnyttja de reologiska egen-
skaperna hos HIFErna ges en unik mojlighet att optimera dimensionerna hos
halrummer. Genom att variera rotationshastigheten fran 500 till 2000 rpm,
observerades det att porstorleksfordelingen blev mindre, med medelporsstor-
lekar fran 24 till 3,3 ym. Nir kolskum anvénds som fristdende anoder ar det
onskvért att minimera for att minska den dod volymen som upptas av elek-
trolyten. Detta arbete visar att porerna i kolskum kan minskas ytterligare om
hogre varvtal kan anvindas vid beredningen av HIFE. Dessutom observerades
det att en 6kad pyrolystemperatur leder till en minskande specifika ytarea och
en hogre grad av grafitisering. Dessa egenskaper dr gynnsamma for att lagra
litiumjoner med en forbittrad cykelstabilitet. Den BET specifika ytan min-
skade fran 525 till 11 m?> g'! nir pyrolystemperaturen 6kades fran 1000 till
2200 °C.
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Ett viktigt steg i detta projekt ir tillverkningen av 3D-mikroelektroder dir
man anvinder kolskummet som (a) ett aktivt anodmaterial i litiumjonbatterier
eller (b) en 3D-stromtilledare for andra elektroaktiva material. Typiskt for
oordnade kolmaterial &r att de forbrukar betydande mingden litiumjoner un-
der den forsta uppladdningen pa grund av parasitiska reaktioner ledande till
bildningen av ett passivt ytskikt (ett s.k. SEI-skikt). Denna effekt skulle all-
varligt begrinsa anvindningen av kolskum som anodmaterial i mikro-batterier
om man inte anvinder en forcykling for att minska den initiala kapacitetsfor-
lusten. Trots bildningen av SEI-skiktet kan en hog grad av reversibilitet och
hog laddningseffektivitet uppnas under de efterféljande cyklerna. En stabil
kapacitet pa 3.5 mA h cm™ erh6lls under mer 4n 50 cykler, vilket mycket vil
kan jaimforas med resultat fran andra studier. Kolskummet som framstélldes
vid 2200 °C har visat brittre elektrokemiska prestanda, sdsom hogre coulom-
bisk effektivitet, cyklestabilitet och mindre kapacitetsforlust pa forsta cykeln
i jaimforelse med de kolskum som tillverkades vid ldgre pyrolystemperaturer.
De prestanda for detta kolskum visas i Figur 9.2. For att demonstrera moj-
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Figure 9.2. Kolskum framstéllt vid 2200 °C som har karakteriserats med hjilp av
kontrollerad stromcykling vid olika stromtitheter. a) Den forsta urladdningen visar
en tydlig platd pa cirka 0.84 V vs. Li*/Li som kan tillskrivas elektrolytnedbrytning.
b) upp-och urladdningsskurvor for de angivna stromtitheterna. c) ytkapaciteter och
coulombisk effektivitet som funktion av stromtitheter. d) cyklingsstabilitet under 20
cykler for en stromtithet av 500 uA cm™
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ligheten att anvénda kolskummet som en stromtilledare for andra aktiva mate-
rial, har tunna lager av polyanilin (PANI) och LiFePO, deponerats med hjélp
av elektrodeponering och en sol-gel-metod. Med ett polyanilinbeklitt kol-
skum som katodmaterial kunde en areabaserad kapacitet pa 500 pAh cm™
och bra cyklingshastigheter uppnas. Kapaciteten var ocksa stabil under mer
an 90 cykler varfor man kan konstatera att dessa kolskumsubstrat ocksa lam-
par sig bra som tredimensionella stromtilledare i littumjonbatterier. LiFePO,
belagda kolskum har ockséa studeras i detalj med avseende pa anvindning
1 3D-mikrobatterisammanhang. Elektronmikroskopiska och elektrokemiska
karakteriseringar har avsljat att man far ett porost hierarkiskt kompositelek-
trodmaterial som kan cyklas i intervallet mellan 2.8 och 4.0 V mot Li*/Li
och som uppvisar en hog kapacitet och bra upp- och urladdningsprestanda vid
olika stromtétheter. Elektroden uppvisade en ytbaserad kapacitet av 1.72 mAh
cm? vid en stromtithet av 0.1 mA cm™ under ménga cykler liksom en hog
laddningseffektivitet.

Det dr ocksa virt att ndmna att den ovan beskrivna syntesen av kolskum
fran polyHIFEer dr mycket attraktivt av tva huvudsakliga skil. For det forsta
ar metoden enkel och relativt billig vilket gor den lamplig for uppskalning. For
det andra sa kan ytarean och porositeten hos kolskummet finjusteras antingen
genom att man varierar de reagens som anvinds i syntesen eller genom att man
andrar de experimentella forhallandena i 6vrigt. Pa detta sitt kan kolskum
med olika ytareor och porositet produceras. Emulsionsbaserade kolskum kan
ocksa anvindas i stillet for tredimensionella makroporésa material (3DOMs)
vars syntes ar relativt komplicerad. I syntesen av polymerer med hjilp av
vatten-i-olja emulsioner anvdnder man vattendroppar som “mallar” vilket gor
processen mer miljovinlig. Det kommande arbetet inom detta forskningspro-
jekt kommer att inriktas pa att (1) Oka mingden av det elektroaktiva materialet
pa kolskummen for att férbéttra den volymsbaserade kapaciteten for dessa 3D-
elektroder (2) 6ka kolskummens elektriska ledningsforméga och strukturella
enhetlighet och (3) minska dodvolymerna i kolmaterialen och optimera deras
porstorleksfordelningar.
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10. Appendix: Characterization techniques

This chapter provides brief descriptions of a range of techniques employed to
characterize the polymer precursors, carbon foams and 3D electrodes.

10.1 Thermal analysis

Thermogravimetry has been widely used to study the kinetics of the decom-
position of solids. Various kinetic models are used to fit the TG data to extract
important kinetic parameters. The kinetic analyses often assume that decom-
position is predominantly dependent on the temperature and the extent of con-
version, o. Generally, kinetic models are represented by

da E,
o = Zexp <_RT> fla) (10.1)

The parameters Z and E, in the Arrhenius equation stand for the frequency
factor and the activation energy of decomposition, respectively. The function
f(o) defines the reaction model used to parameterize the dependence of the
kinetics on the extent of conversion [272]. If a first-order reaction is assumed
[194], Kissinger's equation is given as
ZR E, 1
In Ez =n|=—)-=2_— (10.2)
T2 E, R T,
where Ty, is the temperature corresponding to the maximum of the peaks of
the second-derivatives of conversion extents.

A model-free approach, known as Modulated TGA, enables one to deter-
mine kinetic parameters from a single TG run [273]. This method makes use
of oscillatory temperature program superimposed on a constant heating rate.
The modulated TGA expression is given as

R(T?—-T?)
E,= ———%~ 10.3
a o7, (10.3)
where T and A are average temperature and temperature amplitude, respec-
tively. And, L is expressed as

dacl
L=In|—= 10.4
" (dOth) ( )

and represents L the full amplitude of the logarithmic function of the rate of
conversion. The respective rates of conversion corresponding to T and T, are
given as dog ; and dog .
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10.2 Residual gas analysis: pyrolysis-mass
spectrometry

During pyrolysis, a solid material is heated in a vacuum or inert atmosphere
to initiate thermal breakdown of larger molecules into smaller fragments. If
the pyrolysis chamber (usually quartz and alumina tube furnaces) is interfaced
to an analytical instrument like gas chromatograph, IR spectrometer or mass
spectrometer, these fragments can be analysed to quantify, identify or eluci-
date the structure of the original material [274]. In a typical pyrolysis-mass
spectrometer set-up, a residual gas analyser (RGA) is introduced into an ul-
trahigh vacuum chamber into which the pyrolysis products escape from the
furnace. At the ion source, the evolved gasses are ionized when subjected to
bombardment by electrons discharged from a heated filament. The molecu-
lar ions thus produced will be accelerated onto the mass spectrometer which
makes use of four cylindrical electrodes (quadrapoles) to separate the ions by
mass. Then, the separated ions impinge on a Faraday cup which generates
electric currents proportional to the mass or partial pressure of the residual
gasses. Mostly, the signal is given in the form of a plot of intensity or partial
pressure as a function of mass-to-charge ratio. A schematic of the integral
parts of a typical pyrolysis-mass spectrometer setup is shown in Figure 10.1 .

In Paper I, RGA (Residual Gas Analysis) was performed to identify the
volatile products formed during thermal decomposition of sulfonated poly-
HIPE. A sample of about 0.5 mg was placed in a stainless steel sample holder
and was heated linearly (~ 2.5 © C min™") up to 900 °C under high vacuum
(~ 10 pPa); the temperatures in the furnace and at the sample site were mea-
sured as well as the pressure. A Microvision plus residual gas analyser/mass
spectrometer was used to identify the residual gases.

10.3 Electron microscopy
10.3.1 Scanning Electron Microscopy (SEM)

In SEM analysis, a very fine electron beam is scanned across a given speci-
men in order to obtain topographical and compositional information. Conse-
quent to the interaction between a sharply focused electron beam and a mi-
cro-volume of the sample, a wide range of signals is produced: secondary
electrons, back-scattered electrons, characteristic X-rays and other photons of
varying energies. These signals originate from the elastic scattering (BSE),
inelastic scattering of the beam electrons giving rise to ejection of valence
electrons from the sample (SE) and X-rays related the removal of core shell
electrons. By collecting these signals with different detectors the desired in-
formation about the sample can be obtained: topography (SE) and elemental
composition (BSE and X-rays).
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In Paper I, IT and III, thin pieces of the pristine, sulfonated and carbonized
polyHIPEs were investigated using SEM of Zeiss Merlin make and equipped
with AZtec EDS/EBSD detectors and a BSE detector. A charge compensa-
tion utility of the equipment was employed while analyzing the pristine and
sulfonated polymers. Analyses of the specimens were carried out at differ-
ent electron beam energies depending on the information desired from the
SEM images. In Paper IV, samples of the bare and coated (in polyaniline and
LiFePO4) carbon foams were analyzed by collecting secondary electrons and
characteristic x-rays generated as a result of the inelastic scattering of the beam
electrons. Scanning electron micrographs of the external and cross-section of
coated carbon electrodes were taken using SEM/EDS ,Ai Zeiss 1550 instru-
ment (10-15 kV) was used.

10.3.2 Transmission Electron Microscopy (TEM)

TEM exploits the very small wavelength of high energy electrons to probe
materials at the atomic scale. In STEM mode, images are formed by collect-
ing electrons scattered incoherently and at high angles with annular dark-field
detector. Since elements have different scattering cross-sections, an STEM
image exhibits element-specific contrast, i.e., it is sensitive to variations in the
atomic number of the atoms present in the specimen.

In Paper Ito V, transmission electron microscopy analysis (TEM and STEM
) of finely powdered sample, which were dispersed in acetone and sonicated
for several minutes, was done using a JEOL JEM-2100F micro-scope operated
at 200 kV and equipped with a Gatan Ultrascan 1000 CCD camera and JEOL
annular dark-field (ADF) detector.

10.4 Specific surface area and porosity analysis

Any given porous material can be characterized by its specific surface areas
and pore size distribution. These parameters are essential as they determine
the properties and performance of the material. Gas physisorption is the most
accessible technique employed to investigate porous materials. Particularly,
nitrogen adsorption has become the most universally used method for assess-
ing specific surface areas and porosity of powders and porous materials [275].
Physical adsorption refers to the adhering of gas molecules on the surface of a
solid material assissted by van der Waals interactions. These weak adsorbate-
adsorbent interactions are only measurable at low temperatures; thus, surface
area and porosity analysis by N,-gas adsorption measurements are always car-
ried out in a bath of liquid nitrogen. The amount of gas (adsorbate) that is ad-
sorbed, ny, on the surface of a solid (adsorbent) material of mass mg depends
on the temperature, applied pressure, and the strength of the gas-solid interac-
tions involved. For an adsorbate below the saturation pressure (p°) of the gas
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and at a constant bath temperature (T), the following relation represents the
adsorption isotherm

L (”) T (10.5)
myg p°
After a complete analysis of the adsorption and desorption process at vari-
ous applied or relative pressures, a graphical representation of the adsorption
isotherm is obtained, which is the plot of the amount of adsorbed gas as a
function of the respective equilibrium pressure or relative pressure. The eval-
uation of surface area and pores is conducted with the help of various models
like BET (Brunauer-Emmett-Teller), Langmuir, t-plot, BJH (Barrett-Joyner-
Halenda) and DFT. The Langmuir model is the simplest isotherm which is
premised on the assumptions that only a monolayer coverage of adsorbate
occurs on the surface of perfectly flat adsorbent. Since physisorption is not
site-specific or selective, the real scenario entails the formation multi-layers
of adsorbates beyond the monolayer. The simplest isotherm theory which ac-
counts for multi-layer adsorption is described by the BET relation. The BET
relation is the most widely used model on occasion of its simplicity. In its
popular form, it is usually written as

p 1 Cper—1 p
n(p°—p)  nmCser  nmCper p°

(10.6)

where n refers to the amount of gas adsorbed at any given relative pressure
(p/p°) and np, represents the monolayer coverage. Within a limited region of
the isotherm, usually in the p/p® range of 0.05 to 0.3, a plot of an experimental
data in the form of p/[n(p°-p)] versus p/p° yields a a straight line whose inter-
cept and slope can be used to extract the amount of adsorbate corresponding to
monolayer coverage (np,) and the C constant. Then, the specifc BET surface
area can be evaluated using the relation below

a(BET) = nyNyG (10.7)

where N and o stand for the Avogadro constant and the average crossectional
area of an N, molecule, respectively.

Beyond quantitative analysis, the shapes and hysteresis loops (if there are
any) of the adsorption isotherms provide extensive information respecting the
type of pores (shape and width) and the nature of the gas-solid interactions.
On TUPAC recommendation, the most common isotherms are classified into
six categories, which can be found in various literature [276,277]. Depending
on their widths, pores are classified as macropores (> 50 nm), mesopores (50 to
2 nm), and micropores (< 2 nm). Assessment of pore size distributions from
experimental isotherms necessitates the use of various computational mod-
els. For mesoporous materials the BJH method, which is based on the Kelvin
equation for capillary condensation, is most widely used to generate pore size
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distributions from the respective isotherms. The pore-filling phenomena in mi-
croporous materials is used to assess microporosity with the help of methods
such as DR (Dubinin-Radushkevich) and HK (Horvath-Kawazoe). With the
right kernels available, DFT-based methods can be used to evaluate the entire
range of pore size distributions from physisorption isotherms. For pore sizes
beyond 100 nm, the gas adsorption method is not applicable, and usually lig-
uid (mercury, for example) intrusion porosimetry must be used to evaluate the
pore size distributions.

In Paper I to III, assessments of the porosity and BET specific surface ar-
eas of samples of the polymers and carbon foams were conducted based on
nitrogen gas sorption analysis at 77 K using a Micromeritics ASAP 2020. All
samples (0.2 to 0.3 g) were degassed under vacuum at different temperatures
for 12 hours prior to the actual analyses. The equipment used for all measure-
ments is capable of collecting data points above 1.7 nm. Indirect information
on microporosity in the samples was obtained from the t-plot method.

10.5 X-ray diffraction

X-ray diffraction is widely used to elucidate the structure of crystalline ma-
terials. When a radiation encounters periodically-arranged array of atoms or
molecules with interatomic spacing comparable to or larger than its wave-
length, an elastic and coherent scattering occurs, giving rise to discrete diffrac-
tion patterns. Constructive interferences between the scattered rays occur
when the Bragg relation given below is obeyed.

nA = 2dsin@ (10.8)

In Papers II to VII, powders of the carbon foams (pristine or coated) syn-
thesized at different temperatures were dispersed in ethanol and the drops of
the dispersion were scattered on a Si-substrate sample holder. Diffraction pat-
terns were collected using a copper Ko radiation source (A= 1.5418 A) on
powder diffractometer (Siemens D5000 and Bruker D8 TwinTwin).

10.6 X-ray spectroscopy

10.6.1 X-ray photoelectron emission spectroscopy

X-ray photoelectron spectroscopy is one of the most prominent surface char-
acterization techniques that are used to determine surface composition, local
chemical environments, oxidation states of elements, and valence band elec-
tronic structures of materials. The working principle of XPS borrows from
the photoelectric effect which states that photoelectrons are emitted when a
light of certain threshold frequency impinges on metal surfaces. In XPS mea-
surements, a monochromatic X-ray of known wavelength is illuminated on a
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sample resulting in the ejection of inner core electrons. Typically, the emit-
ted photoelectrons are collected by the hemispherical detector which measures
their kinetic energies. The binding energies of the photoelectrons are calcu-
lated as

Ey = hV—Ek—CDSpeC (109)

and used to identify the elements present in the sample. A schematic illustra-
tion is given in Figure 10.2. An XPS spectrum displays a plot of intensity as a
function of binding energies.

o ejected photoelectron
A

1
i
vacuum

1

conduction band

electron Fermi level

multiplier

XPS spectrum

sample

Figure 10.2. Schematic illustration of (a) the components of X-ray photoelectron
spectrometer (b) the working principle that underpins XPS are shown.

Analysis of polyHIPE polymers after sulfonation and treatments at vari-
ous temperatures: XPS analyses were performed on a series of samples of
untreated, sulfonated and thermally cured polyHIPE polymers (Paper I). The
XPS measurements were performed on a commercial PHI 5500 spectrometer,
using monochromatic Al Ko radiation (1487 eV) and an electron emission an-
gle of 45°. Cycled carbon foams (Paper IIand IV) are washed with dimethyl
carbonate (DMC) in an argon-filled glove box prior to XPS measurements.
The electrodes were transferred from the glove box to the XPS analysis cham-
ber using a custom-made airtight transfer shuttle to avoid any contamination
from air. All the XPS spectra were energy-calibrated by the hydrocarbon peak
positioned at the binding energy of 285.0 eV.

10.6.2 X-ray absorption near edge structure spectroscopy

In XANES the photon energy is scanned over a broad range of wavelengths
and the intensity of the absorbed X-ray or the fluorescence intensity of the
emitted photons is recorded as a function of the photon energy. Absorption
edges are observed in a XANES spectrum due to a discontinuous increase in
photon absorption occurring when the excitation X-ray energy is sufficient to
dislodge the core shell electrons of a given sample. As the absorption edges
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are element-specific and depend on the fine structure of the sample, XANES
spectrum can be used to fingerprint different phases and identify oxidation
states.

The XANES measurements in Paper I were performed at the HIKE end-
station positioned at the KMC-1 beam line of the synchrotron facility BES-
SY II operated by the Helmholtz-Zentrum Berlin, Germany. The spectra were
recorded at the S Kal edge (2.309 keV) within the energy range of 2450 eV
and 2550 eV in a fluorescence yield (FY) mode using a BrukerX-Flash 4010
fluorescence detector. In Paper VI, the vanadium K-edge XANES measure-
ments were conducted at beamline 1811, MAXIV-lab. Typically four scans
were collected for each sample and the averaged spectrum was used. All the
spectra were energy-calibrated to vanadium metal foil assigning the first in-
flection point on the edge to 5465.2 eV.

10.7 Vibrational spectroscopy

10.7.1 Fourier transform infrared spectroscopy

Infrared spectroscopy is concerned with the identification and quantification
of functional groups and deals with the IR region of the electromagnetic spec-
trum. As a rule, the mid-ir region which extends from 4000 to 400 cm™~! of
energy is used to characterize the vibrational modes of functional groups and
to study the roto-vibrational structure associated with the bonds in considera-
tion [185]. Infrared energy absorption is commonly associated with molecules
(bonds) in which the electric dipole moment changes as a result of vibrational
transitions. By definition, symmetrical molecules are naturally IR inactive
as they vibrate without the dipole moment being transitioned. Associated
with every molecule are distinct vibrational frequencies that are called nor-
mal modes, and their overtones. When the energy of the incident radiation
matches that of the vibrational modes, a molecule attenuates the energy of the
excitation radiation. The intensity of absorbed or transmitted radiation is plot-
ted as a function of frequency or wavelength to give an IR spectrum. Based on
the characteristic group frequencies corresponding to different bonds, a given
material can be characterized to identify the functional groups it is constituted
of.

In Paper I and II, an ATR- FTIR spectrometer (Perkin Elmer) was used to
characterize polyHIPE polymers before and after sulfonation and pyrolysis at
various temperatures. A diffuse reflectance IR spectrometer equipped with a
special sample holder was used for in sifu monitoring of the pyrolysis of the
sulfonated polymers.

112



10.7.2 Raman spectroscopy

Due to its enormous sensitivity to highly symmetric covalent bonds (carbon-
carbon), Raman spectroscopy is regarded as the standard technique suitable for
probing the morphology, structure, bonding and defects in carbon materials.
Irradiation of carbon materials using a monochromatic light like laser causes
the polarization of C—C bonds to form oscillating dipoles which scatter the
radiation at mainly three different frequencies. A schematic of the working
principle of Raman spectroscopy is given in Figure 10.3. Valuable information
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Figure 10.3. Schematic representation of the origin of Raman shift (a) and (b) Raman
spectrum of graphite is given alongside the two main vibrational modes of defective
graphite.

is garnered from the peak shape, position and width of the Raman bands [200—
202,205]. The Raman spectrum of a highly ordered single crystal of graphite
displays a sharp peak (denoted by G) around 1580 to 1600 cm™! assigned to in-
plane modes of vibration of Ep, symmetry. Disruption of the long-range order,
as in polycrystalline graphite and disordered carbon, intro-duces another peak
(D) around 1350 cm! due to a breathing mode of vibration of A ¢ Symmetry
of the six-membered ring. In visible Raman spectrum, the sp? sites in carbons
have much higher cross-section of scattering than that of sp> bonds. Thus,
both D and G bands are due to the presence of sp> bonds. Carbons containing
sp> carbons are studied using UV lasers. In addition to the two fundamental
vibrations, bands due to overtones are also observed at higher Raman shifts
for carbons.

10.8 Electrochemical Methods
10.8.1 Cyclic voltammetry

Cyclic voltammetry is an electrochemical technique that is customarily used to
study redox processes occurring within an experimental potential window. In a
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CV experiment, the potential of the working electrode is varied at a fixed scan
rate and the resultant current is recorded as a function of the potential. [46,278]
The potential is swept from the initial value (often the OCV) to the final limit
where the direction of the scan is reversed back to the initial (or another) limit.
By varying the scan rate, it is possible to diagnose the kinetics and stability of
the chemical species being studied. With the help of theoretical considerations
crucial parameters can be extracted from voltammograms. Both charge trans-
fer kinetics and mass transport effects can be studied well by manipulating the
scan rates. The Randles-Sev&ik formulation is the most popular mathematical
representation of a CV which relates the magnitude of peak currents (i) to the
electrode surface (A), the diffusion coefficient (D), the bulk concentration of
the redox species (CP), and the scan rate (v) used in the experiment. Accord-
ingly, the reduction (and oxidation) peak current in a CV can be represented
by

i, = (2.69 x 10%)n>/2AD}*Chy! /2 (10.10)

for a Nernstian (reversible) system, and
i, = (2.99 x 10%) /24D *Cly! /2 (10.11)

for an irreversible system controlled by a one-electron transfer process. The
parameters n and o stand for the number of moles of electrons exchanged
during the rate-determining step and the transfer coefficient of the electrode
reaction. For both reversible and irreversible electrode processes, the peak
current is linearly dependent on the square-root of the scan rate. In addition to
faradaic reactions, the charging and discharging of the electric double-layer at
the electrode-electrolyte interface contribute to the total current measured in
a CV experiment. Especially for high surface area electrodes, such as carbon
foams, this contribution can be appreciable, and due considerations have to be
made if quantitative analysis is sought. Assuming the capacitance (C) of the
double-layer is constant, the capacitive current, i, is expressed as

iir=C—=—=Cv 10.12
which indicates that the current scales linearly with the scan rate. Thus, the
peak current in a given CV can be described as the sum of the two contribu-
tions. The following general relations are commonly invoked when studying
the charge storage mechanisms of pseudocapacitors or batteries.

i=av’ (10.13)

or,
logi = loga+blogv (10.14)

Alternatively, the total current can be expressed as

i=if+ic=mv'/2fnv (10.15)
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or,
I 12

—— =m+nv 10.16

The symbols a, b, m, and n are adjustable parameters. Based on equations
10.13 to 10.16, plots of peak currents versus scan rates yield straight lines
whose slopes and intercepts can be used to extract valuable information re-
garding the charge storage mechanism and kinetics of the electrode process in
different scan rate regimes. In brief, these relations help decouple the contri-
butions of capacitive processes and faradaic reactions to the total amount of
charge passing during a CV experiment.

10.8.2 Controlled-current methods

Galvanostatic cycling with potential limitations is the most predominant elec-
trochemical method used to study the electrochemical behavior, rate capability
and cyclability of lithium ion batteries. In this method, a controlled-current is
imposed on the electrochemical cell and the potential of the working electrode
is recorded as a function of time or charge. Faraday's first law is used to de-
termine the theoretical and the actual specific capacities obtained at different
current densities.

nk = It = (10.17)

M m
where n, F, m, M, I, and t are the number of moles of electrons, the Faraday
constant, the actual mass of the active material, the molar mass of the active
material, the applied current, and time elapsed to complete the experiment. In
addition to specific capacities, an electrode is also characterized by its specific
energy and power densities associated with each applied current [45]. The
energy density may be expressed as

I [t 1 (9
E= —/ Vdr= —/ V(Q)do (10.18)
m.Jo m.Jo
while the corresponding power density is given by
E
P=— (10.19)

t

In addition, the values of energy and power can be normalized to the volume
of the electrode, and expressed as volumetric energy and power densities, re-
spectively. The energy and power densities of various electrochemical systems
are usually presented in the form of a chart commonly known as the Ragone
plot. Alongside capacity, energy and power densities, it is essential to provide
the efficiency of the electrochemical cell in retaining charge over sustained

115



cycling. The coulombic efficiency (C,g) is generally expressed in terms of the
output charge (Qoutput) and input charge (Qinput) as

Ceff _ Qoutput (10.20)
Qinput
A coulombic efficiency that deviates substantially from 1.0 may be indicative
of parasitic reactions or irreversible structural changes which trap the lithium
ions in the active materials. This parameter is particularly essential for full-
cell batteries wherein the lithium ions originate from the lithium-containing
positve electrode during charging the cell.

10.8.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful technique used
to probe the dynamics of physicochemical processes that occur in electro-
chemical systems. During an EIS experiment, an alternating voltage perturba-
tion with an amplitude of V, is applied to a working electrode at open circuit
voltage or around a direct circuit (dc) potential of Vgc. [46,279] The signal
can be given as

V = V,sin(ot) (10.21)

or
V =V,exp(jor) (10.22)

Varying the perturbation over a range of frequencies (w) allows for identifying
the different physical and chemical processes that influence the performance
of a given electrochemical system. The ac excitation voltage causes current to
flow through the electrochemical cell. Given, the amplitude of the perturbation
is sufficiently small, the instantaneous current response, I, will be at the same
sinuisodal frequency, but shifted in phase by (¢)

I = L,sin(¢ + ot) = Lexpj(¢ + wr) (10.23)

And the complex empedance (Z") will be expressed as

V) _ (Vo) exp(jor) .
z - I(r) <1> expj(9 +or) = Zoexp(—jo) (10.24)
Or equivalently,
7" =Zy(cosd — jsin®) = Ze + j(—Zim) (10.25)

where Z., and Z;y, stand, respectively, for the real and imaginary components
of the impedance response. The phase angle, ¢, may be expressed as

Z; 1
¢ = arctan (Z""> = arctan ORC (10.26)

re
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The phase angle, ¢, varies from 0 to 7/2 from a purely resistive system to
a purely capacitive system, and mixed behaviors in between. The processes
occurring within the electrochemical cell can be represented by a network of
resistors, capacitors and inductors, to which the collected impedance data can
be fitted to extract physically acceptable values for each circuit component.
Often, impedance data are presented graphically in Nyquist and Bode plots
as shown in Figure 10.4. The plot of -Z;y, versus Z is known as an Argand
diagram or Nyquist plot. In Bode the phase angle and the absolute value of
the impedance (s) are plotted as a function of the logarithm of frequency. The

Figure 10.4. Impedance data represented by Bode plots A) and B), 3D plot C) and
a Nyquist plot D) Reproduced by from Ref [280] permission of ©2013 The Royal
Society of Chemistry

different physicochemical processes within the electrochemical system occur
on different time scales and are hence sensed in different frequency regimes
during the experiment. A typical example is given in Figure 10.5 for a lithiated
graphite electrode.

10.8.4 Electrode preparation and cell construction

Unless specified, only pouch cells were principally used to prepare the elec-
trochemical half-cells that were investigated in all the projects summarised in
this thesis. In Paper II Swagelok® cells were used instead. In all cases, the
electrochemical cells were built by assembling the carbon foam (pristine and
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Figure 10.5. A schematic illustration of the equivalent circuit elements, and the typical
features observed in the impedance spectra lithiated graphite electrodes. Adapted from
Ref. [281] with permission from ©FElsevier

coated) as working electrodes and lithium foils as counter and reference elec-
trodes. Glass fiber separators soaked in an electrolyte were used in between
the two electrodes. A schematic of the half-cells in pouch and Swagelok® con-
figurations is given in Figure 10.6. For electrochemical testing, all electrodes

plunger

insulating

sheath
lastic-sealin
plasti Ing lithium foil spring
metal disk
T~ separator

Swagelok
bare or coated nuts and
carbon foam body

contacts

Figure 10.6. Schematic representation of the cross-section view of a pouch cell (a)
and a Swagelok® (b).

(pristine or coated carbon foams) were dried under vacuum at 80-120 °C for
12 h before use. Pouch and Swagelok cells were assembled in an argon-filled
glove box (MBRAUN labmaster 130) using pristine or coated carbon foams,
lithium foil anodes, and glass fiber separators soaked in electrolyte (1 M LiPF
in EC/DEC 1:1). In Paper IV, however, the working electrodes were disks
of CNT (carbon nanotube) paper clad in hydrated V,05 nanosheets. Cyclic
voltammetry and controlled-current techniques were employed to character-
ize the electrochemical behavior and rate capability of the electrodes using
Arbin (Arbin BT2043), Biologic VMP2, and Biologic MPG2. The electrodes
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were cycled at different current densities and scan rates in an electrochemical
voltage windows wherein the the active materials in consideration reacted re-
versibly. The capacities at different current densities were normalized to the
footprint areas of the electrodes used. Electrochemical impedance data were
collected for some of the electrodes using the BioLogic VMP2 and SP240
potentiostats. The electrodes were charged and discharged by stepwise im-
position of potential steps between the respective cut-off voltages. After 20
minutes, a sinusoidal signal with amplitude of 10 mV and scan frequencies
ranging from 200 kHz to 1 MHz was applied on the polarized electrodes. De-
tailed descriptions of the experimental procedure and parameters can be found
in the respective papers appended to this thesis.
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