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Abstract

Electrochemical double layer capacitors (EDLC), most commonly referred to as “supercapacitors”,
have gained increasing scientific and commercial interest in recent years. Purely electrostatic charge
storage processes allow charge- and discharge cycles in the second-time scale, exhibiting a theoret-
ical capacitance in the order of 100 F per gram of electrode material, thereby providing efficient
recuperation devices for electromechanical processes, for example. Introducing electrochemically
active materials such as manganese oxides into the supercapacitor electrode, allows to combine the
double-layer storage with a battery-like storage process, leading to capacitance that can be up to
two orders of magnitude larger than those in EDLC.

In the present work, an electroless deposition approach of manganese oxide on a carbon scaffold
is adapted and further investigated. The carbon material is derived from an organic xerogel, which
in turn is prepared via a sol-gel process, allowing tailoring of the structural properties of the carbon,
making it an ideal model system to study the relation between morphology and electrochemical
performance in the carbon-manganese oxide hybrid electrode.

In the first part of this thesis, a variation of manganese oxide deposition time at a low concentra-
tion of precursor solution is analyzed. Mass uptakes reach up to 58 wt.%, leading to an increase of
volumetric capacitance by a factor 5, however reducing the dynamic performance of the electrode.
The structural characterization gives hints on the deposition location of the active material either in
the intra-particular pores of the carbon backbone or on the enveloping surface area of the particles
forming the backbone.

In order to comprehensively answer the question of the location of the active material within
the hybrid electrode, the particle size of the carbon backbone and therefore the enveloping surface
area of the carbon particles was varied. For samples with high mass uptakes, scanning electron
microscopy (SEM) images show a layer thickness of 27 nm of active material around the carbon
particles. In order to quantitatively investigate this layer morphology, even for low mass uptakes
where no layer is visible in SEM images, a model interpreting data from anomalous small angle
X-ray scattering (ASAXS) measurements was developed. The results confirm the presence of a
layer around the carbon particles, exhibiting a layer thickness ranging from 3 to 26 nm.

From an electrochemical point of view, carbon backbones with a large enveloping surface area
will lead to high mass uptakes in the electroless deposition process and therefore lead to high
capacitance of the electrode. However, for future application, electrodeposition approaches should
be investigated in detail, since no deposits will form on the interface between carbon backbone and
current collector, leading to a better dynamic performance of the hybrid electrode. Furthermore, the
ASAXS-method should be promoted and applied on other material systems, since this technique
allows to draw important conclusions and allows to deduce integral and quantitative information
towards a rational design of high performance electrodes.



Zusammenfassung

In den letzten Jahren haben elektrochemische Doppelschichtkondensatoren, meist als “Super-
caps” bezeichnet, wachsendes wissenschaftliches und kommerzielles Interesse erfahren. Rein
elektrostatische Ladungsspeicherungsprozesse erlauben Lade- und Entladezyklen im Sekunden-
regime, bei einer theoretischen Kapazitit in der Groenordnung von 100 Farad pro Gramm
Elektrodenmaterial. Damit steht beispielsweise ein ideales Bauteil zur Energierekuperation in
elektromechanischen Prozessen zur Verfiigung.

Die Verbindung der Doppelschichtelektrode mit elektrochemisch aktiven Materialien, wie zum
Beispiel Manganoxiden, erlaubt eine Kombination der elektrostatischen Ladungsspeicherung mit
batteriedhnlichen Ladungsspeicherungsprozessen. Dies fiihrt zu Kapazititswerten, die bis zu zwei
GroBenordnungen iiber den Kapazititswerten im Doppelschichtkondensator liegen konnen.

In der vorliegenden Arbeit wurde ein nasschemischer Abscheidungsprozess fiir die Deposition
von Manganoxid auf einem Kohlenstoffgeriist angewendet und weitergehend untersucht. Das
Kohlenstoffmaterial wurde aus einem organischem Xerogel hergestellt, welches wiederum durch
einen Sol-Gel Prozess dargestellt wurde. Diese Vorgehensweise erlaubt eine gezielte Beeinflus-
sung der strukturellen Eigenschaften des Kohlenstoffes. Dadurch wird das Material zum idealen
Modellsystem, um den Einfluss der Morphologie auf die elektrochemischen Eigenschaften der
Kohlenstoff-Manganoxid Hybridelektrode zu untersuchen.

Im ersten Teil der Arbeit wurde die Abscheidungsdauer des Manganoxids bei einer niedrigen
Ausgangskonzentration in der Vorstufe systematisch variiert und die resultierenden Elektroden
analysiert. Die MnO, Massenaufnahme erreichte bis zu 58 wt.%, was zu einer Steigerung der
volumetrischen Kapazitit um einen Faktor 5 fiihrte. Der Preis fiir diese Steigerung liegt jedoch
in einer Reduktion der Lade- bzw. Entladegeschwindigkeit. Die strukturelle Charakterisierung
der Hybridelektroden deutet auf eine Abscheidung des MnO; in den intrapartikulédren Poren der
Kohlenstoffpartikel oder auf deren einhiillenden Oberfldche hin.

Um den Abscheidungsort des aktiven Materials innerhalb der Hybridelektrode eindeutig zu
bestimmen, wurde die Grée der Kohlenstoffpartikel und damit die externe Oberflache des Kohlen-
stoffgeriistes systematisch variiert. Aufnahmen mittels Rasterelektronenmikroskopie (REM) zeigen
eine Schicht von MnO, um die Kohlenstoffpartikel mit einer Dicke von bis zu 27 nm fiir Proben
mit Massenzuwichsen von bis zu 130 %.

Um die Schichtdicke auch fiir geringe Massenaufnahmen, bei denen im REM keine Schicht
erkennbar ist, quantitativ untersuchen zu konnen, wurde ein Modell zur Analyse von anomaler
Rontgenkleinwinkelstreuung (ASAXS) entwickelt. Die Ergebnisse bestitigen die Existenz einer
Schicht um die Kohlenstoffpartikel, deren Dicke zwischen 3 und 26 nm liegt.

Aus elektrochemischer Sicht wird ein Kohlenstoffgeriist mit groler einhiillender Oberfliche
zu einer gro3en Massenaufnahme im nasschemischen Abscheidungsprozess und damit zu hohen
Kapazititswerten fiithren. Fiir eine zukiinftige Anwendung sollten jedoch auch elektrochemische
Abscheidungsprozesse genau untersucht werden, da bei dieser Methode kein Material auf der
Kontaktfliche zwischen Stromabnehmer und Elektrode abgeschieden wird. Dadurch ist eine
Verbesserung der elektrochemischen Performance der Hybridelektrode zu erwarten. Weiterhin
sollte die ASAXS-Methode weiterentwickelt und auf andere Materialsysteme angewendet werden,
da diese Technik wichtige Schliisse erlaubt, sowie die Bestimmung integraler und quantitativer
Information, die zu gezieltem Design von hocheffizienten Elektroden fithren wird.



Contents

Introduction

Charge Storage in Supercapacitors

2.1 Electrochemical Double Layer . . . . .. ... ... ... ............
2.2 Pseudocapacitance . . . . . . . ... ... e e e
2.3 Hybrid Systems . . . . . ...
Experimental
3.1 Sample Preparation . . . . . .. ... L L
3.1.1 CarbonXerogel . . . . . . ... ... . . ...
3.1.2 Depositionof MnOy . . . . . . ...
3.2 Structural Characterization Methods . . . . . . . ... .. ... ... ... ...
3.2.1 Scanning Electron Microscopy . . . . . . . . .. . ... ...
322 NpGasSorption . . . . . . ... e
3.2.3 X-ray Photoelectron Spectroscopy . . . . . . ... ...
3.2.4 Anomalous Small Angle X-ray Scattering . . . . ... ... .......
3.3 Electrochemical Methods . . . . . . . ... ... ... ... L.
3.3.1 Electrochemical Cell . . . . ... ... .. ... ... . ... ...
3.3.2 Cyclic Voltammetry . . . . ... .. ... ... ...
3.3.3 Electrochemical Impedance Spectroscopy . . . . . . . ... ... ....

Variation of MnQO, Content

4.1 Morphology of Electrodes . . . . . . ... ... ... ... . ..........
41.1 MnOpMassUptake . . .. ... ... .. .. ...
4.1.2 Electrode Surface Structure . . . . . . . .. ... oL
4.1.3 Surface Areaand Porosity . . . . . . ... ... ... Lo,

4.2 Electrochemical Performance . . . . . . ... ... ... ... ... ... ..
421 Capacitance . . . . . . . .. e e e e e e e e
422 DynamicBehavior . . . .. ... .. o
423 Impedance Analysis . . . . . . . . . . . ..

43 Conclusion . . . . . . .

Determination of MnQO, Deposition Location

5.1 Morphology of Electrodes . . . . . ... ... ... ... .. .. ........
5.1.1 Surface Structure of Manganese Layer . . . . . . ... ... ... ....
5.1.2 MnO; Distribution . . . . . . . . ..
5.1.3 Crystal Structure . . . . . . . . ...
5.1.4 Surface Areaand Porosity . . . . . . ... ... ... ... .. .. ...

5.2 Chemical Composition . . . . . . . . . . . .o e

10
13

17
18
18
20
22
22
23
26
28
33
33
35
36

41
42
42
43
44
49
49
51
53
57



v

CONTENTS

5.2.1

54.1

6 Summary and Outlook

Appendices

A Additional Graphs

B Tabulated Data
B.1 Tabulated Data of Sample Series CMnT
B.2 Tabulated Data of Sample Series CMnEC and CMnG
B.3 Tabulated Data of Sample Series CMn S,M,L

C Thermodynamical Treatment of Pseudocapacitance

MnO, Mass Uptake

5.2.2 Chemical Composition of MnO; Phase
5.3 Hollow Sphere Model and MnO, Layer Thickness
5.4 Electrochemical Performance
Capacitance

5.4.2 Dynamic Behavior
5.5 Conclusion

[

<< <<



Chapter 1

Introduction

Looking at the amount of CO; present in the atmosphere today, the year 2010 reports a CO,
concentration in the atmosphere of about 390 ppmv (parts per million by volume) [1]. A glance at
earth’s history reveals that in the last 400000 years (about the time when today’s Germany was still
covered by glaciers, homo sapiens started to walk about 200000 years ago [2, 3]) the concentration
of CO; alternated between about 180 and 280 ppmyv, never exceeding 300 ppmv [1]. These ups and
downs in CO; concentration were always accompanied by severe changes in the earth’s surface
temperature, leading to extension of glaciers in times of low concentration and extension of deserts
when the CO; level was high. The anthropogenic increase of the atmospheric CO, concentration
will lead to huge consequences in the near future, starting from climate refugees because of land
loss due to rising sea levels or because of hunger due to severe droughts [4, 5]. Additionally,
the number of climate fluctuation induced catastrophes such as flooding and severe storms might
increase, leading to immense economic costs [6].

In his book “Sustainable Energy - without the hot air” David MacKay offers a consistent
overview of current energy needs and supply in Great Britain and works out energy scenarios for

sustainable supply [7]. He suggests three different ways to cut down CO; emissions:
1) less people
2) change lifestyle

3) higher efficiency

While alternative 1) is ethically and morally not feasible, the majority of people in so-called
“developed” countries is not willing to change their lifestyle to a pre-industrial standard, which is
what would be necessary to balance the CO, emissions. Moreover, the majority of mankind, living
in the emerging countries, is currently trying to get out of this lifestyle. This only leaves alternative

3) as a possible scenario to cut down CO, emissions: make processes more energy efficient.
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In 2011, Germany had a total primary energy consumption of 15409 PJ [8]. The primary
energy uptake includes energy from coal, oil, gas, uranium; renewable energy sources account for
11.0 % [8]. Figure 1.1 shows the various contributions to the total primary energy consumption. As
can be seen, transport accounts for 16.7 % of Germany’s primary energy uptake, offering a huge

potential for more energy efficiency.
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Figure 1.1: Contributions to primary energy consumption of Germany in 2011
[8]. Nearly one forth of the energy is lost in conversion processes (24.6 %).
Transport accounts for 16.7 % of the energy consumption.

Electrochemical double layer capacitors (EDLC), widely known as “supercapacitors”, have
the potential to make electro-mechanical processes more energy efficient, by recuperating kinetic
energy in form of electrical energy when motion is decelerated. EDLC use pure electrostatic storage
processes, therefore exhibiting almost unlimited cycle life and require little maintenance in final
applications.

The capacitance of a plate capacitor is defined as

A
C=¢—, 1.1
7 (1.1)
where € is the permittivity, A the surface area of the plate and d the distance between the plates.
As will be shown later in Chapter 2.1, the EDLC can be regarded as two plate capacitors in a

serial configuration. Using high surface area carbons with specific surface areas up to 1000 m?/g



and aqueous electrolyte solutions, capacitances of 100 F per gram of electrode material can be
commonly achieved. The energy stored in a capacitor is given by W = % C-E?, where E is the
operating voltage. Commercial devices containing organic electrolytes reach mass specific energy
densities of 5 Wh/kg at a voltage of 2.5 V [1].

Whereas supercapacitors are widely established as backup power sources in consumer electron-
ics or for emergency power supply (e.g. the emergency door mechanism in the airplane “Airbus
A380” [9]), transport applications are starting to emerge. For example, a reduction of about 30 %
of the diesel consumption of a diesel-electric metro bus was achieved by MAN in their “Lion’s
City hybrid” bus [10]. A commercially available personal car that uses supercapacitors for energy
recuperation is the “Mazda 6 i-Eloop” [11]. In these applications, the supercapacitor acts as fast
chargeable, short term storage device, storing the electrical energy collected during the braking
process for typically some seconds, before either returning it to the electrical motor for acceleration
or slowly charging the battery. Recent advances by Volvo enable the integration of the devices in
the chassis of the vehicle, thus allowing to reduce the overall weight of a car by more than 15 %
[12].

In order to further increase the capacitance of a supercapacitor, battery-like storage mechanisms
can be introduced. In contrast to the electrostatic storage mechanism in EDLC, these storage pro-
cesses are dominated by faradaic reactions. The theoretical treatment of this charge storage process
will be covered in Chapter 2.2. Devices of this type are often referred to as “pseudocapacitors”
or “supercabattery”, whilst common literature combines both, EDLC and pseudocapacitor, under
the term “supercapacitor”. The theoretical mass specific capacitance of typical pseudocapacitor
materials reaches values of up to 1380 F/g (0.9 V, [13]) for manganese oxides or even 3560 F/g
(0.45 'V, [14]) for cobalt oxides.

The approach to a pseudocapacitor investigated in the framework of this thesis was developed
by Fischer et al. [15, 16]. The idea is to create a synergetic device, combining double layer-
and pseudocapacitive charge storage. The prerequisite is an electrically highly conductive, large
surface area substrate, on which the electrochemically active material can be deposited. The porous
backbone of a carbon xerogel provides excellent electronic conductivity and a huge surface area,
both for manganese oxide deposition as well as for double layer charge storage (see Chapter
3.1.2). The electroless deposition process proposed by Fischer et al. promises big potential for the
commercialization of the device, since the process is easily scalable. In their work, they infiltrated
commercially available fiber reinforced carbon xerogel paper with manganese oxide and varied the
deposition time, NaMnO, and pH concentration in the precursor solution. Deposition from neutral
precursor solutions was reported to yield the best results, with gravimetric capacitances reaching up

to 130 F/g for MnO; mass loadings of 57 %, normalized to the total electrode mass. The deposition
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process from neutral precursor solution was claimed to be self-limiting in nature. However, the
question on the exact location of the manganese oxide deposits remained unclear. They noted that
the neutral deposition approach renders manganese deposition to be homogeneous throughout the
three-dimensional structure, however the question whether the manganese oxide is deposited in
small micropores (< 1 nm [17], see also Figure 1.2) within the particles forming the carbon xerogel

backbone, or rather on the enveloping surface area of the particles, remained elusive.
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Figure 1.2: Schematic model of the possible deposition locations of MnO, and
the resulting configuration of the hybrid structure.

A deposition of the active material in the micropores allows significantly higher mass uptakes
than a deposition on the enveloping surface area. However, the active material must remain
accessible for the electrolyte ions in order to increase the capacitance of the electrode. The main
goal of this present work therefore is to locate the manganese deposits within the hybrid electrode
structure prepared via the electroless deposition process. To reach this goal, a model system
of resorcinol-formaldehyde derived carbon xerogels was investigated and tools to quantitatively
characterize the system were developed and applied, motivated by the overall perspective that these
techniques can be transferred also to similar material systems.

Possible scenarios for the location of MnO; in the carbon scaffold are depicted schematically

in Figure 1.2. The black spheres represent the carbon xerogel particles, forming a porous network



with meso- and macropores, with diameters ranging from 2 to 50 nm and diameters greater than
50 nm, respectively [17]. MnO; deposits may form mainly on the enveloping (external) surface
area of the carbon xerogel particles, forming either a gradient in layer thickness towards the center
of the sample (scenario 1) or a homogeneous coating (scenario 2). Also, separate phases of MnO;
and carbon may be present in the system, as shown in scenario 3. Concerning the micropores of
diameters smaller than 2 nm [17] within the carbon xerogel particles, three possible cases might
occur: In case 4(a) they remain empty since pathways were blocked before manganese ions were
able to reach the inner pores of the particle, but they might still be open for the electrolyte ions and
thereby for double layer charge storage. The cases 4(b) and (c) depict the case of MnO, deposits in
the micropores, being accessible for charge storage in case 4(b) (open pores, pore walls coated), or
blocked (e.g. by complete filling) in case 4(c).

In the following, a theoretical background of the electrochemical charge storage processes
involved in the model system under investigation is given, including a brief overview of current
research approaches (Chapter 2). In the experimental part (Chapter 3) experimental methods
are described, together with the respective theoretical background, sample preparation and data
evaluation. Chapter 4 presents and discusses the influence of the manganese oxide deposition time
on the structural and electrochemical characteristics of the electrode. The location of the deposit is
investigated in more detail in Chapter 5 by applying a structural variation of the carbon scaffold.

The results of this thesis are finally summarized in Chapter 6.



Introduction




Chapter 2

Charge Storage in Supercapacitors

In an ideal capacitor, the amount of charges ¢ that can be stored is directly proportional to the
applied voltage E. The factor C that relates g and E is commonly referred to as the capacitance of
the device [18]:

q=C-E. 2.1

For electrochemical double layer capacitors (EDLC) and pseudocapacitance, as will be shown
later in this chapter, the capacitance is a measure for the variation of the accumulated charge
upon voltage change with time, i.e. the charging/discharging rate. Therefore, the definition of a

differential capacitance Cyjs is useful:
Caif = dg/dE. (2.2)

This provides an immediate approach to measure Cyigr by cyclic voltammetry, where the resulting
current [ at the electrode in response to a voltage change over time dE /dz is measured (see also
Chapter 3.3.2):

Caiee = 1/(dE/dt), (2.3)

where [ is defined by dg =1 - dr.

In real capacitors, contact-, bulk electrolyte- and electrode resistances have to be accounted
for. It will be shown in Section 3.3.3 that equivalent circuit models can be developed, where the
contributions of the individual resistances can be combined to an equivalent series resistance (ESR).

In this chapter, at first the purely electrostatical charge storage process in the electrochemical
double layer will be introduced (Section 2.1). Allowing charge transfer across the double layer
leads to the rise of so called “pseudocapacitance” under certain conditions. The prerequisites for

the appearance of pseudocapacitance and potential materials to be used in supercapacitors are
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introduced in Section 2.2. Finally, the approach for combining double layer- and pseudocapacitive

charge storage adapted in the scope of this thesis is presented in Section 2.3.

2.1 Electrochemical Double Layer

When the surface of an arbitrary solid state material (e.g. a metal or semiconductor) is brought into
contact with an ionic solution, in general the chemical potentials of the material and the solution
will be different. From a thermodynamic perspective, this is an unstable state and precipitation
and dissolution will occur, until the respective chemical potentials are balanced. These reactions
cause a potential difference, which in turn attracts ions from the electrolyte solution to balance
the potential difference. Due to their hydration shell, ions from the electrolyte solution cannot
cross the solid-electrolyte interface and are arranged in the so called “Helmholtz double layer” (see
Figure 2.1). Applying an external voltage will increase or decrease the double layer thickness,
depending on the amplitude and polarity of the local electrical field [19]. A condition for the validity
of the electrochemical double layer models presented in the following is the purely electrostatic
behavior of the system, i.e. no charge transfer across the double layer is allowed [20]. This is also

referred to as the “non-faradaic” case.

¥ Electrode ¥ Electrode ¥ Electrode
PE [~ ! PE 7T PE e
. = -~ + > —
+ —~__hydrated * @ * AL +
lon + 2 + . @
= + + rigid + diffuse
+(7\ T diffuse A double- 3
+ - rigid +(7\ = double- + 5 layer +
double- +|° layer +
layer g +
+ +
+ P He +
+|- c +
X X
(a) a (b) (c) a

Figure 2.1: Double layer models according to von Helmholtz, Gouy and Chap-
man and Stern (left to right). The sketch is not to scale, the ions in the rigid
double layer are enlarged to show the hydration shell. Figure adapted from [21].
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An analytical treatment of the electrochemical double layer was first reported by von Helmholtz
in 1853 [22]. His model assumes ions that are kept in a fixed distance a from the electrode surface
A by their hydration shell (see Figure 2.1).

The Poisson-equation describes the related potential ¢ (x) at a distance x from the electrode’s
surface and the related charge density p(x) in the Helmholtz layer [19]:

I’e(x) _ p(x)

= — 0<x< oo, 2.4
ox? &€’ =t= 4

Here, &y is the dielectric permittivity of the vacuum and &, the relative permittivity of the Helmholtz
layer, which can be combined to € = €,.&. The equation can be integrated analytically, considering
the space between the electrode surface and the Helmholtz layer in a distance x = a from the surface
to be free of charges, i.e. p(x < a) =0, and taking into account the boundary conditions for the
potential at the electrode ¢(0) = ¢g and in the electrolyte solution at large distances x from the

surface, @s (see Figure 2.1a):

0(x) = ge+ (o5 — 9cl. (2.5)

This relationship corresponds to the potential of a plate capacitor with the capacitance

A
C=¢e—.
a

(2.6)

However, the validity of the Helmholtz-model is limited because at finite temperatures, the
thermal movement of ions has to be accounted for. Gouy introduced the thermal movement by
assuming a spatially extended layer of point charges; the mathematical treatment was developed
by Chapman, who described the thermal movement by introducing a Boltzmann type energy
distribution [23, 24]. Yet, their model overestimates the electrochemical capacitance, since the
point charges are allowed to come infinitesimally close to the electrode surface.

This was considered by the model of Stern in 1924, who combined the two theories and added
a diffuse layer of finite size ions to a rigid, Langmuir-type (see Equation C.3) adsorbed layer of
ions at the electrode’s surface [25]. The total capacitance C of the electrochemical double layer
finally is found to behave like a serial configuration of the capacitance Cyy of the rigid Helmholtz

double layer and the capacitance Cg; caused by the diffuse charge layer:

1 1 1
=t 2.7)
C Cun G

Therefore, the smaller contribution of either Cyy or Cy; will dominate the overall capacitance.

For all pure double layer electrodes, the surface is considered to be electrochemically inactive
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and the double layer forms solely due to electrostatic interaction. In particular, no adsorption of
electrolyte ions to or redox-reactions will take place at the electrode interface with the electrolyte,
since by definition no current is allowed to pass through the double layer. The process therefore is
called “non-faradaic” [21]. This is the case for an ideally polarizable electrode. In general, for real
electrodes, a small leakage current has to be considered [20].

In recent years, more detailed theories to describe the electrochemical double layer have been
developed, including e.g. field dependent orientation of solvent dipoles [26—28] and spatially
varying electron-densities reaching from the electrode surface into the double layer because of the
de-localized nature of the electron wave functions at the electrodes [29-31]. A comprehensive
description of the double layer charge storage in porous carbon electrodes also includes the
behavior of the ions in micropores [32-34]. For electrolyte solutions with high ion concentrations
(i.e. ¢ >1 M), as used for example in the cells investigated in this thesis, the electronic charge
accumulating on the (microporous) electrode surface is immediately compensated by ions in the
vicinity of the interface and a rigid layer of ions is formed, avoiding the need for compensation
by a diffuse layer [21]. The double layer capacitance of carbon electrodes has been estimated of
the order of 15-50 pFem™2, depending on the structure of the carbon surface and the size of the

hydrated ions [35, 36].

2.2 Pseudocapacitance

The previously described models explicitly excluded the possibility for ions to cross the double
layer and to react with the electrode surface. An utterly different type of charge storage mechanism
arises if ions can pass through the double layer and an electrochemical charge-transfer process
occurs. According to Faraday’s laws, an electron transfer causes a change in the chemical or
oxidation state of the electrochemically active material, hence these processes are called “faradaic”
[21].

Eucken and Webulus [37] as well as Conway and Gileadi [38] used a thermodynamical approach
to explain the rise of pseudocapacitance, which is summarized in Appendix C. They show that
for typical electrochemically active materials, a quantity Co can be derived from e.g. a fractional
surface coverage O or the amount of active species reduced/oxidzed, if the charge transfer Aqg is a
function of applied potential E such that:
d®  Aq

—g— = . 2.
Co 99 = AE (2.8)

This relationship, by definition (see Equation 2.2), has the form of a differential capacitance, since
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the transferred charge Ag depends linearly on the change of the applied voltage AE. Yet, due to
its faradaic nature, the origin for this relationship is completely different from the electrostatic
case and therefore it is historically referred to as “pseudo”-capacitance Cp [20, 21]. Similar to
the double layer capacitance, the pseudocapacitance in general is voltage dependent, resulting in
a broad current peak in the voltammogram. Peaks from several oxidation states, in combination
with surface adsorption on the rough surface structure of the faradaic species, lead to an almost

rectangular shape of the CV-diagram (see Figure 2.2).

Current

Voltage

Figure 2.2: Cyclic voltammogram of MnO;, showing the multiple successive
overlapping redox processes forming the typical rectangular shape of the current
response. Reproduced from [39].

Several types of faradaic active materials are known to provide a pseudocapacitance that is
usable in supercapacitor electrodes, since their faradaic current is significantly extended over the
applied voltage window (see also Appendix C): Redox reactions of carbon surface groups with
ions from the electrolyte solution [40—42], doping and de-doping of polymers [43—45], redox
reactions of transition metal oxides such as RuO,, MnO,, as well as oxides of Ni and Co [46-50].
On the huge surface area of nanoporous carbons, the redox reactions of quinone/hydroquinone
surface groups have been identified as the main contribution to the pseudocapacitance [40, 51].
Polyaniline, polypyrrole and polythiophene are the most widely used conducting polymers as
electrodes for electrochemical capacitors [52-54]. The polymers are either p- or n-doped, therefore
they are exclusively applied as the positive (p-doped) or negative (n-doped) electrode. The resulting
capacitor therefore is always regarded an asymmetric device, resulting in a higher operational
voltage of up to 3.1 V in non-aqueous electrolyte solutions [50]. Ruthenium oxide has been
thoroughly investigated in recent years (major publications are for example cited in Chapter 11 of
[21]). The charge storage process was here identified to be mainly based on proton intercalation
in RuO; bulk [21]. Specific capacitances of up to 900 F/g were reported [55]. However, its high

toxicity and the high price prohibit the commercial use of RuO, in supercapacitors.
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For a detailed overview of the abundant configurations of MnO; in electrochemical capacitors,
the overviews provided by Bélanger et al. [56], Wang et al. [50] and Zhi et al. [57] are recom-
mended. In the scope of this thesis, the focus is especially on the pseudocapacitive charge storage
process in amorphous MnO; thin films deposited on microporous carbon.

The first report on MnO; as supercapacitor material was published by Lee and Goodenough in
1999 [46]. They reported a specific capacitance of 200 F g~! for amorphous MnO, in mild alkaline
aqueous solutions. The charge storage process was proposed to include cations C* being adsorbed

at the oxide surface [56]:
(MHOZ)surface + C+ +e = (MnOZ - C+)surface- (29)

The charge storage process was further investigated by Pang and Anderson, who postulated

proton insertion into the MnO; bulk, as well as the insertion of alkali cations [56, 58, 59]:
MnO; + 86X T + e~ = MnOOX3, (2.10)

where X represents the protons H' or the alkali metal cations C* and & is the number of electrons
involved. Structural water confined in the bulk of MnO, was found to limit the electrochemical
performance of MnO, [60].

Intensive in-situ X-ray photoelectron spectroscopy (XPS) studies on the pseudocapacitance
charging of amorphous MnO; were performed by Toupin et al. [13]. By measuring the Mn 3s
core level spectra of MnQO; in the oxidized and reduced state for MnO, film electrodes with
film thicknesses ranging from 2 um to 100 pm, they found that only a thin layer (< 2 pm) was
electrochemically active (see Figure 2.3). Also, both alkali cations and protons were shown to take
part in the charge storage mechanism, suggesting a reaction consistent with Equation 2.10.

In a study by Kuo et al., crystalline MnO, was investigated via in situ X-ray absorption near
edge structure (XANES) spectroscopy [61]. Together with in situ X-ray diffraction, monitoring a
reversible expansion and shrinkage of the oxide lattice spacing (about 10 % [61]) upon cycling, they
showed that cations are inserted into MnO, bulk. Via electrochemical quartz crystal microbalance
(EQCM) measurements, they proved the redox reaction to be of one-step character, including
cations and oxonium H3O™" ions. The proposed charge storage reaction therefore reads:

Mn(IV)O, -nH,O+ e~ +8(1 — f)H30" +8fCT =

2.11)
= (H3O)5(1_f)C5f [MH(HI)5MI’1(IV)1_5]OQ . I’ngO,

where f is the molar fraction of cations involved.
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Figure 2.3: Schematic sketch of Mn-reaction processes involving only a thin
surface layer (d < 2 um). X represents either protons or alkali ions. Repro-
duced from [56].

In a recent review by Zhi et al., the pseudocapacitance of MnO; is identified to originate from
redox centers of weakly attached surface ions, such as surface functional groups or defects, and
grain boundaries in the crystal structure of MnO; [57].

The different conclusions deduced from these investigations show that the complex mechanisms
of charge storage in MnO; are not completely understood yet and will require further investigation.
However, strong hints for a dominating contribution by surface effects to the faradaic charge storage

are found in the majority of publications.

2.3 Hybrid Systems

Before describing the electrode design approach chosen in this thesis, an overview over common
material combinations of manganese oxides as supercapacitor materials will be given.

So called “hybrid systems” in electrochemical charge storage aim to combine double layer-
and pseudocapacitance charge storage. Many different routes to achieve such a combined system
have been investigated in recent years, including many of the pseudoactive materials mentioned in
Section 2.2. The approaches can be divided into two major groups:

1) Asymmetric systems, which consist of one battery-type electrode and a carbon double
layer electrode , e.g. (amorphous or (poly)crystalline) powder-MnO, and activated carbon, re-
spectively [62—64]. Thin film MnO, electrodes are produced via sol-gel dip-coating [58, 65] or
electrodeposition [66, 67].

2) Symmetric devices, where the active material is present in both electrodes. Symmetric
devices usually combine double layer and pseudocapacitive charge storage in each electrode, the

capacitance contributions adding up as parallel configuration. High surface area is a fundamental
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prerequisite for reaching high double layer capacitances. Simple approaches therefore include
mixing of ground MnO, powder and carbon black as a conductive agent [68]. The combination
of graphene [69, 70], carbon fibers [71] and carbon nanotubes (CNT) [72, 73] with MnO, were
investigated in detail. A lot of effort was spent on nanostructuring MnO» in order to achieve better
overall electrical conductivity, material efficiency and higher surface area. However, complex
morphologies of MnO, tend to be thermodynamically unstable and collapse upon cycling [74].
From the various potentially electrochemical active metal oxides, MnO, is the most promising
one, due to its low toxicity and natural abundance, even though called “rare earth material” [56].
Manganese oxide occurs in various oxidation states, crystal structures (see Figure 2.4) and morpho-
logies, all influencing its electrochemical properties, such as the ionic- and electronic conductivity
[75]. In accordance with literature and for simplicity, in the scope of this thesis, manganese oxide

is referred to as MnQ,, regardless of the exact oxidation state, unless explicitly stated otherwise.

N—D —7) \—7
N—T\_—7 \ \—7

V=N

ﬁ

IND o A
NNV
\AL

AAL P
//m"'/./w c \L NEAAAA

@ foreign cation . water molecule

Figure 2.4: Typical crystal structures of MnO, with the crystallographic axes.
The structures are referred to pyrolusite (3-MnQO;,, 1x1), ramsdellite (y-MnO;
1x2), hollandite (0t-MnQ5, 2x2) and birnessite (6-MnQO,, 1x) in clockwise
arrangement, starting at the upper left corner [76].

The idea behind this work is to overcome the drawbacks of bulk MnO» such as its low electrical
conductivity (typically 1075 to 107¢ Scm~! [16]) and low cyclability due to irreversible effects
triggered by mechanical stress induced by ion insertion into the volume. Depositing a thin layer
of MnO, on a well conducting three dimensional scaffold is considered as a possible strategy to
overcome these drawbacks.

The preparational approach chosen in this thesis is based on the method described by Fischer

et al. [15, 16], where MnO; is wet-chemically deposited on the large surface area of a carbon
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xerogel. This special kind of open porous carbon is utilized to provide a maximum surface area for
deposition of the active material, while additionally contributing to the double layer capacitance
[77]. Due to the layered contact between carbon and MnO», the contact resistance that usually
arises, e.g. in blended compositions, is minimized.

The carbon xerogel derived by pyrolysis of a resorcinol-formaldehyde organic precursor offers
the opportunity to modify the pore and particle structure of the carbon scaffold over a wide
range, since the structural parameters can easily be tuned by varying the parameters of the sol-gel
transition of the precursor [78]. For example, the target density of the xerogel can be adjusted via
the concentration of resorcinol and formaldehyde in the initial solution. The amount of catalyst
(NapCO3) in the solvent (water) controls the average size of the particles forming the scaffold. For
more details on the preparation of the xerogel, see Section 3.1.1.

The huge surface area of up to 2000 m>/g [21] generated by micropores with sub-nanometer
width ensures a substantial contribution of double layer storage [17]. Additionally, the well
interconnected, 3-dimensional networks of meso- and macropores, with diameters ranging from
2 to 50 nm and diameters greater than 50 nm, respectively, provide excellent ion reservoirs and
pathways for ion migration [79]. Furthermore, the surface area of the carbon xerogel can easily be
decorated with MnO (see Section 3.1.2). Therefore, the chosen hybrid system is an ideal model
system to investigate hybrid electrodes composed of carbon and MnOs.

In this thesis, the approach by Fischer er al. is adapted and refined, especially the question
where the MnO; is deposited within the carbon structure is addressed in detail. Additionally to
the systematic variation of the deposition time, a systematic modification of the structure of the
carbon backbone was conducted. The microscopic mechanisms determining the deposition process

of MnO» on the carbon surface will be presented in Section 3.1.2.
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Chapter 3

Experimental

In the following chapter, the experimental methods applied and the sample preparation will be
described. Theoretical background of the experimental techniques will be given in detail whenever
it is necessary for an understanding of the evaluation of the experimental data.

Structural characterization methods include scanning electron microscopy (SEM) to directly
probe the microscopic morphology of the sample. The porous structure of the carbon xerogel,
on a length scale below 100 nm, is characterized via N gas sorption measurements that allow to
quantify the pore structure of the sample and of the (microscopic) surface area. In order to probe
the chemical state of the electrode surface, photoelectron spectroscopy (XPS) measurements were
performed. Anomalous small angle X-ray scattering (ASAXS) was used to integrally probe the
structure of the carbon-manganese oxide (CMnQ;) hybrid electrode. Figure 3.1 gives an overview
over the energy range involved in the different characterization techniques and their respective
spatial resolution or accessible length scale.

The electrochemical methods applied include cyclic voltammetry (CV) for estimating the capa-
citance and kinetic behavior of the electrode, as well as electrochemical impedance spectroscopy
(EIS) to investigate the frequency behavior and thus e.g. the charge transfer resistance of the

electrode.

5.000 10.000 E/eV
s s 1 s s 1 s
; ; } ; ; } ;
1.486 3.000 6.539 8.048 12.000
XPS SEM ASAXS XRD EDX SAXS
~10 nm 10 nm-10 mm 10A-10pm 5A-50A  100-1000 nm 10 A-10 pm

Figure 3.1: Energy ranges for different probing methods applied in this thesis.
The lower line gives an estimation for the spatial resolution (SEM, EDX) or the
accessible length scale (XPS, (A)SAXS, XRD).
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3.1 Sample Preparation

3.1.1 Carbon Xerogel

As already described in the introduction, due to their tuneable pore characteristics, carbon xerogels
constitute ideal model systems for investigating electrochemical energy storage devices. Carbon
xerogels are prepared via pyrolysis of organic xerogels, that can originate from the sol-gel processes
of phenol-formaldehyde [80] or melanin-formaldehyde [81] that have been dried at ambient pressure.
The approach chosen in this thesis was the resorcinol-formaldehyde gel, firstly described by Pekala
et al. [78, 82], a process that was later further developed by Saliger et al. [83] and Wiener et al.
[84].

Two types of carbon xerogels were produced: sheets of carbon fiber reinforced “carbon paper”
and monolithic samples. The carbon paper electrodes were used for electrochemical measurements,
since they provide higher mechanical stability in case of thin (< 0.3 mm) electrodes. For ASAXS
measurements, monolithic samples were applied, in order to avoid parasitic intensity contributions
of the carbon fibers.

Figure 3.2 shows a schematic representation of the synthesis steps involved in the preparation of
the carbon xerogels. In the first step, resorcinol is dissolved in an aqueous solution of formaldehyde
(37 wt.%) at a molar ratio of 1:2. The target density of the resulting gel is adjusted by the mass ratio
of resorcinol and formaldehyde with respect to the solvent. Within the framework of this thesis,
water was added to reach the mass ratios listed in Table 3.1. The solution was stirred for 30 min at
room temperature to ensure complete dissolution of resorcinol.

The size of the “primary” particles forming the gel can be influenced by the molar ratio of
catalyst (NaCOs, 0.01 M) to resorcinol. The catalyst provides nucleation centers for the growth of
polymer chains. Therefore, the density of nucleation sites controls the amount of particles being

built and finally influences the mean particle size. The molar ratios adjusted to obtain different

resorcinol + formaldehyde wet gel organic carbon
in aqueous solution xerogel xerogel

add catalyst

=)

gelling/curing solvent exchange pyrolysis
(T=85°C) and ambient drying (T =850 °C)

Figure 3.2: Schematic representation of the carbon xerogel synthesis.



3.1 Sample Preparation 19

particle sizes are given in Table 3.1. In order to produce monolithic samples, the solution was
poured into glass vials and sealed airtight. For fiber reinforced carbon xerogels, carbon fiber cloth
(SIGRATEX SPL-7011) was placed on glass plates and soaked with the solution, a second plate
was placed on top and the package was sealed airtight with cling wrap and duct tape. For gelling,
the solution was placed in an oven at 85 °C for 24 h. Next, the samples were allowed to cool down
to room temperature and the gel was removed from the glass and immersed into ethanol for solvent
exchange. Afterwards, the samples were dried for several days at room temperature and ambient
pressure. The conversion to carbon was performed via pyrolysis in argon atmosphere for one hour
at a maximum temperature of 850 °C. Directly after pyrolysis, the mass of the carbon xerogel and
the samples geometric quantities were determined, in order to evaluate the sample density p. The
porosity & was calculated relating the sample porosity to the carbon bulk density of nonporous
carbon pc =2.2 cm3g~! [40]:

o—1- 3.1)

pc

The respective values for p and ¢ are summarized in Table 3.1.

Table 3.1: Overview of the preparation parameters of the different carbon
xerogel series: C T denotes the series used for the study of deposition times,
CEC/G S,M,L and C S,M,L denote the series prepared to provide a particle size
variation for electrochemical, gas sorption and X-ray investigations, respectively.

C-series mass ratio/ % R:C molar ratio type plemPg™l /%
CT 30 1500 fiber reinforced  0.3140.3 86
CEC/GS 28 500 fiber reinforced  0.37+£0.4 83
CEC/GM 28 3000 fiber reinforced  0.29+0.3 87
CEC/GL 28 8000 fiber reinforced  0.2640.3 88
CS 35 3000 monolith 0.53+0.5 76
CM 35 4000 monolith 0.49+0.5 78
CL 35 6000 monolith 0.43+0.4 80
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3.1.2 Deposition of MnO,

Various preparation routes for the deposition of MnO; on carbon can be found in literature. Studies
by Hibinio et al. investigated acetylene black in acetic solutions of NaMnOQOy [85, 86]. They claimed
ethanol to be involved reducing MnO, to MnO; on the carbon surface. A similar composite was
prepared by Kawaoka et al., using a sonication method [87, 88]. The effect of sonication, however,
was only weakly consolidated by experimental evidence. Graphite electrodes dipped in KMnO4
dissolved in H,SO4 were investigated by Wu er al. [89]. Their explanation for the reduction
mechanism involved CO; gas evolution. Fischer et al. reported a simpler approach by dipping
carbon xerogels in neutral aqueous solutions of NaMnQy, however, they commented only little
on the deposition mechanism [15, 16]. Nevertheless, because of the reasonable electrochemical
characteristics of the resulting electrodes, the approach of Fischer et al. was adapted in the
framework of the present study.

The deposition process of MnO; on a carbon surface was investigated in detail by Ma et al.
[90]. A short summary of their findings will be given in the following paragraphs.

In their study, the authors monitored the pH variation of an aqueous solution of 0.01 M KMnO4
when adding acetylene black. Simultaneously, the reduction potential of the solution was recorded.
An overview of the involved reaction steps is depicted in Figure 3.3. The process was divided into

four stages:

H,0 oH  H' o H.0
H,0 2 / 0 2 H,0

OH i N
Hz0™" T'+ MnO, f'+ |ﬂ+ H+/\Mr?04 HY H* MnO,

b4 T 7!'/\7;\71'

1) c” 2) n 3) 4)

Figure 3.3: Schematic overview of the MnO, deposition reaction process from
aqueous MnO, solution on the carbon surface (gray bar).

In the first stage, when adding the acetylene black to the aqueous solution, a sharp increase
in pH occurs (i.e. OH™ enhancement in the solution). This can be explained by delocalized
m-electrons on the carbon surface acting as a Lewis base and adsorbing protons on the carbon

surface, forming a complex according to (see also Figure 3.3) [40, 91, 92]:

C"™ 4+2H,0 — C™H;0" +OH . (3.2)

Simultaneously, a sharp decrease in the reduction potential is recorded.
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In the second stage, the pH slowly decreases, whereas the reduction potential stays constant.
As depicted in Figure 3.3 2), this decrease in pH originates from the adsorption of MnO, on the
carbon surface while a proton is released.

The reduction of MnO, to MnO; occurs in the third stage, following the reaction:
MnO; +4H" +3e~ — MnO; + 2H,0. (3.3)

When all MnO; is consumed in the fourth stage, the reaction ceases.

The reaction (Equation 3.3) preferably takes place at the carbon surface, where adsorbed protons
and electrons are available (see Figure 3.3, 3)). This inherently implies a “self-limiting” nature of
the deposition process, as mentioned by Fischer et al., since the surface becomes passivated when
all H, that was adsorbed in the first stage, is consumed [15].

It has to be stressed that in the mechanism proposed by Ma et al., no consumption of carbon is
involved in the reduction from MnO, to MnO,;. Furthermore, neither deposition time, nor precursor
temperature, nor the amount of carbon added to the solution showed an influence on the structure
of the resulting MnO,. The time for complete reduction of MnO, , however, was influenced by
temperature and relative amount of carbon in the solution [90]. Therefore, for the deposition on
carbon xerogels, equal relative amounts of carbon and a constant process temperature (T = 20 °C)
were chosen.

The respective preparation steps were conducted as follows:

The carbon xerogel was immersed into an aqueous solution of 0.05 M Na,;SO, and placed under
mild vacuum of about 60 mbar for 30 min to ensure removal of residual gas and thus complete
wetting of the xerogel pores. Subsequently, the solution was exchanged for a mixture of equal
volumetric amounts of aqueous 0.1 M Na;SO4 and 0.1 M NaMnOy solutions at a total volume of
100 ml. The deposition time on fiber reinforced carbon xerogel samples was varied between 1,
4, 10, 16 and 24 h for the series CMnT and was kept constant for 4 h for the series CMn S,M,L
(see Table 3.1 and tables in Appendix B). For the X-ray scattering experiments, monolithic carbon
xerogels were cut into 0.5 mm thick discs and subsequently infiltrated for 4, 16, 24, 30 and 48 h.
After deposition, the samples were washed several times with deionized water until the rinse was
clear. Subsequently, the samples were dried in air at 45°C for 24 h and the total mass m; of the
electrode after deposition was determined via weighting.

The total relative mass uptake Am; was determined by:

Ami[wt. %] := 100 "Mn02 (3.4)

m;

where mmn0, = m1 — mc is the mass deposited and mc is the mass of the carbon electrode prior
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to deposition. The index i refers to the two possible ways to normalize the mass uptake: the
normalization Am to the total mass of the electrode m, which is used for electrochemical analysis,
and the normalization Amc to the mass of carbon in the electrode, i.e. the mass mc of the electrode
prior to deposition. The differences that arise from applying these two methods of normalization
will be discussed in Section 4.1.1. For structural methods, the normalization to mc will be applied,
whereas, in accordance to literature, for electrochemical analysis, the data will be normalized to m;,

unless explicitly stated otherwise.

3.2 Structural Characterization Methods

3.2.1 Scanning Electron Microscopy

The scanning electron microscope (SEM) uses a highly focused electron beam to scan the surface
of the sample under investigation, causing the emission of secondary electrons. The detection of
secondary electrons allows to probe a depth of 5-50 nm below the sample surface and to reconstruct
a representation of the surface structure with a high depth of field, allowing a three dimensional
impression [93-95]. Additionally, back scattered electrons can be detected energy selectively using
the energy selective backscattering detector (ESB). Due to inelastic scattering, the energy of the
back scattered electrons is a measure for the momentum transfer to the scattering atom and therefore
is related to the atomic number. Heavier elements cause less momentum transfer, so that the back
scattered electrons have a higher kinetic energy and appear brighter in the resulting image. The
contrast allows to distinguish between different chemical components in the material, with a spatial
resolution on the order of some nanometers.

For the micrographs presented in this work, the acceleration voltage for the electron beam was
chosen between 2 and 4 kV. Significantly higher values can lead to irreversible structural changes
of the sample surface. If not stated differently, the SEM “InLens” detector was used. The maximum
lateral resolution that was achieved with the Zeiss Ultra plus instrument applied in this study is
about 5 nm.

The energy dispersive X-ray (EDX) spectroscopy mode of the SEM was employed to analyze
the distribution of chemical elements in sample cross sections by investigation of the fractured
edges. Inelastic scattering of the incident electrons by inner core level electrons causes an energy
transfer that allows the inner electrons to escape from the atom. Electrons in higher energetic levels
can relax into this free state, emitting the excess energy as an X-ray photon. Its energy equals the
difference in energy of the two electronic states [96]. Therefore, it carries characteristic information
on the emitting atom and therefore on the chemical composition of the sample in the beam focus.

The spatial resolution of the EDX measurement is a function of penetration depth of the incident
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electrons and thus on their energy. Depending on the energy and the composition of the sample,
electrons originating from an almost spherical volume with typical lateral extensions ranging from
several hundred to 1000 nm are detected. Concerning the chemical selectivity, elements with atomic
numbers greater than 5 (Boron) can be detected [93].

An excitation energy of 10 keV, i.e. well above the Mn K line at 6.5 keV, was chosen for
the EDX investigations. For quantitative analysis, the detector was calibrated to a Ni reference
sample. The background and matrix corrections as well as the deconvolution of the individual
peaks and their quantitative analysis were conducted using the commercial OXFORD-software that

was delivered together with the device.

3.2.2 N; Gas Sorption

N gas sorption analysis probes the pore volumes of porous media, allowing to gain information on
accessible pores with a pore width in the range of 0.3 to 100 nm [93]. Additional to the distribution
of pore widths and mass specific pore volume, the specific surface area of the material can be
determined.

The method measures the decrease in gas pressure p when a given amount of gas is dosed
onto the sample. The difference between the gas pressure drop in each dosing step compared to
a measurement without a sample in the measurement chamber is evaluated. Plotting the mass
specific adsorbed volume V,q4s vs. the pressure p relative to the saturation pressure pg at constant
temperature (7 = 77 K) leads to the adsorption isotherm.

Special care has to be taken to completely remove any gas adsorbed in the sample prior to the
measurement, since parasitic gas amounts will distort the experimental data. Therefore, the samples
were degassed in vacuum at 300 °C for 4 to 24 h prior to each measurement. The duration of the
degassing step was determined by the residual pressure during degassing. After the degassing step,
the sample mass was determined and the sample holder was cooled to 77.3 K. Special care was
taken to let the system reach thermal equilibrium conditions after each pressure change.

Figure 3.4 shows a typical isotherm of a micro- and mesoporous carbon xerogel. At low
relative pressures p/po < 0.1, condensation in micropores takes place, leading to a sharp increase
in adsorbed volume. In the intermediate range, before a hysteresis loop sets in, the isotherm is
closely related to the (external) surface area. The external surface area is defined as the enveloping
surface area of the carbon xerogel particles. The hysteresis loop between adsorption and desorption
branch indicates the existence and accessibility of mesopores within the sample [97].

In case of a plateau in the isotherm at relative pressure values close to 1.0 (see Figure 3.4), the
maximum amount of gas adsorbed can be converted into the total sum of the detectable specific

micro- and mesopore volume, assuming that the adsorbate forms a liquid state in the pores of the
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Figure 3.4: Theoretical isotherm of a typical micro- and mesoporous sample.

sample.
The mass specific pore volume Vjore can be calculated by the adsorbed gas volume V45 using
the density conversion factor ¢ = 1.546- 1073 cm®(cm3(STP)) ! for nitrogen at standard temperature

Tstp = 273.15 K and pressure pstp = 1013.25 mbar, respectively [93]:
Voore = C- Vads/m7 (3.5)

where m is the sample mass.
For a non-porous carbon sample without any macropores, the total mass specific volume Vo of

the sample refers to its inverse macroscopic density p:

1 1
— =V :Vore""ia (36)
p e pc

where pc = 2.2 g/lcm? is the density of the solid carbon phase of the xerogel [93, 98].

The total specific surface area of the sample is calculated using the model developed by
Brunauer, Emmet and Teller (BET) et al. [99], assuming a statistical multilayer coverage of the
surface. The model relates the adsorbed specific volume V4, to the respective relative pressure,

resulting in the BET equation:

p/Po _ 1 C-1p
Vads(l_p/pO) CVm C'VmpO’

3.7

where Vp, is the volume of a monolayer of adsorbed gas molecules and C describes the interaction

of the surface with the adsorbate by a Boltzmann-approach:

C =~ exp(AE,qs/RT), 3.8)
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with the molar gas constant R and the temperature 7. The net adsorption energy AE,4s allows for
energy differences in the adsorbed layers [93].

Plotting the left hand side of Equation 3.7 as a function of p/po allows a linear fit to the
experimental data and thereby the extraction of V;, and C. Now the BET surface area Sggr can
be calculated, using a surface area of Sy, = 0.162 nm? occupied by a single N, gas molecule, the

Avogadro constant N and the molar volume Vino sTp = 22414 cm?(STP) /mol [93]:

Vin - SN, - Na

3.9
Vinol, STP 39

SBET =

Because of the simplified assumptions of the BET model, i.e. neglecting the interaction between
the molecules in the adsorbed layer as well as the distinction between micro- and mesopores, it
is generally recommended for the evaluation of microporous solids to use only data points in the
relative pressure range of 0.005 < p/po < 0.15 [100]. Otherwise, for microporous samples, the
C-value will become negative and therefore non-physical. For the BET analysis applied in this
thesis, the fit range was shifted to lower relative pressures until the C-value returned to positive
values.

In order to separate the micropore contribution from the total surface area, Sggr, an approach
commonly known as the “t-plot method” was applied [101]. Herein, it is assumed that the fraction
of the adsorbed volume, Vg5, to the volume of a complete monolayer of adsorbed gas molecules, Vi,
equals the ratio of a statistical layer thickness ¢ of the adsorbed layer (including density fluctuations

[102]) to the monolayer thickness dy, (= 0.354 nm for N, at 77 K)[93]:

<

ads

(3.10)

i
Vi dm
An empirical formula suggested by Harkins and Jura describes the relation between ¢ and p/ po

[103]:
13.99
t=0.1 nm\/<0_034_10g(p/p0)>. @3.11)

Plotting the volume adsorbed vs. ¢ leads to a linear dependence in the intermediate pressure

range, showing an offset in y-direction for microporous samples. This offset is directly related to
the micropore volume Vy,ic. From the slope, the external surface area Sex; can be calculated from
Vi (Equation 3.10), in analogy to the calculation of Sggt in Equation 3.9.

By calculating SggT, Sext and Viic as described above, several useful quantities characterizing
the microporous sample can be deduced. The density of the microporous particles, Ppart, of a carbon

xerogel can be estimated using the carbon skeleton density pc and the measured mass specific
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micropore volume Vp;. [84]:
1

N — (3.12)
pic +Vmic

Ppart =

Hence, the interparticular specific pore volume Vipr, i.€. the meso- and macropores, can be

determined [84]:

1 1
Vinter = —_

. 3.13
Ppart ( )

Here p is the macroscopic density of the sample.
Assuming a spherical geometry, the diameter, dp,, of the particles of the carbon xerogel can be

deduced [84]:
3

_— 3.14
Sext ) ppart ( )

dpa_rt = 2 .

The experimental error in the analysis of sorption data is mainly influenced by the error in
choosing the appropriate pore model (slit- or cylindrical shaped pores) and the error of determining
the parameters of the fits. The choice of the model represents a systematic error, influencing the
absolute values of the quantities, however, having no influence on the comparability of the individual
measurements. Therefore, this contribution to the overall error is neglected. The uncertainty in
determination of the fit parameters, however, cannot be omitted, leading to a relative error of about
+10% for specific volumes and surface areas. For quantities derived from Sext, SBeT OF Vinic, such

as dpare and Vipeer, the error was determined following the laws of error propagation [104].

3.2.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) provides information on the electronic structure on an
atomic level and therefore on the chemical state of the sample surface. When high energetic photons
of several hundred eV hit the sample, core electrons can be released. This photoelectric effect was
first discovered by Heinrich Hertz in 1887 and explained theoretically by Albert Einstein in 1905
[105-107]. For photon energies exceeding the ionization energy Ej, the incident photon of energy

hv is able to ionize an atom M and releases an electron with the kinetic energy Ey, [108]:
hv+M — M" + e (Eyn), (3.15)
where the kinetic energy of the electron is
Exin=h-v—E,—Ey. (3.16)

The ionization energy Ej is the lowest energy necessary to lift an electron from the highest

occupied state (Epqs) to the vacuum level Ey,.. The binding energy Ey, is the difference between
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the energy of the highest occupied state E},s and the energy E; of the state the electron initially
originated from, as depicted in Figure 3.5.
In the simplest case of non-interacting photoelectrons, the current /(E;,hv) of emitted photo-

electrons can be calculated using Fermi’s golden rule:
2
I(Ei,hv) ~ Y |Mpi|"8(Ef —hv — E;). (3.17)
f?l

Here, the delta function ensures energy conservation between the energy of the initial state E;
and the energy of the final state E; = E; +hv. The transition matrix element My; = (¥ ﬂA}‘)’\‘Pﬁ
describes the probability of the transition of an electron from the wave function in state ‘¥; to the

state ¥y A is the effective vector potential and p the momentum of the electron [109].
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Figure 3.5: Scheme of the energy levels involved in photoelectron spectroscopy.
Ey, E, are the energy levels of the electron before and after the excitation by the
incident photon, respectively. E}qs is the energy of the highest occupied state
and Ej the ionization energy. D(E) is the density of states in the solid, N(E) is
the number of photoelectrons with the energy E. Redrawn after [107].

On their way to the surface, the photoelectrons interact with the bound electrons via inelastic
scattering (e.g. creating plasmons) and therefore loosing part of their energy, which in turn leads
to a finite mean free path. This is the main reason for XPS being surface sensitive with a probing
depth of up to 3 nm [107].

Atoms in solid state will show no discrete energy values for the valence states, since the energy
is dispersed because of next-neighbor interaction (overlapping wave functions) leading to the
formation of energy bands (see Figure 3.5). Valence states are found at low binding energies of
0 < Ep < 20 eV with respect to the vacuum level. Deeper lying core-level states, however, remain
discrete but may change their absolute value with respect to the atom in the gas phase, because of
the local chemical environment in the solid [107].

The spectra were acquired using monochromatic Al-K,, excitation at 1486.6 eV and an Omicron



28 Experimental

EA 125 electron energy analyzer with an experimental line broadening of 1.1 eV. The spectra are
normalized to the Cls peak and a standard Shirley background correction has been carried out. For

calculating peak areas, the peaks are fitted by a Gaussian distribution:

1 1 (E—p\’
f(E)_o 2ﬂexp<—2( s )) (3.18)

where 62 is the variance and u the center of the peak. The peak area [ f(E)dE can be used to

quantify the relative peak contributions of each chemical species.
The XPS sample preparation, measurements, data reduction and analysis was carried out at AK

Claessen, Experimental Physics I'V.

3.2.4 Anomalous Small Angle X-ray Scattering

Small angle X-ray scattering (SAXS) is widely used in material science, e.g. for probing phase-
separated alloys [110] or, in biological science, to investigate the shape of molecules [111]. For the
characterization of porous solids, it is a well established method, e.g. for silica and carbon aerogels
[112, 113]. Due to the reciprocal space relation, large structures, e.g. the size of colloidal particles
up to several hundred nm, are resolved at small angles (0.001° <26 < 10°) [93]. The scattering at
larger angles (20 > 5°) is commonly known as X-ray diffraction (XRD), where Bragg diffraction
peaks can be used to analyze the lattice structure of crystals.

For SAXS experiments, the energy of the incident photon is of the order of 10 keV, which
is considerably higher than the binding energies within the atom. The electrons can therefore be
considered quasi-free and the scattering occurs quasi-elastic. The major scattering mechanism for
SAXS is the scattering of the photon by an electron density distribution. The scattering intensity
therefore is sensitive to the number of electrons or the atomic number Z, and their spatial distribution.
In contrast, small angle neutron scattering (SANS) is sensitive to isotopes of an element, since
the scattering mechanism of the neutron is governed by the interaction of the neutral neutron with
the nucleus. From an electrodynamical point of view, the incident monochromatic X-rays with a
wavelength A excite electrons of the atoms to oscillate, thereby emitting spherical waves of — in
the elastic case — the same wavelength A. This coherent scattering is also referred to as Rayleigh
scattering [114].

The reciprocal space relation is easily understood when looking at Figure 3.6. In Figure 3.6a, a
spherical particle acts as scattering center for a monochromatic coherent plane wave of wavelength
A and wave vector k [115]. Assume the scattered wave from two arbitrary points within the

sphere at relative distance 7, with a path difference A and a wave vector ¥ in the direction of
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260. The corresponding scattering vector or momentum transfer g = K —k is of the magnitude

q=(4m/A)sin(26/2) (see Figure 3.6).

| a
20 T K
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A 26
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Figure 3.6: Schematic representation of the scattering geometry and the res-
ulting scattering intensity (c) for small (a) and large particles (b), respectively.
Graphic reproduced from [115].

The qualitative trend of the resulting scattering is depicted in Figure 3.6c). For larger particles
(Figure 3.6b)), at the same incident wave length A, scattering results in a more narrow scattering
curve (curve b in Figure 3.6¢)).

At large scattering angles, the intensity vanishes, and only constructive interference of the
scattering at atomic layers with a layer distance djy survives, leading to peaks, if the Bragg-
condition

n-A=2-dy-sin(26/2) (3.19)

is fulfilled. Here, n is the order of the peak and the Miller-indices Akl indicate the scattering lattice
plane.

The scattering of electrons by an atom can be calculated by the Fourier transformation of the
electron density distribution within the atom. For Mn, C and O the results are shown in Figure
3.7 (a). The atom form factor f depends on the atomic number Z and the Bragg scattering angle 26.
As is shown in Figure 3.6, major contributions to the scattering intensity only occur at 20=0, where
the scattering factor equals the number of electrons Z. Therefore, in the common SAXS experiment,
f can be assumed independent of the incident photon energy E and also of the scattering vector ¢,
since only small angles (g < 1 nm~!) are considered and f is approximately constant in that region.

At an element’s absorption edge, however, the atomic form factor turns complex and shows
a strong energy dependence, therefore deviating strongly from the number of electrons Z; := fl.o
[116]:

F(E) = £+ f(E) +if{ (E). (3.20)
Here, f/(E) and f!(E) are the anomalous scattering factors that are tabulated in reference [117] or

that can be obtained by the Cromer-Liberman calculations [118, 119] (see also Figure 3.7 (b)). This

specific energy dependence led to the use of the term “anomalous”, however, since all elements
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show this kind of energy dependence, the term can be regarded inappropriate. To more precisely
reflect the physical circumstances, the term “resonant small angle X-ray scattering” (RSAXS) was
suggested to be used instead [120]. However, since “ASAXS” is more frequently used in literature
than “RSAXS”, the nomenclature “ASAXS” will be kept in the following.

For continuous media, the total scattering amplitude F (g, E) constituted by all atoms i in the

exposed volume V reads

FG.E) = [ L HEp (e Tar, (3.21)

which is the integrated 3D Fourier transform of the scattering length density p;(7) and therefore

includes all structural information of the material in the irradiated volume.
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Figure 3.7: (a) Atomic scattering factors for Mn, C and O atoms, respectively,
calculated by the formula given by Doyle and Turner as described by Waasmeier
et al. [121-123] (semilogarithmic). (b) Energy dependence of the atomic
scattering factor at the K-edge of Mn, calculated by the Cromer-Liberman
equations [118, 119]. Diamond markers indicate the energies listed in the
legend, at which the ASAXS measurements were performed in this thesis.

The scattered intensity measured by the detector in the SAXS experiment is the square of the

absolute value of the scattering amplitude:

2
(3.22)

1(3.E) = F(@,E)F (4,E)" = |F(4,E) = ‘/vZﬁ(E)pﬁ)er?

Therefore, the phase information of the scattering amplitude is lost and the direct re-transformation
of Equation 3.21 into the real space structure is not possible. In contrast to SAXS measurements,
where incoherent Compton- and Raman-scattering can be neglected, ASAXS requires a careful
treatment of the isotropic background scattering. The treatment will be discussed in detail in the

experimental conditions described later in this section.
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Using the expression
7) = / pi(F)e T dF, (3.23)
1%

the energy- and ¢ dependence can be separated [116]:

1(G,E) = Si(g) (3.24)

This general formula can be used to derive the scattering form factor S;(g) of one kind of element i
present in a composited material, if measurements at the absorption edge of one of the components
are experimentally feasible. Several ways of treatment have been proposed to deduce the form
factors. Here, the approach of Goerigk et al. will be described [124, 125].

For the CMnO,; hybrid material under investigation, the scattering amplitude, according to

Equation 3.21, reads

= / Fin(E) pyi(7) e T d7+ / fc pe(F) e dr. (3.25)
\% \%

The atomic scattering factor fc of carbon is nearly constant for energies E close to the absorption
edge of Mn, whereas fy (E) shows a strong energy dependence according to Equation 3.20 (see

Figure 3.7 (b)). Applying Equation 3.24 leads to a sum of three contributions:

1(¢,E) = |[Fun(q, E) > + |Fnix (¢, E)|> + | Fe (9) |, (3.26)

where, for isotropic media,

Fm(@.E)* = 47|fun(E)| / / Pin (7) Putn (7 Sm(ﬁ'rﬁ,‘r')d a7, (3.27)
Faix(¢,E)> = 47| fum(E)| | fc| / / NG )sm("i‘r__"")d 7P, (3.28)
Fe(q)l? = 4xlfcl //Pc )2 (|qf__r|r|)d dF. (3.29)

The first term, |Fyn (g, E)|*, describes the resonant scattering of Mn atoms, therefore including
the information of the Mn scattering form factor. The second term is the so called “cross term”,
|Fmix (¢, E)|*, resulting from the superposition of the resonant and non-resonant scattering of both

elements present. The non-resonant scattering of the carbon atoms is described by the third term,

|Fe(q)l”.
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Separated Intensity

The non-resonant term can be removed by measuring the scattering intensity at two different

energies E1, E, close to an absorption edge and subtracting the corresponding intensities:

Al(q,E1,Ey) =1(q,E1) —1(q, E2), (3.30)
yielding
/ / - _sin(g[F=7|) .,
Al(g,E\,Er) = 4”'2fC(an(El)—an(EZ))/VPMn(’”)PC(”)Wd”dr +
. _.sin(qlF=71) _
(DR = aa(E)P) | pun 7)pun() = 2=
(3.31)

This so called “separated intensity” includes only contributions by resonant scattering, however,
the carbon scattering is still present due to pc(7). By means of an additional measurement at
a third energy, subtracting the separated intensity Al(q,E;,E3) from Equation 3.31 leads to the
squared Fourier transform of the form factor Sy, (¢), after normalizing to the anomalous dispersion

corrections:

— N(QaElaEZ) _ AI(CI7E17E3) . 1
fl(/[n(El)_fl(/[n(Ez) fl(/[n(El)_f](/[n(E3) F(E15E25E3)’
in(E1) — fiin(B2) — fyim (E1) — fiia (E3)

_ g _ Mn o
P BB =l E2) = P B — R B2) (B — g B3)’

[Smn(q)[* := Swmn(q)

(3.32)

This equation directly relates to the spatial distribution of the Mn atoms within the sample. For
convenience and in accordance with the literature, Equation 3.32 will be referred to as the scattering

form factor Sy (¢g) of the Mn atoms [125].

Hollow Sphere Model

Within the framework of this study, the approach has been developed to describe the Mn form
factor by the scattering of a hollow sphere (Hsph) with shell thickness /, inner radius R; and outer

radius R, = R; + hx [115]:

2
Stsph(q,d, Ri) = 1672 Ap* (R} ®ypn(q,Ra) — R} Pspn(q,Ri))” + Cig, (3.33)

sphere
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where Ap = Py, — Proia 18 the scattering contrast between the sphere and the void (pore) and

D, (g, r) is the scattering amplitude of a sphere of radius 7:

_ (sin(gr) —gr cos(qgr)
Dyon(q,7) = < @) > . (3.34)

The term Gy, allows to include a (constant) background scattering contribution, e.g. by fluorescence.

The scattering intensity is normalized to the single particle volume Vipere = %”R;.

Experimental Conditions

The ASAXS measurements were performed at beamline B1 at the HASYLAB (Hamburger Synchro-
tronstrahlungslabor) at DESY (Deutsches Elektronen-Synchrotron). The samples were degassed for
several hours in vacuum at 100 °C prior to transfer into the measurement chamber. The experiments
were performed at the K-edge of Mn (6539 eV [117]) at energies of E} = 6443, E; = 6497 and E3 =
6518 eV (calibrated to the Mn K-edge, see also Figure 3.7 (b)). The incident X-ray intensity was of
the order of 2-107 photons/(s mm?). Data sets were obtained at two detector distances of 666 and
3585 mm, thus covering a total range in the scattering vector ¢ from 0.06 to 3 nm~'. In order to
correct the spectra for Raman scattering and fluorescence, the intensities /(g, E») and I(q, E3) were
modeled by varying the constant background term to yield the same slope at g-values ¢ > 2 nm™!

as for the curve I(g, E ), which refers to the intensity at the lowest energy and therefore is expected

to show the lowest luminescence.

3.3 Electrochemical Methods

In order to characterize the electrochemical behavior of the electrodes, cyclic voltammetry and
electrochemical impedance spectroscopy measurements were conducted by means of an electro-
chemical cell. The setup and the major steps to evaluate the data are described in the following

sections.

3.3.1 Electrochemical Cell

Electrochemical measurements were conducted in a three-electrode sandwich cell. The cell consists
of two polytetrafluoroethylene (PTFE, “Teflon”) blocks, held together by four titanium screws.
Titanium plates act as current collectors, working- and counter- electrode are separated by a sheet
of glass fiber paper. The working electrode is the supercapacitor electrode under investigation. The
counter electrode is necessary to complete the electrical circuit. Voltages are measured against a

reference electrode defining a constant reference potential. An Ag/AgCl (3 M NaCl) reference
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electrode with a potential of 0.286 V vs. the normal hydrogen evolution (NHE) potential was used
in the experimental setup [126]. Special care was taken to monitor the reference electrode potential
versus the “lab-master electrode, a commercial reference electrode (Sensortechnik Meinsberg, KE
11) that is exclusively used for calibrating the reference electrodes. If deviations greater than 50 mV
compared to the “lab-master* electrode occurred, the reference electrode was renewed, following
the steps given in [127]. All potentials presented in this thesis are given in relation to the potential
of the Ag/AgCl reference electrode, if not explicitly stated otherwise.

For characterization of powders, a cavity micro electrode (CME) was applied. The electrode was
prepared following the description in the literature [34, 128]. In short, a Pt-wire with a diameter of
dpy = 100 pum was sealed into a glass capillary. Via electrochemical etching, a 80 wm deep cavity
was created. In order to fill the CME cavity, small parts of the samples were broken off and lightly
ground with a mortar. After careful cleaning with ethanol and distilled water in an ultrasonic batch,
the cavity was filled by pressing and rubbing the CME onto the powder.

For all experiments a 1 M Na;SO,4 aqueous electrolyte solution was used. The electrolyte was
degassed by bubbling with N; for 10 min prior to each measurement to remove oxygen from the
electrolyte. The electrodes were 19 mm in diameter with an average thickness of about 0.2 mm.
For each measurement the CV cycle was applied three times, in order to ensure stable conditions.
Deviations between the 2. and 3. cycle were below 3 %.

A potentiostat and frequency analyzer (Ivium n-Stat), operated with the supplied commercial
software was used for controlling the experiments (for circuitry see Figure 3.8). The data were
processed using a SQLite-database and python-analysis scripts developed by our group (V. Lorrmann

and C. Weber).

USB
CE [\ WE PC

Ivium n-stat
RE1 RE2

Na,SO, + H,0

Figure 3.8: The figure shows a schematic of the setup for the EC experiments.
The reference electrode (RE1), working electrode (WE) and counter electrode
(CE) are connected to the Ivium n-Stat potentiostat and frequency analyzer. The
second sense input (RE2) is connected to the WE. Via an USB connection the
experiments are controlled by a PC, operated with commercial software.
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3.3.2 Cyclic Voltammetry

As mentioned before, the capacitance of electrochemical capacitors strongly depends on the applied
voltage. Thus, Equation 2.2 provides a direct approach to measure the differential capacitance Cyj
of a given electrode [19, 20].

In a typical electrochemical cyclic voltammetry (CV) experiment, the potentiostat measures the
current response I = dg/dt of the working electrode to an applied constant potential sweep rate
dE /dt when the electrode is cycled between the two potentials Egr and Eepg:

dg 1
dE  dE/dt’

Caitr = (3.35)

Figure 3.9 shows the current answers of an ideal capacitor, an RC-circuit and a real double
layer electrode with a comparable differential capacitance at a voltage Ey. For the ideal capacitor,
C does not depend on the voltage and therefore, when the potential sweep is reversed, the current
follows instantaneously. In a real capacitor, contact- and bulk-electrode resistances have to be
considered. Additionally, self-discharge of the capacitor by leakage currents can be included
by a resistance parallel to the capacitance, when modeling the corresponding circuit (see also
Figure 3.10 (a)). These resistive contributions are summarized as an equivalent series resistance
(ESR). As a consequence of this ESR, the corners of the CV-diagram become curved. In the double
layer capacitor, an additional slope in the formerly horizontal part and sharp edges at the turning
potentials of the sweep can occur because of the charging behavior of the porous electrode. A
network of RC-circuits that represents the porous framework can be introduced to describe this
behavior (see Section 3.3.3).

For obtaining the total capacitance C, the resulting current response is integrated over the time
(tstart, Tend) Tequired for one sweep between the potentials Eg,, Eeng and divided by the applied

voltage window AE = E¢;q — Egtart:

1 fend Q
=— [ Idr=-=. .
C AR dr AE (3.36)

Tstart

In order to compare electrodes supplied from different production series, it is useful to normalize
the capacitance to the electrode mass m or to the electrode volume V, resulting in the gravimetric

capacitance Cyry Or the volumetric capacitance Cyo, respectively:

Coav = C/m, (3.37)
Cwi = C/V=Cp/m, (3.38)
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Figure 3.9: Current response of an ideal capacitor (C), an RC-circuit and an
electrochemical double layer capacitor (EDLC) with a comparable differential
capacitance at a voltage Ey. Egur, Ecng represent the start and end of the applied
voltage window, respectively.

where p is the electrode mass density.

3.3.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful tool to investigate the frequency
behavior of an electrochemical system. At a certain DC bias voltage, Ey, an alternating voltage
AE(®) = Ey €'’ is superimposed to Ey, with a typical amplitude of Ey = 5 mV and a frequency,
f, generally ranging from the mHz to the kHz regime. The applicable frequency range is limited
by cell- and reaction-stability (lower limit) and inductive behavior of the cables (upper limit). In
the general case, the current response of the electrode is delayed by a phase angle, ¢, so that
AI(®) = I e/(“"+®) where @ = 27 f is the angular frequency and I, is the current amplitude. The

electrochemical impedance Z() is then defined as [129]:
Z(0) = AE(0)/Al(0) = |Z(0)le™ = Z(0) +iZ" (o), (3.39)

where Z'(®) and Z"(®) are the real and imaginary part of the impedance, respectively, and
1Z(®)> = Z?(w) + Z"*(w) is the square of its absolute value [129, 130].

In Figure 3.10 (a) the equivalent circuit of a double layer capacitor is shown. The series resist-
ance R, comprises the sum of bulk electrolyte and bulk electrode resistances. The contact resistance
R accounts for the resistance between the current collector and the electrode, and additionally
contains a capacitive part C.. The double layer capacitance of the electrode is represented by Cy;.

The impedance of the equivalent circuit can be calculated, its real- and imaginary part are shown
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Figure 3.10: (a) Equivalent circuit of a double layer capacitor, including series
resistance Rg, contact resistance R, current collector capacitance C. and the
double layer capacitance Cyj. (b) Nyquist-plot of the simulated data of the
equivalent circuit in a frequency range from mHz to kHz. The semicircle peaks
at a characteristic frequency @Wnax. The values for Rg and R, can be found as the
intersections with the abscissa.

as a Nyquist-plot in Figure 3.10 (b). For high frequencies in the kHz regime, the current can pass
through the capacitances C. and Cg and the series resistance R is measured. With decreasing
frequency, a semicircle appears, peaking at a frequency ®Wm,x = 1/(RcC.). From the end of the
semicircle Rs +R. can be derived. For even lower frequencies a steep increase follows, from which
the capacitance Cy; 9291 /(iwZ") can be calculated. For porous double layer capacitors, Cy can
be replaced by a transmission line model proposed by de Levie, which includes the increasing
resistance and capacitance caused by charging of deeper pores at lower frequencies [131].

In an alternative approach, the total impedance Z() is used to define the capacitance as

[132, 133]:

1 1 7 (0)+2Z" (@
Cl@)=— —=— SpuAC sk AN (3.40)
i0Z(w) o(iZ(w)—-2"(0)) —0|Z(w)|?
where the definition of the absolute value of a complex number was used.
Now the real and imaginary part of C(®) = C'(®) + iC"(w) can be calculated via

—Z”(a))
C'(o) ———5, (3.41)

o|Z(w)?

—Z'(0)

C" (o) — (3.42)

o|Z(w)[?

C"(w) includes energy dissipation effects and will peak for real capacitors at a characteristic
frequency fo, thereby defining a characteristic time constant 7p = 1/fp. This time constant is
referred to as a dielectric relaxation time of the system [132]. Miller defines 7y as a figure of merit

for supercapacitors [134].
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Distinguishing Cy; from Cgp experimentally

The relations of the double layer capacitance Cq and the pseudocapacitance Cg are easily understood
by means of an equivalent circuit, as shown in Figure 3.11. For a pseudocapacitance electrode Cg
is coupled parallel to Cgj, but in series with a resistance Ry representing the finite charge transfer
rate. In an impedance measurement such a circuit is characterized by two different time constants,
i.e. characteristic frequencies, and the two components can be separated [20, 21, 35]. However,
due to the porous nature of the CMnO; electrodes, a distribution of RC-time constants may arise
due to charging of pores at different depths, thus making it impossible to extract the individual time

constant [35].

|

Figure 3.11: Equivalent circuit of a pseudocapacitance electrode with an equi-
valent series resistance Ry, followed by a parallel configuration of double layer
capacitance Cyg and pseudocapacitance Cy. In series with Cy, a resistance Ry
accounts for charge transfer resistances.

In Figure 3.12, a Nyquist-plot and the real and imaginary part of the total capacitance for the
equivalent circuit in Figure 3.11 are shown. While keeping all other parameters constant, Cg is
varied between 0.001 and 30 F. In the Nyquist plot this leads to the evolution of a semicircle,
however, even for high values of Cg it does not intersect the Z..-axis at higher frequencies again.
The real part of the total capacitance is close to zero for high frequencies (see Figure 3.12 (b)), at
around 0.2 Hz it increases and saturates for lower frequencies. The intersection with the ordinate is
a measure for the sum of Cy and Cp. The imaginary part of the total capacitance reveals the two
time constants of the circuit. For low values of Cg the contribution of Cy; dominates, resulting in
a broad peak around 0.07 Hz corresponding to a time constant of T =14 s. With increasing Cgp,
this peak keeps its frequency position, while a second peak evolves at lower frequencies. As noted
before, the porous nature of the hybrid electrodes might cause a distribution of RC time constants,

broadening both peaks and making their separation difficult.



3.3 Electrochemical Methods

39

10 T T T T T 35 =TT T
_____ -
30 . - . - . o -
8 I R¢ 3.0
25} Rr: 10.0
6 Cdl: 5.0
(o] i 1 w 20f Co:[0.001, 30]
~ ~ .
N 4] | © 15F "~
Re: 3.0 10
2k Re: 10.0 i
Cd|: 5.0
0 Cs:[0.001, 30] 0
0 2 4 6 8 10 12 14 107° 10
@) Z'/Q (b) f/Hz

Figure 3.12: Simulation of the equivalent circuit model presented in Figure
3.11, presenting a Nyquist-plot (a) and the real- and imaginary part of the total
capacitance in dash-dotted and solid lines, respectively (b). The parameters
applied can be read from the inset in Figure (b). Ce was varied between 0.001
(red line) and 30 F (violet line).
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Chapter 4

Variation of MnQ, Content

In preliminary works, an extensive study of the C-MnQO, system was performed [135]. In this
context, a fiber reinforced carbon xerogel was impregnated with MnQO, as described in Chapter 3.1.2.
The deposition time and the concentration of NaMnQy in the precursor solution were varied. It
was shown that a low concentration of NaMnQy in the precursor results in the best electrochemical
performance of the CMnO, electrodes in terms of charging time and capacitance. The first step
within the framework of this PhD thesis therefore was to vary the deposition time for a concentration
of 0.05 M NaMnOy (sample series CMnT).

The series was characterized by means of structural and electrochemical methods. The MnO,
mass uptake with deposition time was monitored (Section 4.1.1). SEM imaging is used to qualit-
atively analyze the surface structure of the hybrid electrodes (Section 4.1.2). The analysis of the
pore structure using N, gas sorption is described in Section 4.1.3. In the following sections, the
influence of the structural changes due to MnO, deposition on the electrochemical behavior of
the electrodes is presented. The influence on the total capacitance is reported in Section 4.2.1, its
dynamic behavior is discussed in Section 4.2.2. Finally, impedance spectroscopy analysis is used to
quantify the influence of the structural changes on the electrochemical behavior (Section 4.2.3). A

conclusion at the end of this chapter summarizes the findings.
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4.1 Morphology of Electrodes

4.1.1 MnO; Mass Uptake

As already mentioned in the experimental section (Section 3.1.2), the relative MnO, mass uptake

can be normalized to two different quantities, leading to different results for interpretation:

1) normalizing to the mass of carbon of the electrode: ~ Amc = mymo,/mc, “4.1)

2) normalizing to the total mass of the electrode: Am| = myno, /m;. 4.2)

Here, m1 = mno, +mc is the total mass of the electrode. Whereas method 1) is the inherent
approach, i.e. normalizing to the quantity that does not change during the experiment, method
2) is widely used when discussing pseudocapacitors, since one is interested in the capacitance in
relation to the total mass of the electrode. However, a general application of this normalization has

its pitfalls, as will be shown in Figure 4.1.
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Figure 4.1: MnO; mass uptake vs. deposition time Z4ep (a) and the square root
of #4¢p (b) for series CMnT normalized to mc (blue triangular markers) and to
m (green circular markers). The error bars include the weighting error and an
error related to the mass of residual water.

Figure 4.1 (a) shows the relative mass uptake for series CMnT normalized using the two methods
mentioned above. The green data points show a strong increase for deposition times shorter than
10 h and seem to saturate around 55 wt.%. This behavior was attributed to a “’self-limiting* process
by Fischer et al. [15, 16]. However, this saturation is likely to originate from an artifact due to the
normalization applied in their papers (method 2)), since (x —xp)/x < 1, Vx > xp.

Using method 1) to normalize to the carbon mass of the electrode, the saturation of mass uptake
does not appear (blue triangular markers in Figure 4.1 (a)): After a strong increase for deposition

times shorter than 10 h, the mass uptake seems to level into a constant slope. Plotting the data vs.
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the square root of the deposition time 74, reveals that the data points for 7gep > 4 h form a straight
line. A fit with a square root function confirms the /%4, dependence (dashed lines in Figure 4.1),
therefore hinting at a diffusion limited deposition mechanism for longer deposition times. For
deposition times shorter than 4 h, a different mechanism seems to control the early phase of the
deposition, most likely exclusively limited by the available carbon surface. This mechanism was

proposed by Ma et al. and was summarized in Section 3.1.2 [90].

4.1.2 Electrode Surface Structure

Scanning electron microscopy was employed to obtain a qualitative impression of the inner surface
of the sample before and after MnO, deposition. Figure 4.2 shows representative details of the
sample surface of the untreated carbon xerogel and composite samples impregnated for 1 h and 24 h,
respectively. The micrographs were taken in the center of a fractured edge of the respective sample,
therefore showing the sample surface at an “inner* region of the electrode. Possible gradients due
to the deposition are discussed in Section 5.1.2. For the samples used in this series however, no

gradients were observed.

Figure 4.2: SEM micrographs showing the untreated carbon scaffold (left), the
composite after 1 h (middle) and after 24 h of MnO, deposition (right). All
micrographs refer to the same scale shown on the right.

The image of the untreated carbon shows the well interconnected mesoporous network of
particles. The average particle size can be estimated to be around 20 nm.

After 1 h of deposition, no significant increase in the particle diameter is visible. Nevertheless,
as shown in Figure 4.1, this sample exhibits a significant mass uptake of 38 %. Therefore, MnO,
must have been deposited either in the micropores of the sample or in a very thin layer on the
surface of the carbon particles, which is not visible by SEM.

A significant change in the morphology can be observed after 24 h of deposition: The structure
appears more dense and the inter particle pores seem to be smaller. The mean particle diameter

increased to about 40 nm. The other samples of the series with deposition times between 4 to 16
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hours support the gradual increase in particle diameter (images not shown). No flake- or needle-like
surface structure was found, in contrast to literature and to samples with even higher mass uptakes
(see Chapter 5).

Summarizing the findings from SEM investigations, low mass loadings of MnO, might either
be deposited in the micropores of the carbon xerogel or on the external surface area of the carbon
particles (cases 2 and 4 in Figure 1.2). For longer deposition times, a deposition on the external
surface area is more likely. No domains of MnO, clusters were found throughout the sample series.
Therefore, case 3 in Figure 1.2 can be excluded, i.e. no significant mass fraction of MnQO; is present

in separate phases within the carbon scaffold.

4.1.3 Surface Area and Porosity

In this section, the influence of the MnO, deposition on the porous structure of the sample will
be presented. Before the data can be discussed in detail, however, the influence of the thermal
degassing step prior to the sorption measurement on the MnO, phase has to be investigated, since
the crystalline state of MnO; is known to change with temperature [136]. To do so, one sample was
degassed at 100°C for 20 h, an isotherm was measured and then the same sample was degassed at
300°C for 4 h and a second isotherm was recorded. The result is given in Figure 4.3; no significant
change in the isotherm at higher degassing temperature can be observed within the experimental
error of about 5%, although the micropore volume is slightly higher for the measurement at higher
degassing temperature. Since this behavior might be due to better degassing of residual water in the

micropores, the higher degassing temperature of 300°C was used for all following measurements.
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Figure 4.3: Comparison of sorption isotherms taken after degassing a hybrid
sample with 14 wt.% MnO, at different temperatures. Error bars are drawn
exemplarily.
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Figure 4.4 (a) shows the N> gas sorption isotherms for the sample series CMnT, normalized to
the total sample mass, m;. The untreated carbon xerogel, depicted as ’0 h* in Figure 4.4, shows
a steep adsorption at low relative pressures of p/po < 0.1, that is characteristic for microporous
samples. For relative pressures above 0.8, a narrow hysteresis loop is visible, hinting at large

mesopores and additional macropores being present in the sample.
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Figure 4.4: N, sorption isotherms for series CMnT. The data in the upper graph
are normalized to the total sample mass, m, the data in the lower graph are
normalized to the carbon mass, mc. The inset shows a magnification of the
graph for relative pressures between 0.9 to 1.0.

Exemplarily, the hybrid samples prepared at deposition times of 4, 10 and 16 h were subjected
to gas sorption analysis. A first glance at the isotherms unveils that, compared to the carbon xerogel
sample, all hybrid samples show a significant decrease in the specific micropore volume and the
specific total volume adsorbed (see Figure 4.4 (a)). The MnO, deposition process inserts additional

mass into the structure. In literature, MnO, derived via electrodeposition, but also through the
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wet-chemical deposition approach used in this work, is often claimed to be microporous in nature
and therefore may contribute to the micropore volume of the hybrid sample [16, 60]. Since sorption
measurements on bare MnO; yield specific micropore volumes around 0.007 cm3g~! [60], which
are of marginal range compared to the specific micropore volumes Vy;c of about 0.25 cm3g~! being
present in the carbon xerogel, the expected contribution of MnO; to Vy,ic appears to be negligible.
Therefore, for the qualitative discussion of the sorption isotherms the data have been normalized to
the carbon xerogel mass rather than to the total sample mass (Figure 4.4 (b)). This procedure is
equivalent to normalizing the isotherms to the macroscopic sample volume, since this quantity does
not change upon MnQO; deposition.

To clarify this normalization, consider a gas sorption measurement of a porous sample with a
mass mg, where you will find an (absolute) adsorbed volume Valds. After the measurement, a mass
my of a non-porous medium, e.g. a lead sphere, is added to the measurement chamber and the
measurement is repeated. It will produce the same absolute value of adsorbed volume, however, the
values of the mass specific volume adsorbed will be lower. Therefore, a normalization to the mass
of the porous phase in the sample allows to compare the measurements among each other.

In contrast to the results shown later for much larger carbon particles (Chapter 5), the decrease
in micropore volume upon MnQO; deposition is still visible when the data are normalized to the
mass of the carbon xerogel. Therefore, in the series CMnT, part of the micropores in the carbon
backbone might either be blocked for nitrogen molecules by a layer of MnO; on the external
particle surface, or filled with MnO,, as shown in scenario 4 a and c, respectively (see Figure 1.2).

In Figure 4.4 (a), the slope of volume adsorbed at intermediate relative pressures between 0.2
and 0.7 slightly decays with increasing MnO; content. In general, this is an indication for an
effective decrease of external surface area. When normalized to the carbon xerogel mass (Figure
4.4 (b)) however, the slope is nearly constant for all samples (see also Table 4.1). From the SEM
investigation (Section 4.1.2), an increase in particle diameter and therefore decrease of external
surface area Sexy was expected. Since a corresponding decrease in Sex¢ can not unambiguously
be confirmed within the accuracy of the gas sorption data, the deposition of MnO; on Sex; has to
be analyzed by complementary experimental approaches, as discussed in Section 5.3. However,
analyzing the total pore volume of the sample can provide further hints on this extent, as will be
described in the following.

For all samples subjected to gas sorption analysis, the isotherms do not saturate at relative
pressures close to 1 (see Figure 4.4). This means that the pore volume present was not completely
filled with the analysis gas, presumably because of macropores or large mesopores being present in
the sample but being insusceptible to N, sorption. Major cracks in the carbon scaffold, however,

can be excluded, since SEM provided no evidence in that perspective.
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From the overall sample density and the carbon density, the theoretical (total) pore volume Vi
can be calculated using Equation 3.6. The ratio of pore volume detected for the neat carbon xerogel
(CMnT 0 h) amounts to V52* /V;c = 0.30, where V32" is the highest point in the sorption isotherm

(Figure 4.4 (a)). In order to calculate the pore volume fraction detected in the hybrid samples, the

average bulk density

X

p= EPMnoz + (1 - E)ppart (4.3)

has to be utilized in Equation 3.6. Here, Z is the percentage of MnO, in the sample and py;,0, =
1.62 gcm™? is the reduced MnO; density. The reasons for using Pino, instead of the MnO; bulk
density pyno, = 3.00 gem 3 [137] and its definition will be provided in Chapter 5. Two cases of
the particle density, pPpar, can be considered, under the assumption that no MnO; was deposited

within the micropores:

1) micropores being accessible for the N, gas and

2) micropores being inaccessible for the N, gas.

In the first case, Ppat = pc = 2.2 gcm*3 equals the density of carbon [40], whereas for the
second case, the density of a microporous carbon particle ppar = 1.4 gem ™3 can be applied.

The detected proportion of the pore volume for the sample series CMnT in case 1) is then
found to be 30, 44, 48, 53 %, respectively, whereas for case 2) one finds 33, 47, 49, 50 %. For both
scenarios, the detected pore volume increases. This indicates a shift from macro- to mesopores
within the sample with increasing deposition time, which in turn can be regarded as a hint for
deposition of MnO, mainly on the external surface area Sex of the carbon scaffold, since the
interparticular pores between the carbon particles form the meso- and macropores: A deposition
of MnO; on the particles will increase the particle diameter, and therefore will decrease the
interparticular pore diameter, shifting it to a regime that is detectable by gas sorption analysis. This
shift is also visible in the hysteresis of the isotherms (see inset in Figure 4.4 (b)). Compared to
the bare carbon xerogel (0 h), the area enclosed by the hysteresis loop increases with increasing
MnO, content. On the other hand, the increase in pore volume fraction detected might result from
additional mesopores introduced via rough surface structures of the MnO,-phase, too.

In order to comprehensively answer the question of the location of MnO,, carbon xerogels
of different particle size and therefore different specific external surface area, yet similar specific
micropore volume, were prepared and infiltrated with MnO,. The results of this investigation are
discussed in Chapter 5.

Table 4.1 compiles the quantitative evaluation of the N,-gas sorption data. The results for Sey;
are determined by the t-plot method, that was described in Section 3.2.2. For the hybrid samples,

however, the values for Sex¢ might be less reliable, since the Harkins & Jura isotherm, which serves
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Table 4.1: MnO, mass uptake, sample density and structural data derived via
N, sorption for series CMnT. All mass specific values (SBgT, Sext> Vmic) are
being presented normalized to the mass of the carbon xerogel, rather than the
total mass of the hybrid sample. The density p includes carbon fibers and
structural inhomogeneities of the electrodes.

Amc p SBET Sext Vinic
sample | [wt.%]  [gem™®] | [m’g™'] [m’g7'] [emPg!]
Oh 0 0.314+0.03 | 786+79 1914+19 0.254+0.03
4h 6316 0.51£0.05 | 595460 195420 0.184+0.02
10h 90+9 0.62+0.06 | 404+40 207+21 0.09+0.01
16 h 118+12 0.73£0.07 | 357£36 190+20 0.08+0.01

as reference for the evaluation, does not necessarily apply for the CMnQO; system. For the untreated

carbon xerogel, the carbon particle diameter dpa = 2242 nm can be calculated from the specific

external surface area, Sex(, and the particle density, Ppar, by using equation 3.14. The values are in

good agreement with observations by SEM (Figure 4.2). Since the average particle density in the

hybrid sample is unknown, the respective particle diameter can not be calculated.

The qualitative decrease in V. that was discussed above is also reflected in the respective

values. E.g. for sample CMnT 16 h, only 32 % of the initial specific micropore volume is

accessible to the analysis gas. For double layer capacitors, the huge surface area mainly results from

micropores in the carbon xerogel. Therefore, a decrease in double layer capacitance is expected

for the hybrid electrodes. The electrochemical measurements in the following section will show

whether the pseudocapacitance of MnO; can compensate this loss.
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4.2 Electrochemical Performance

4.2.1 Capacitance

Figure 4.5 (a) displays the differential gravimetric capacitance for the sample series CMnT at a
potential scan rate of 1 mVs~!'. The red curve represents the double layer capacitance of the
untreated carbon xerogel. The curve shows an almost rectangular shape, which is typical for
porous carbon electrodes [21, 77]. The slight asymmetry across the measured voltage range can
be attributed to a small sieving effect, that was shown by Lorrmann et al. to occur when ions of

different sizes, i.e. Na™ and SO?[, are stored in the micropores of the carbon scaffold [34].
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Figure 4.5: Cyclic voltammograms at 1 mV/s scan rate of the sample series
CMnT, resulting from different MnO, deposition times, with capacitance values
normalized to electrode mass (a) and electrode volume (b).

The orange curve for the 1 h sample in Figure 4.5 (a) already reveals a strong increase in
capacitance, while the shape of the CV curve remains rectangular. Clearly, the loss in double
layer capacitance due to the decrease in micropore volume that was discussed in Section 4.1.3 is
overcompensated by the pseudocapacitance of the added MnO, phase.

Around 0.1 and 0.4 V vs. Ag/AgCl, shallow “bumps” appear in the voltammogram. These
bumps have been identified to originate from intercalation and deintercalation of protons into
the bulk of MnO» [66, 138]. At the turnabouts of the voltage window, around -0.2 V and 0.8 V
vs. Ag/AgCl, respectively, an increase in the capacitance after the plateau can be observed. The
contributions have been identified to be side-reactions, resulting from H»O electrolysis at positive
potential and irreversible Mn reduction at the negative end of the potential window [139].

With increasing infiltration time and therefore increasing MnO; mass uptake, the capacitance
increases further and the rectangular shape is maintained, hinting for little influence of the low

MnO, conductivity on the equivalent series resistance. After a deposition time of 10 h however, the
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increase in gravimetric capacitance fades. When plotting the volumetric capacitance Cy, of the
series (Figure 4.5 (b)), the capacitance continues to increase even for long deposition times of up to
24 h.

This effect becomes even more obvious when observing the total (integral) capacitance derived
from the differential capacitance by using Equation 3.3.2. When plotting the gravimetric capacitance
vs. deposition time (Figure 4.6 (a)), the values saturate for deposition times longer than 10 h. This
saturation, however, might lead to wrong conclusions, since the mass uptake also saturates for long
deposition times, if normalized to the total electrode mass, as has been discussed in Section 4.1.1.
No saturation effect is evident in the volumetric capacitance.

The gravimetric and volumetric capacitance values are plotted vs. the relative MnO; mass
uptake, normalized to carbon mass, in Figure 4.6 (b). For Cgray, the artifact resulting from the nor-
malization of the capacitance to the total electrode mass is obvious (see comments on normalization
in Section 4.1.1). A linear relation is found for Cy,, indicating that with increasing mass uptake,

equal amounts of active material contribute to charge storage.
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Figure 4.6: Gravimetric (blue) and volumetric (red) capacitances, calculated
from CV-measurements at 1 mVs~! scan rate by using Equation 3.3.2 and
plotted vs. deposition time (a) and MnO, mass uptake (b). In Figure (a) the
dashed lines act as a guide to the eye, in Figure (b) the encircled values were
used for a linear fit (dash-dotted line).

When considering the volumetric capacitance vs. MnO, mass uptake in Figure 4.6 (b), one
might expect that the largest MnO, mass loadings will result in the highest volumetric capacitance.
However, this is only true for very slow potential scan rates and therefore long charging and
discharging times, as will be revealed by the examination of the dynamic behavior of the electrodes

in the next section.
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4.2.2 Dynamic Behavior

In order to probe the charge and discharge performance of the electrodes, CV curves at different
scan rates were measured. The capacitance retention is referred to as the capacitance at a certain
potential scan rate, normalized to the value obtained at a scan rate of 1 mVs~!.

Figure 4.5 reveals that the initial slope of the CV curve at the turning points of the applied
voltage does not decrease monotonously with increasing deposition time, as one might expect for an
increased contact resistance with increasing MnO; mass uptake (see also a graph in the Appendix,
Figure A.2). This trend does not arise from the electrodes themselves, but rather an increased
contact resistance of the electrochemical cell due to the individual tightening of the screws is likely.
Since the contact resistance has little influence at low scan rates, the values discussed earlier for
the total capacitance are considered to be of high reliability. With respect to the dynamic behavior
however, the samples CMnT 4 h and CMnT 16 h will be discussed in the following, since they
show the lowest influence of the contact resistance in the CV curves.

The volumetric capacitances obtained for the pure carbon xerogel electrode and hybrid elec-
trodes CMnT 4 h and 16 h for various potential scan rates are depicted in Figure 4.7 (a). Their

normalized values are displayed in Figure 4.7 (b).
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Figure 4.7: (a) Volumetric capacitance of selected electrodes of the sample
series CMnT, plotted against the potential scan rate.

(b) Normalized representation of the data shown in part (a).

The dashed lines are added as a guide to the eye.

Pure carbon electrodes show a moderate capacitance retention. When the scan rate is increased
from 1 mVs~! to 100 mVs~!, about 66 % of its initial capacitance is still preserved (Figure 4.7 (b)).
Since no faradaic processes are involved in the charge storage in the electrochemical double layer,
the capacitance at high scan rates is mainly limited by contact- and electrolyte resistances, i.e. by

the ability of ions in the electrolyte to follow the rapidly changing electrical potential [34]. Hybrid
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electrodes, however, show a very different behavior: Even with a low MnO; mass uptake of about
27 wt. %, the retention of the CMnT 1 h electrode decreases significantly faster than for the neat
carbon xerogel electrode. With increasing MnO; content, this trend proceeds. For high scan rates
above 100 mVs~!, the pseudocapacitive contribution is likely to play a vanishing role and the
electrodes are mainly characterized by the double-layer capacitance of the external surface area,
which is about the same order of magnitude for all electrodes (see Figure 4.7 (a) and compare Table
4.1).

The reason for this behavior can be clarified by analyzing the CV-graphs for these electrodes at
the respective potential scan rates (see Figure 4.8). When comparing the initial slope of the CV
curves at 1 mVs~! for the carbon xerogel and the hybrid sample CMnT 24 h in Figures 4.8 (a)
and (b), respectively, the hybrid electrode shows a more shallow initial slope compared to the bare
carbon electrode. When increasing the scan rate, the carbon electrode retains its fairly rectangular
shape up to scan rates of 20 mVs~!, whereas the hybrid electrode shows a strong deviation, because

of the increasing influence of the equivalent series resistance (ESR, see also 3.3.3).
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Figure 4.8: Variation of scan rate for bare carbon electrode (left) and the hybrid
electrode CMnT 16 h (right).

Two key factors that influence the ESR can be cited: Firstly, the poor conductivity of the MnO,
phase has a stronger influence at higher MnO, mass uptakes, presumably because MnO; forms
substantially thick cover layers upon deposition (see Chapter 5). This macroscopic effect affects
the contact resistance between electrode and current collector, which in turn influences the initial
slope of the CV curve. Furthermore, on microscopic length scales, the charge transfer resistance
related to the storage process of electrolyte ions in the active MnO, layer is increased due to longer
intercalation pathways across the MnO, phase.

Secondly, the formation of MnO; deposits in the carbon xerogel (micro) structure is likely
to block or narrow electrolyte pathways, as indicated by the decrease in pore volume in Section

4.1.3. Therefore, the mean free path length of the Na™ ions within the electrode prior to finding an
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MnO, reduction site is extended with increasing MnO, mass content, resulting in a slower charging
behavior.

It is noteworthy that the bumps that appeared at low potential scan rates in the CV curves
of the hybrid electrodes disappear towards higher scan rates, which supports the theory of ion
intercalation into MnO, being part of the charge storage process at slow cycling rates. As will be
shown in Section 5.4.2, thick layers of MnO, are not beneficial for high rate charge storage, since
the intercalation of electrolyte ions in the bulk of MnQO; is accompanied by large time constants.
The surface reactions however occur fast enough, so that even at higher potential scan rates up to
50 mVs~! a significant amount of charges is still stored within the active electrode material (see

Figure 4.7 (a)).

4.2.3 Impedance Analysis

For the bare carbon xerogel electrode and the electrodes CMn 1 h, 4 h and 24 h, Figure 4.9 presents
the real part Z'(®) of the measured impedance vs. the imaginary part Z”(®) in a Nyquist-plot.
For the carbon electrode, the graph shows the behavior described in the experimental section (see
Section 3.3.3): At high frequencies, the impedance curves show a shallow semicircle that can be
attributed to an RC-element, followed by a steep increase in the low frequency branch, which is due

to the double layer capacitance charging [129, 140].
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Figure 4.9: Nyquist-plot of selected electrodes of sample series CMnT. The
dots indicate the experimental data points, the solid lines represent a fit using an
equivalent circuit model.

Although showing a similar shape of the impedance response, the interpretation of the semicircle
for the bare carbon electrode and the hybrid electrodes follows different reasoning. As described in
Section 3.3.3, for the double layer capacitor, the extension of the semicircle gives a measure of the
contact resistance R. and the current collector capacitance C. In contrast, for the hybrid electrode,

an equivalent circuit as depicted in Figure 4.10 will be employed to model the data. In order to
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Figure 4.10: Modified equivalent circuit model for the carbon-MnO, hybrid
electrode. The capacitances Cg and Cgp present in the idealized model (see
Figure 3.11) have been replaced by constant phase elements CPEg and CPEg,
respectively.

be able to fit the measured data, the porosity of the electrodes has to be taken into account, which
causes the semicircles in the Nyquist-plot do deviate from the ideal form, leading to “depressed”
semicircles. This behavior can be modeled applying constant phase elements (CPE), where the

capacitance is replaced by an effective impedance

Zepp (@) = A%n cel=inm/2), (4.4)
where A is the CPE magnitude and n the CPE exponent [129]. The value of n governs the nature of
the CPE: For values close to 0, the CPE behaves like a resistor, whereas for values close to 1, it
is more similar to a capacitance. In this model, the shift of the start of the semicircle at 10 kHz
towards higher Z' () indicates an increased series resistance within the hybrid electrode, whereas
the extension of the semicircle to higher Z'(®) values results from both, an increased contact
resistance R, and the increased charge transfer resistance Rg.

The model is fitted simultaneously to the real and imaginary part of the measured impedance.
In Table 4.2 the values found for the respective properties are tabulated, normalized to the sample
volume. The data show that R is equal for all samples, whereas Rg increases with increasing
deposition time. This means that the contact resistance is already influenced by thin layers of MnO,,
as becomes obvious when comparing the start of the semicircle in Figure 4.9. With increasing MnO»,
mass uptake and therefore thicker layers, R increases, which might be due to longer intercalation
pathways into the MnO, layer or due to a lower electrical field strength on the surface of the MnO,,
resulting from the low MnO, conductivity.

With increasing MnO; content the pseudocapacitance, represented by CPEg A, increases, as
expected from CV measurements (Section 4.2.1). The capacitance values for CPEy, are significantly
lower for the hybrid electrodes, hinting at double-layer storage is playing a minor role. These
findings are strengthened by the results from gas sorption analysis (Section 4.1.3), where major
fractions of micropore volume were found to be secluded for the analysis gas, either because of

filling of the micropores, or due to seclusion by an MnO, layer around the carbon particles.
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Table 4.2: Overview of the MnO, mass uptake for the series CMnT, quantities
derived from an equivalent circuit model and the simulated relaxation time 7.

MnO, | Ry, Rr CPEyA CPEgyn CPEsA CPEpn | T
sample | [wt.%] | [Q] [€2] [F] (1] (F] [1] [s]

c| o 07 - 6.59 0.98 - - 15

CMnT 1h| 26 |18 16 0070 0.71 12.04 095 | 59
CMnT 4h| 35 |18 1.8  0.066 0.72 15.99 094 | 92
CMnT24h | 55 | 1.8 25 0.084 0.68 25.87 0.94 | 189

It is noteworthy that the exponent of CPEy connected to the double layer capacitance is signi-
ficantly lower than that of the pseudocapacitance. This again hints at the double layer capacitance
being affected by the porous structure of the electrode (both carbon and MnO, surface), whereas the
pseudocapacitance behaves more like a capacitor. This in turn speaks in favor of a surface-governed
charge storage process in MnO;, which is only slightly hindered by diffusion or intercalation
effects.

Unfortunately the model is not sensitive enough to distinguish the proposed microscopic
configurations, i.e. particles on the carbon surface or coated particles. In the first case, one would
expect an increase in Rr because of the smaller contact area between C and MnO,. Analogously,
for coated particles, lower Rr can be expected. For the real system however, Rp, Cgq and Co
are expected to change with increasing mass loading. The EIS method therefore is not able to
distinguish between these configurations, the physical configuration has to be determined by other
methods. However, scenario 3 (see Figure 1.2) could already be excluded by SEM analysis in
Section 4.1.2.

With the parameters obtained from the fit of the equivalent circuit model, the frequency behavior
of the electrodes was simulated over a frequency range exceeding the experimentally available one.
The results are depicted in Figure 4.11 for the real and the imaginary part of the frequency dependent
capacitance, normalized to sample volume. Due to the use of the constant phase elements, the
real part settles into a constant slope at very low frequencies, rather than showing a saturation, as
expected for capacitances. With increasing frequency, the capacitance drops sharply and with higher
mass uptake, the half-value frequency is lowered. For frequencies above 1 Hz, the capacitance
faded for all electrodes under investigation.

The imaginary part of the capacitance shows a distinct maximum. For the carbon sample and
the hybrid samples CMnT 1 h and 4 h, this maximum was within the experimentally accessible

range, for CMnT 24 h it is only visible in the simulated data. The frequency maximum fj of the
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Figure 4.11: Semilogarithmic plot of the volumetric capacitance vs. frequency.
The dots represent the measured data points, the solid lines are data from
simulations of the equivalent circuit for the hybrid electrodes.

peak can be attributed to a relaxation time 7y, which is a measure for the power density of the

electrode [13, 15]. For the pure carbon electrode, 7o = 15 s, for the filled samples the values range

between 59 to 189 s, for the 1 h to 24 h electrodes, respectively. This increase in 7y originates from

both, the additional capacitance in the hybrid electrode as well as the increased ESR due to the

incorporated MnO,. Compared to the values obtained by Fischer et al., these values are higher by a

factor of 2, although in their study, the MnO, mass uptake and the specific capacitance were higher.

However, Fischer et al. utilized thinner electrodes, and therefore the ESR might be lower than for

the electrodes of the series CMnT.
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4.3 Conclusion

The sample series characterized by a variation of deposition time and thus by an increasing MnO;
content within the electrode showed the successful incorporation of MnO, into the carbon scaffold.
The mass uptake reached values as high as 58 wt.%. However, a complete saturation of the mass
uptake as reported by Fischer et al. could not be confirmed. Evidence was presented that the earlier
reported saturation effect is likely to originate from an artifact due to the normalization procedure.

An increase in particle diameter due to the MnO, deposition was observed via SEM imaging
for high MnO, mass uptakes. No separate domains of MnO, were found, therefore scenario 3 in
Figure 1.2, i.e. separate phases of MnO; and carbon being present in the electrode in a significant
amount, can be excluded.

The surface area and porosity analysis showed a strong decrease in the micropore volume,
either due to filling or occluding of micropores upon MnO; deposition. The electrochemical
results indicate an overcompensation of the expected losses of double layer capacitance due to the
reduction of the micropore volume. The additional pseudocapacitance increases the volumetric
capacitance of the electrode by more than a factor 5, however for the cost of dynamic performance.
The results indicate that the 4 h sample with a relative MnO, mass uptake of 63 wt.% yields a good
compromise between increased capacitance and dynamic performance. The time constant required
to charge this electrode, however, is slowed by a factor 6 (T = 92 s) compared to the untreated
carbon xerogel, which indicates both, higher capacitance and higher ESR due to the incorporated
MnO».

The investigation provides first hints on the location of the MnO; within the carbon scaffold:
Major deposits might be found either in the micropores of the carbon xerogel or on the external
surface area. Scenarios 2 and 4 in Figure 1.2 will therefore be investigated in more detail. For this
purpose, sample series of varying particle sizes were prepared and characterized. The experimental

findings and their interpretation will be presented in the following chapter.
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Chapter 5

Determination of MnQO, Deposition

Location

The results from the deposition time variation experiments give first hints that the MnO, is mainly
deposited on the external surface area of the carbon scaffold (see Section 4.1.3). In order to
examine this hypothesis further, carbon xerogels of different particle diameter were prepared. The
samples are labeled C S, C M and C L for small, medium and large particle diameters, respectively.
Fiber reinforced carbon xerogels were used for the N, sorption (G) and electrochemical (EC)
characterization, monolithic xerogels were applied for the (A)SAXS study. The carbon xerogel
was infiltrated with MnO» as described in Section 3.1.2. The deposition time was constant 4 h
for the EC and G samples (the respective samples being denoted e.g. CMn EC/G S for the hybrid
fiber reinforced sample with small particles), whereas for the scattering study, the deposition time
was varied additionally. The latter samples are additionally labeled with a figure representing
the deposition time, e.g. CMn S 4 corresponds to a monolithic sample with small particles and a
deposition time of 4 h. The samples were subjected to the same characterization steps that were
presented in Chapter 4. Additionally, the surface chemistry of selected samples was examined via
XPS analysis (Section 5.2.2). An extensive (A)SAXS investigation providing a comprehensive
structural model of the hybrid system was performed. The respective results are given in Section

5.3 and were published in [141].
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5.1 Morphology of Electrodes

5.1.1 Surface Structure of Manganese Layer

The surface structure of the samples was probed using scanning electron microscopy (SEM).
Figure 5.1 shows representative SEM micrographs of the samples used in this study. The first row
displays the well interconnected network of the bare carbon xerogel backbone consisting of small
(S), medium (M) and large (L) particles. Distinct inter-particular meso- and macropores can be
observed [17]. The average diameter of the small, medium and large particles can be estimated
from the micrographs to about 15, 40 and 400 nm, respectively. The interconnected network of
meso- and macropores provides room for a reservoir of electrolyte solution, thus ensuring quick
ion transport to the electrochemical double layer [34]. The good electrical conductivity of the three
dimensional carbon particle network of about 70 S/cm provides excellent electronic response of the

electrode material [77].

AL .nh o L

CMn EC M

Figure 5.1: SEM micrographs showing in the upper row the carbon scaffold,
consisting of well interconnected small, medium and large particles (left to right).
The carbon-manganese samples in the lower row show at given resolution no
significant change in the surface structure for small and medium particles after
4 h of deposition. For the large particle sample, a fine surface structure is visible.
The micrographs show samples of series CEC.

The bottom row of Figure 5.1 shows the respective manganese impregnated samples, prepared
by applying a deposition time of 4 h in a solution of 0.05 M NaMnOy. For the CMnEC S and
CMnEC M samples, no significant increase in the particle size can be observed on any length scale
under investigation, when comparing them to the respective bare carbon xerogel. In particular, the
well interconnected interparticular pore network remains open and accessible to electrolytic ion
transport. The large particle sample, CMnEC L, seems to show some texture on the particle surface,

indicating a flake- and petal structure (see also Figure 5.2), which is typical for manganese oxides
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[74, 142, 143]. Because of this particular texture, the density of the MnO, layer is expected to be
lower than the MnO; bulk density [141].

To gain insight into a cross section of the coated backbone structure, selected samples were
cooled in liquid nitrogen and then broken into pieces. For the sample CMn L 48, Figure 5.2(a)
shows a energy dispersive mapping of a cross section. Because of its higher atomic mass, the
MnO, phase is indicated by brighter tones, while darker areas represent the carbon phase. Clearly,
MnO:; is preferentially deposited around the carbon particles, no bright spots are visible in the
inner (= microporous) region of the particles. This suggests a homogeneous coating of the carbon
xerogel particles with MnO,. Figure 5.2(b) shows a MnO, shell, where the carbon particle has
been quarried out of the shell. On the outside of the shell, the flake-structure of MnOj is visible,
considerably more pronounced than for the sample infiltrated for 4 h, as shown in Figure 5.1. From
the SEM image, the shell thickness can be estimated to be about 27 nm. However, the SEM is
limited to provide insight on selected spots of the sample under investigation. Therefore, X-ray
scattering methods were applied, to acquire integral information about the layer thickness (see

Chapter 5.3).

Figure 5.2: (a) Energy selective backscattering (ESB) image of a cross section
of the coated carbon backbone of sample CMn L 48 (left) and corresponding
image observed by the InLens-detector. Bright areas indicate MnO,, darker
areas represent carbon or pores.

(b) MnO; shell with the initially supporting carbon particle broken away.

5.1.2 MnO; Distribution

Most samples show a homogeneous distribution of MnO, throughout the carbon scaffold, as seen
in Figures 4.2 and 5.1. In particular, no clusters of MnO; are found regularly. For some samples
however, two types of agglomerates can be found occasionally on the macroscopic sample surface,
as depicted in Figure 5.3. Sample CMn S 4 shows clusters of MnO; particles smaller than the
carbon xerogel particles (Figure 5.3(a)). Similar clusters have been reported for sol-gel derived
MnO, thin films and birnessite MnO, [58, 144]. The second type of agglomerates present are

big MnO; grains, their sizes ranging in the micrometer regime (see Figure 5.3(b)). Presumably,
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these flakes represent residual undissolved MnO, from the precursor. Both types differ from the
suggested model of MnO; coating the carbon backbone. Even so, these types of deposits form a
minor contribution to the overall deposition, since these types are only sparsely found throughout
the sample series. Furthermore, irregular deposits are exclusively found on the macroscopic surface
of the electrodes, not in cross sections. Therefore, a contamination of the surface can not be

excluded and the flakes might also be dust particles.

ESB

Figure 5.3: (a) ESB and InLens images of the surface of sample CMn S 4. A
MnO; structure with particle diameters significantly smaller than the carbon
particles can be observed.

(b) The image shows an example of a large MnO, flake, found in sample
CMn S 16.

Using the EDX mode on the SEM, the distribution of Mn and C over a macroscopic cross
section of the electrode was analyzed. Because of the low resolution of about 1 wm, no information
on the MnQO; layer thickness can be derived from this approach. However, the EDX mode can be
applied to probe the penetration depth of the manganese precursor solution or possible gradients
forming during the MnO; deposition (Scenario 1 in Figure 1.2). For the EDX measurements, 1 mm
thick monolithic samples were impregnated for 4 h with 0.05 M NaMnOy solution and their cross
sections were subjected to EDX analysis. The gray value per pixel in the images in Figure 5.4 is
related to the amount of C and Mn found at this position, respectively.

The samples CMn S 4 (26 wt.% MnO,) and CMn L 4 (17 wt.% MnO») of this series are shown
exemplarily. For the sample CMn S 4 (Figure 5.4 (a)), a strong gradient is evident from the picture.
The gray area at the bottom of the C part of Figure 5.4 (a) originates from the carbon containing
adhesive tape that was used to attach the sample to the sample holder. Averaging the gray value over
the picture along the cross section allows to plot the average gray value vs. the sample thickness, as
shown in Figure 5.4 (b). The graph reveals an almost constant amount of Mn atoms to a certain
depth, between 0.2 and 0.4 mm and 1.0 and 1.4 mm, respectively. The constant slope between 1.0
and 1.4 mm is mainly due to an uneven surface of the sample, which is also present in the C signal.

After a depth of about 0.4 mm, the Mn signal ceases rapidly towards the middle of the sample. For
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Figure 5.4: The left column shows the C and Mn distribution in cross sections
of 1 mm thick discs of impregnated samples CMn S 4, CMn L 4 and CMn S 16
(0.5 mm thick) from top to bottom, respectively. The gray value represents the
counts per second, found in the respective pixel, for a C or Mn peak, respectively.
The average gray value for C and Mn is plotted against the thickness of the
sample in the right column, normalized to the value indicated by the star marker
in the respective figure, in order to stress similar behavior in absence of the Mn-
gradient. Increased C counts below 0.2 mm result from the sample carrier tape.
In graph 5.4 (f), the increase above 0.6 mm results from radiation originating
from a plane perpendicular to the cross section (compare to the corresponding
image in the left column).
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the large particle sample CMn L (Figure 5.4 (d) and (e)), no gradient is found and the Mn signal is
perfectly correlated with the C signal, indicating a homogeneous distribution of Mn.

Two different mechanisms can be responsible for the gradient in the samples with the small
backbone particles: On the one hand, the precursor solution might be depleted of Mn in the center
of the sample, since the small particle xerogels offer a large external surface area for the deposition.
Between 55 and 80 % of the Mn atoms available in the solution have been deposited, depending on
conversion to a composition of manganese oxides or pure MnO,, respectively (see Section 5.2.2),
indicating a strong dilution of the precursor solution. On the other hand, the pore diameter might
also play an important role: in smaller mesopores, the MnO, ions might hit the walls more often
and be deposited than in the big pores of CMn L, where the ions diffuse further into the structure
before being deposited.

From these findings it can be concluded, that after a deposition time of 4 h, the deposits coat a
depth of about 0.4 mm in small particle samples. In order to ensure a homogeneous distribution
of MnO, throughout the sample, a sample series with an electrode thickness of 0.5 mm was
impregnated for the ASAXS measurements. Figures 5.4 (e) and 5.4 (f) show that for the newly
prepared sample CMn S 16 (46 wt.% MnO,) indeed no gradient across the thickness of the sample
can be found. When averaging the gray value, the Mn signal is perfectly correlated with the C
signal.

The quantitative evaluation of the EDX data gives, within the experimental error range, the
same trends as the mass uptake determined macroscopically from the weight changes.

It is noteworthy, that the results derived from the EDX analysis strongly depend on the chosen
emission line. Investigations on the sample series prepared for the ASAXS measurements, per-
formed by analyzing the Mn contribution from the Mn K line, always resulted in “white noise”,
whereas the evaluation of the Mn L line yielded good correlation with the C signal. The reason
for this effect can be found in the mean free path of photons when crossing the MnO, layer:
the high-energy K-photons (E%n = 6.539 keV [117]) have a two orders of magnitude lower at-
tenuation coefficient (ux = 2.094 - 10> cm~!) than the low-energy L-photons (EE/In =0.769 keV,
pp = 5.658-10* cm™! [117]). Accordingly, the free path ¢ o< y1~! for the K-photons two orders
of magnitude longer and the K signal contains contributions from deeper layers of the sample,
resulting in a uniform gray value. Therefore, evaluating the L-photons makes the method more

surface sensitive.

5.1.3 Crystal Structure

As already stated in Section 2.2, the crystal structure of the active MnO; material has a major

influence on its electrical and ionic conductivity and therefore the electrochemical performance of
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the hybrid electrode. In order to determine the crystal structure of the samples, X-ray diffraction
(XRD) spectra were measured with a powder spectrometer. However, the spectra exhibited a high
amount of noise due to the low scattering intensity of the samples, mainly because of the rough
sample surface and poor crystallinity of the MnO,. Even with big apertures of 1 mm at the detector
and long integration times of up to 30 s per 0.1°, the spectra showed a very low signal to noise
ratio. Therefore, the wide angle X-ray scattering (WAXS) data that were recorded upon SAXS
measurements were evaluated instead.

Figure 5.5 exemplarily shows the scattering for the sample series CMn M. The scattering cross
section is normalized to the sample mass. The scattering vector g from the SAXS experiment was
converted to the scattering angle 26 using the relation 26 = 2arcsin(g- A /4m) /2w - 360°, where A
is the Cu K, wavelength of 1.542 A [117]. This conversion allows direct comparison of the WAXS

data with literature data that was collected by applying a Cu K, X-ray source.
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Figure 5.5: Semilogarithmic plot of the WAXS-pattern of the samples from
series CMn M. The vertical lines at the bottom indicate the theoretical scattering
peaks of a birnessite structure.

The scattering of the pure carbon sample C M exhibits two broad peaks at 20 = 21.5 and 43.8°,
corresponding to the carbon 002 and 101-peak, respectively [145, 146]. As expected, the WAXS
characteristics is independent of the particle size (see Figure A.5 in Appendix A).

Within each particle size series, the corresponding hybrid samples show the same trends,
therefore series CMn M will be discussed exemplarily (Figure 5.5). In the WAXS data, the carbon
peaks remain visible in the spectra of the hybrid samples, even at high MnO, mass uptakes.
Additionally, broad peaks evolve around 260 = 14° and 37°.

In order to compare the experimental data to potential MnO, phases, the theoretical spectra
of birnessite, pyrolysite, ramsdellite and hollandite were calculated. In Figure 5.5, the theoretical
birnessite peak positions are indicated by vertical lines at the bottom of the figure, using the C2/m

space group with the unit cell dimensions ag = 5.1750 A, by = 2.8500 A, ¢y = 7.3970 A and
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Figure 5.6: Detail of the birnessite 001-peak for the sample series CMn M. The
data are corrected for a linear background.

B = 103.180° [147, 148]. A comparison with the other potential configurations revealed the
birnessite configuration to be present in the samples. The peak around 14° can be related to the
birnessite 001 peak at 12.38°, after the superimposed background is removed (see Figure 5.6)
[147, 149]. The birnessite 002 peak is superimposed by the carbon 002 contribution. From 34 to
42°, the birnessite spectrum shows a group of peaks, which in combination form the broad peak
located around 37° in the experimental spectrum.

The peaks of the sample series related to the birnessite 001 peak are shown in detail in Figure
5.6, corrected for the superimposed background. The CMn M 4 h peak exclusively shows a
pronounced asymmetry, which is generally attributed to mechanical strain in the crystal structure.
With increasing deposition time, the MnO; peaks grow from 4 h to 16 h, then the signal saturates,
as does the width of the peak. This hints for an initial growth of MnO, crystallites, whereas for
longer times the size saturates. From the position of the peak, the Bragg layer spacing can be
calculated using Equation 3.19. The average value for all samples yields 0.68+0.05 nm, in good
agreement with literature value of 0.7 nm reported for birnessite [73, 150].

Comparing the spectra for the different carbon particle sizes at comparable MnO, mass uptakes,
differences exclusively appear for the MnO, 001 peak (see Figure A.6 in Appendix A). This peak
appears at slightly larger angles for the samples of the CMn L series, hinting for a smaller inter-layer
distance in the MnO; crystallites.

From these findings, the MnO; structure can be identified to be of the birnessite type. According
to the literature, the bulk density of MnO, therefore can be estimated to be 3.0 g/cm3 [151]. This
value will be used for the calculation of the MnO, layer thickness in Sections 5.2.1 and 5.3.

For bulk MnO; electrodes, the 1xeo layers (see Figure 2.4) of birnessite are regarded superior
to other configurations for electrochemical charge storage, since they yield high capacitances

through proton or small ion insertion into the inter-layer space [75, 152]. For example, Ghodbane
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et al. found a nearly doubled gravimetric capacitance for birnessite MnO, compared to ramsdellite
MnO;,, which provides a 1x2 tunnel structure (see Figure 2.4) [152]. The low intrinsic electronic
conductivity of 58-10~7 Secm~! [152] for birnessites is expected to show little influence on the

hybrid electrode performance when a thin layer of MnO; is deposited on a carbon surface.

5.1.4 Surface Area and Porosity

In order to quantify the microscopic surface area, particle sizes and porosity, the samples were
investigated using N, gas sorption at 77 K. The resulting isotherms for the bare carbon xerogels
are shown in Figure 5.7, with the data being normalized to the mass of the carbon xerogel. The
general form of the isotherm allows to compare samples qualitatively, showing the typical shape of
microporous materials [17, 93]. The discussion will be exemplarily conducted for sample CG S in

Figure 5.7.

VOl / 103 cm3g-1 STP

ppo -

Figure 5.7: N, gas sorption isotherms of the carbon scaffold for the three
different carbon xerogel (CG) particle sizes (small (S), medium (M) and large
(L)). The data are normalized to the carbon xerogel mass.

For relative pressures pp,, ' < 0.1, the gas volume adsorbed shows a sharp increase, which
generally is attributed to the filling of the micropores in the sample. This feature is almost identical
for all three samples (S, M and L), indicating a comparable micropore volume. In the intermediate
relative pressure range, the adsorption takes place on the external surface area of backbone particles
of the xerogel. The slope declines from sample S to L, showing the systematic decrease of external
surface area which corresponds to the desired increase of carbon backbone particle sizes in this
series of carbon xerogels. For relative pressures above 0.8, a hysteresis loop is observed, which
can be related to condensation and evaporation of N; in mesopores. The hysteresis loop is more

pronounced for sample S and its enclosed area decreases for larger particles, hinting at a shift in
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inter-particular pore size from meso- to macropores and thus to a regime that is not detectable by
N sorption [93].

The quantitative evaluation of the sorption data was performed using the equations presented in
Section 3.2.2. The data for Sext, SBET, Vmic and mean particle diameters are compiled in Tables 5.1
and 5.2 for EC and ASAXS-samples, respectively. The isotherms for the carbon xerogel samples
which are additionally investigated by ASAXS measurements can be found in Appendix A, Figure
A.1. For the errors in the calculation of surface area, the error in determining the fiber content is the
main factor, amounting to 10 % for all samples. The decrease in Sex; from 308 over 75 to 9 m2/g
for samples CG S, CG M and CG L, respectively, confirms the successful variation in Sex; while
keeping Vinic approximately constant. Direct calculation of the diameter of the carbon backbone
particles via Equation 3.14 shows an increase from about 12 to 462 nm with decreasing Sex (Table
5.1).

For the monolithic samples (ASAXS series, Table 5.2), the values for p, Sggr and V;c show a
more narrow distribution. However, samples C S and C M of this series exhibit very similar Sex¢
and therefore dpar, showing that the variation of external surface area in this case did not succeed
as desired. Nevertheless, the samples were impregnated with MnO, and subjected to ASAXS
measurements, in order to confirm the reproducibility of the experiment.

Comparing the samples between the two series, sample CG M of the gas sorption series equals
samples C S and C M of the ASAXS-series. The CG L sample of the gas sorption series exhibit a
smaller Sex¢ and therefore larger particles than the C L sample prepared for the ASAXS-series.

Figure 5.8 shows the influence of the MnO, deposition on the N, isotherms for samples
prepared for gas sorption measurements (G-series). When the data are normalized to the total
sample mass (left column of Figure 5.8), the isotherms show a decrease in adsorbed volume in
the medium pressure range that is in the order of the weight percentage of the deposited MnO,,
which is 48, 29 and 3 wt.% for small, medium and large particle samples, respectively. When
normalized to the carbon xerogel content, the isotherms overlap in the range of experimental
error (right column of Figure 5.8). Therefore, assuming a negligible additional contribution to the
micropore volume through MnO; (see Section 4.1.3), no substantial fraction of pore volume of
the carbon backbone detectable by N, sorption was secluded or filled with MnO,, the material
deposited is rather contributing solely to the sample mass. Together with the evidence from the
energy dispersive SEM micrographs shown in Figure 5.2, a deposition of a substantial amount of
MnO; in the micropores of the carbon particles seems unlikely.

In contrast to the series of deposition time variation CMnT presented in Section 4.1.3, less
micropore volume is inaccessible to the analysis gas after MnO, deposition. Comparing the particle

diameters shows that the particles of the series C G are all larger. Therefore, series CMnT exhibited
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Figure 5.8: N, sorption isotherms for samples S, M and L, comparing bare
carbon structure (CG, square marker) with MnO;-filled sample (CMnG, star
marker). The data in the left column (a-c) are normalized to the total sample
mass, the data in the right column (d-f) are normalized to the carbon xerogel
mass.
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a larger fraction of micropores that were very close to the enveloping surface area of the particles.
These first layers of micropores might have been filled or secluded with MnO,, hindering diffusion
of the precursor deeper into the particle. For larger particles however, a larger fraction of micropores
is still accessible for the Nj gas (see Table 5.1).

The quantitative evaluation of the sorption data for the hybrid samples reveals an increase in Sex
for samples CMnG S and CMnG M, when compared to the respective untreated samples (see Table
5.1). Sample CG L does not show this trend, however it has to be noted that for mainly macroporous
samples or samples with very large particle diameters, the evaluation of Sey; is highly erroneous.
The particle diameter of the hybrid samples can not directly be calculated using Equation 3.14,
since the particle density ppay is experimentally inaccessible via N, sorption for the two-phase
particle. Future experiments applying Hg pygnometry might be able to resolve this issue, since
the total pore volume, including macropores, can be measured. From the SEM micrographs in
Figure 5.2, an increase in particle diameter due to the MnO, deposition was expected. Since for
larger particles a smaller Sex; is expected, the increase in Sex; for the hybrid samples is suspected to
originate from the surface structure of MnQO;, as evident in Figure 5.2(b).

Analogously to the steps described in Section 4.1.3, the pore volume fraction detected by N,
sorption analysis can be evaluated (see page 47). The results are compiled in Table 5.3.

The fact that even for sample CG S only 50-57 % of the total pore volume were detected,
indicates either a huge amount of macropores, originating from cracks and fissures, or large
mesopores, that are just out of the detectable range (> 40 nm) [93]. Since SEM did not reveal major
inhomogeneities on the sample, the latter is more likely. For samples CG M and CG L, macropores
also originate from the interparticular pores of the larger particles.

Consistent with the findings for series CMnT, for both cases, the volume detected for the
respective sample increases upon MnO» deposition. Again, the interpretation of this behavior leaves
two possibilities: Firstly, large MnO, deposits might have formed in the macropores. However,
the SEM overviews showed no evidence for this interpretation (see Section 5.1.1). In fact, SEM
revealed that the carbon particles are coated by a layer of MnO; thus narrowing the pores and
shifting the pore volume from the macropore- to the mesopore regime. Therefore, the increase in
mesopore volume detected is a strong hint for deposition of MnO; on the external surface area of
the carbon xerogel backbone.

It is noteworthy that for the hybrid samples, the ratio of detected pore volume seems to be
independent on whether the micropores were filled with MnO; or not. However, compared to the
findings for series CMnT, the mass loadings were quite low, so the rather small difference might
not be detectable for these samples.

To summarize, the N, gas sorption measurements revealed a successful variation of the external
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Table 5.1: Overview of structural data derived for the fiber reinforced carbon
xerogels used for Np-gas sorption measurements, as well as the corresponding
hybrid samples (series CMnG). Mass specific values are normalized to the mass
of carbon xerogel, the density p includes fibers and structural inhomogeneities
in the electrodes.

MnO, p Sext SBET Vinic dpart
sample (wt.%] [gem™3] | [m?g™!] [m’g™ '] [em’g!] [nm]
CGS 0 0.37+0.04 | 308431 75175 0.18+£0.02 1241
CGM 0 0.32+0.03 7548 601+60 0.21+0.02 53+6
CGL 0 0.2340.02 9+6 623+62 0.244+0.02 | 462+49
CMnG S 4444 0.69+0.07 | 358436 685+69 0.14+0.02 -
CMnGM | 2943 0.4240.04 8118 527453 0.18+0.02 -
CMnG L 341 0.2440.02 1+5 6114+61 0.2440.02 -

Table 5.2: Overview of structural data derived for the monolithic carbon xero-
gels used for ASAXS measurements (series CMn S,M,L). Mass specific values
are normalized to the mass of carbon xerogel, the density p includes structural
inhomogeneities in the electrodes.

MnO; p Sext SBET Vinic dpart
sample | [wt.%] [gem ™3] | [m2g™!'] [m?g~ '] [ecmg!] [nm]
CS 0 0.53+0.02 75 £8 675+68 0.24+0.02 55+5
CM 0 0.49+0.05 | 70 +£8 690+69 0.24+0.02 5945
CL 0 0.43+0.04 16 +6 697+70 0.274+0.03 | 263+25

Table 5.3: Comparison of ratio [%] of probed total pore volume, following the
two cases of accessible or inaccessible micropores as described in Section 4.1.3.

‘CGS CGM CGL‘CMnGS CMnGM CMnG L

accessible

inaccessible

50
57

11
12

4
5

61
62

13
14

5
5
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surface area Sex of the carbon xerogel. Due to MnO; deposition, a smaller amount of Vi is
secluded or filled compared to the samples investigated in Chapter 4, presumably because the
fraction of micropores close to the particle surface is smaller for larger particles. Together with the

SEM results (Section 5.1.1), a deposition of MnO; mainly on the external surface area is likely.
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5.2 Chemical Composition

5.2.1 MnO; Mass Uptake

Figure 5.9 shows the MnO, mass uptake (Equation 4.1) vs. the deposition time for the samples
prepared for the particle size variation series. The graph shows the values for the small (S), medium
(M) and large (L) particle samples in blue, green and orange markers, respectively. For the ASAXS
measurements, a variation of deposition time was performed additionally to the variation in particle
size (series CMn S,M,L). The respective relative mass uptake is represented by star markers in
Figure 5.9. The samples CMnEC (square marker) and CMnG (diamond marker) were infiltrated for
4 h for the use in electrochemical- and gas sorption measurements, respectively. In the range of
experimental error, the corresponding samples of these sub series show the same relative MnO,

mass uptake.
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Figure 5.9: The graph shows the relative MnO, mass uptake vs. the deposition
time of the sample series CMnEC, CMnG and CMn S,M,L. The lines act as
guide to the eye, however represent a \/7-fit, as discussed in Section 4.1.1.

At given deposition time, the samples, e.g. series CMnEC, take up different relative amounts
of MnO», although subjected to the same infiltration conditions (1 M NaMnOy for 4 h, see also
Section 3.1.2). The relative mass uptake strongly correlates with the particle size, with the small
particles showing the highest MnO, uptake of up to about Amc = 1.5, whereas for the sample
CMnEC L a value of 0.02 is found. These results provide strong evidence for the assumption of
MnO; being mainly deposited on the external surface area of the carbon scaffold.

As already mentioned in Section 5.1.4, the particles in the L. samples of series CMn EC/G are
about 1.8 fold larger than the ones in the series CMn L. Consequently, the MnO; mass uptake for
sample CMn EC/G L is significantly lower than for sample CMn L 4 h. It was also shown that the
external surface area of series CMn S and CMn M is comparable, which leads to a comparable

MnO; mass uptake: Within the range of experimental error, the samples CMn S and CMn M show
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the same MnO, mass uptake over all measured deposition times. An exemption to his behavior is
sample CMn M 48, where the mass uptake is significantly lower than for CMn S 48. Most likely,
a depletion of the NaMnO, precursor solution occurred. If a molar conversion from NaMnOj to
MnO; is considered, all Mn atoms available in the precursor solution will have been consumed for
the samples CMn S 48 and CMn M 48.

Within each particle size series, the relative mass uptake as function of deposition time is
comparable to series CMnT discussed in Chapter 4, with a steep increase in mass uptake for short
deposition times #4.p < 4 h and a monotonous uptake rate for longer times, that can be fit with a
\/Idep behavior.

Using the data from the gas sorption measurements presented in Section 5.1.4, the MnO, mass
uptake can be plotted vs. the external surface area of the carbon scaffold. This is exemplarily done
for the series CMnG in Figure 5.10. The blue curve confirms a strong correlation of the MnO,
mass uptake with the external surface area and therefore particle size. The large particles, having
the smallest Sy, show the lowest MnO, uptake and vice versa. However, the ratio myy0,/Sext 1S

not constant, as would be expected for a purely self-limiting process.
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Figure 5.10: MnO, mass uptake of series CMnG (blue) and calculated MnO,
layer thickness (red) vs. the external surface area. The dashed lines represent a
guide to the eye.

Assuming that the entire mass of MnQO, introduced into the system is deposited on the external
surface area of the carbon xerogel scaffold, the MnO,-layer thickness A, can be estimated using

the MnO; bulk density pyno, = 3.00 gcnf3 [151]:

MMnO, 1
hy = . . 5.1
" mc PMno; - S ext ( )

The resulting layer thickness is represented by the red curve in Figure 5.10. As one can see, the
L-sample taking up the least MnO,, yields the thickest MnO» layer of about 21 A. SEM analysis

(Section 5.1.1) of samples with a deposition time of 48 h confirms thicker layers of MnO, with
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increasing particle diameter. The hypothesis of MnO, deposition on the external surface area of the
carbon backbone with the calculated layer thickness therefore seems reasonable. However, for the
samples with a deposition time of 4 h, no MnO, layer is visible in the SEM images, presumably
because of the limited resolution of the SEM. The ASAXS-investigation presented in Section 5.3
provides an alternative experimental approach to determine the thickness of the MnO, layer. The
results of the electrochemical characterization (Section 5.4) will show the influence of the MnO,

layer on the electrode performance.

5.2.2 Chemical Composition of MnQO, Phase

XPS spectra were recorded in order to verify a comparable chemical composition of the different
composite samples. Spectra were recorded for samples CMnEC S, CMnEC M and CMnEC L, the
same samples that were used for electrochemical measurements, and for the bare carbon CEC S.
The structural data for this series are compiled in Table 5.1. Figure 5.11 shows the overview spectra
for CEC S, CMnEC S and CMnEC M. The intensity of the spectra is normalized to the C 1s peak
and shifted vertically for clarity. For the pure carbon, only the O 1s and the C 1s peaks are visible
at 532 and 285 eV, respectively. The oxygen contribution is related to surface groups on the surface
of the carbon xerogel backbone.

The spectra of the composite samples are all very similar. The positions of corresponding peaks
are found at the same energy, indicating identical chemical composition for both samples. However,
the Mn-related peaks are higher for sample CMnEC S, correlating with the higher relative mass
uptake for this sample.

Both XPS spectra of the composite samples exhibit a pronounced Na 1s peak at 1072 eV,
indicating residual sodium that has not been washed out in the cleansing step after MnO, deposition.
A series of peaks around 980 and 855 eV originates from O KLL and Mn LMM Auger-electrons,
respectively. The bump at 775 eV can be identified as the Mn 2s level. The Mn 2p level between
600 and 700 eV shows a strong splitting because of spin-orbit coupling: since the total momentum
Jj is the sum of orbital angular momentum / and electron spin s: j = [ + s, there are two possible
states for j if [ > 0 [107]. Therefore, for Mn 2p one finds j =1—1/2 =1/2 at 655 eV and
Jj=1+1/2=3/2at643 eV. The O Is peak at 530 eV shows a dramatic increase compared to the
pure carbon sample. However, this is not surprising, since the deposition of MnO, from NaMnO4
introduced additional oxygen atoms. The inset shows higher discrete energy states, for manganese
up to 3p. The valence states of Mn 3d and O 2p vanish in the valence band at energies above 10 eV.

Figure 5.12 (a) shows a detailed measurement of the Mn2p;3 »-peak for the three composite
samples investigated. The individual peaks are normalized to the respective maximum value. In

the range of experimental error, the curves are identical. As a consequence, the samples can be
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Figure 5.11: Overview of the XPS spectra for untreated carbon CEC S and
composite samples CMnEC S and CMnEC M, as a function of the electron
binding Energy Ej,. Intensities are normalized to the Cls peak and shifted for
clarity. The inset shows the magnified range from 100 to 0 eV for sample
CMnEC S with states up to the valence band (VB). The peaks are identified
according to the values in [153, 154].

regarded as chemically identical.

In order to evaluate the chemical composition of the Mn-containing phase, the Mn2p; ; peak
was fitted with four Gauss-peaks according to Equation 3.18. The fit is shown exemplarily for
CMnEC M in Figure 5.12 (b). The four Gauss-contributions were identified to represent NaMnOQOy,
Na;MnOy4, MnO; and Mn;O3 [153, 155, 156].

Figure 5.13 shows the fraction of the four Mn-containing species in the Mn2p; »-peak. Sample
CMnEC S was measured twice and therefore the difference in results provides a measure for the
experimental error, which can be estimated to be about 5 %. In the range of this error, all samples
show the same composition with regard to NaMnO,4, Na;MnO4, MnO; and Mn,0O3.

As described in Section 2.2, only Mn(IV) is electrochemically active, Mn in other oxidation
states is increasing the mass of the resulting electrode without contributing to charge storage [61].
Figure 5.13 reveals that at a deposition time of 4 h, the samples prepared only contain 50 % of

the electrochemically active species MnO;. For future applications it is therefore necessary to
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remove the residual NaMnO,4 and Na;MnO, during the cleansing step more efficiently. Furthermore,
changing the deposition approach can lead to very pure manganese oxide deposits: electrodeposition

offers the opportunity to control the oxidation state of the MnO, deposited [58, 157, 158].
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Figure 5.12: (a) Detailed XPS analysis of the Mn2ps ,-peak for the different
composite samples of series CMnEC. The data are normalized to the maximum
value for each measurement.

(b) Modeling of the peak of sample CMnEC M, according to [155, 156].
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Figure 5.13: Contribution of Mn oxidation states to the Mn2p peak in the XPS
spectra. Sample CMnEC S was measured twice in order to get an estimate for
the reproducibility of the values.
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5.3 Hollow Sphere Model and MnO; Layer Thickness

In order to further quantitatively resolve the microscopic structure of the CMn hybrid samples,
small angle X-ray scattering (SAXS) and anomalous small angle X-ray scattering (ASAXS)
measurements were performed. For these measurements, monolithic carbon xerogel samples were
prepared and infiltrated with MnO, according to the steps described in Section 3.1.2 (sample series
CMn S,M,L).

Figure 5.14 (a) shows the differential scattering cross section of the bare carbon xerogel
monoliths at an energy of the incident beam of 12 keV. For all samples, the scattering cross section
decays at low g-values (g < 1 nm~") according to a power-law with an exponent of about 4 (see
also Figure 5.14 (b), scattering cross section multiplied by ¢*). This region is referred to as “Porod-
region”, which generally is attributed to a smooth external surface area of the carbon scaffold

[93, 159]. At g-values larger than 1 nm ', a distinct “micropore-shoulder” is visible [93].
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Figure 5.14: (a) SAXS cross section for carbon samples C S, C M and C L.
The data are normalized to the sample volume illuminated by the X-ray beam.
(b) Same scattering cross section, however multiplied by ¢*.

This plot reveals that the samples C S and C M show a very similar scattering curve, indicating
identical micro-structural properties and thus confirms the results for Sex; and Ve deduced from
Nj,-gas sorption measurements (Section 5.1.4, Table 5.2). Therefore, in the following, the ASAXS
results will be discussed focusing on the sample series CMn M and CMn L. The scattering curves
of the sample series CMn S can be found in Appendix A.

The evaluation of the Mn scattering form factor Sy (g) from ASAXS measurements is ex-
emplarily shown for sample CMn L 48. Figure 5.15 shows the total (SAXS) cross section of the
hybrid sample. Compared to the respective carbon scaffold (see Figure 5.14), oscillations appear in
the Porod-region around go = 0.25 nm~!, hinting at an additional structure with a size of about

2/qo = 8 nm [93]. In addition, the separated intensity Al(g,E),E>) (see Section 3.2.4) is shown.



80 Determination of MnQO, Deposition Location

T L S S | T T 102 1 T T T T
of M1 le(g) CMn L 48 1 let(g) CMn L 48
107k, Al(g,Ey ,E5) i T " Alg,E:Ez)
S B 5 Swlq) £ SO0 Sunlq)
§10° £ 10°
~ [ o
T : N
S 10°F e
I o
f 81072
107t 10° 107? 10°
(a) a/nm-t (b) a/nm-1

Figure 5.15: (a) Total scattering cross section Iy (g) for hybrid sample
CMn L 438, its respective separated intensity Al(q, E1,E,) and scattering form
factor of Mn Sy (g), according to Equation 3.32. The black line indicates a
g2 behavior.

(b) Same curves, however multiplied by ¢*.

The oscillations already present in the total scattering curve of the hybrid material remain, however
an influence of the carbon scaffold is still inherent in the separated intensity. This is due to a cross
term that does not vanish in the separated intensity [124], an effect that shows whenever the phases
present in the system are not completely separated but rather share common interfaces (here: MnO,
on the carbon scaffold). To overcome this problem, the separated intensity has to be calculated for
a third energy, then the form factor Sy (¢) of the Mn contribution can be calculated (Section 3.2.4,
Equation 3.32). The result of this procedure is also plotted in Figure 5.15. For high g-values, the
envelope of the data follows a power law with a g exponent close to -2 (see Figure 5.15 (a)).

The Mn structure factor Sy (g) of the hybrid samples CMn M is shown in Figure 5.16, with
respective relative MnO, mass uptakes ranging from 48 to 130 wt.% (compare Section 5.2.1). The
graph reveals the evolution of oscillations in the region from 0.2 to 0.5 nm™!, shifting to lower ¢
with increasing relative MnO, mass uptake. Obviously, the deposition mainly affects a region in
g below 0.5 nm~!, while in the region ¢ > 0.5 nm~!, the curves are identical within the range
of experimental error. This again hints towards a manganese deposition mainly on Sey;, since no
change in the scattering curve in the g-range > 1 nm~! that is generally attributed to micropores is
observed (compare Figure 5.14).

In the following, the shift in the oscillations will be compared to a core-shell model, corres-
ponding to a MnO; layer around the carbon particles. For the structure factor Sy, (g) however, the
core-shell model translates into a hollow-sphere model, since only contributions of the scattering
originating from Mn survive (see Section 3.2.4 and the exemplarily evaluation of the structure

factor for sample CMn L 48 above).
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Figure 5.16: Structure factor Sy, (g) (a) and Sy (g) - ¢* (b) for hybrid samples
CMn M, loaded with different weight % of Mn. The data are shifted vertically
for clarity. The error bars are plotted exemplarily and are evaluated using error
propagation.

Figure 5.17 shows the theoretical scattering intensities of a sphere with a radius of 27 nm and
hollow spheres, calculated from Equations 3.34 and 3.33, respectively. The oscillations for the
sphere decay according to a g~* power law. By adding a shell to the particle, additional oscillations
in the envelope of the curve appear. Nevertheless, at large g-values, the envelope still exhibits a g~
decay, indicating a smooth surface of the shell. Increasing the layer thickness from 3 to 9 nm at
a constant inner radius R; causes a shift of the modulation to smaller g-values. The same trend is

observed in the experimental data presented in Figure 5.16.
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Figure 5.17: Scattering intensity calculated for a sphere of radius 27 nm (top)
and from hollow sphere model, Equation 3.33, for the same core radius and a
shell thickness /4 of 3 nm (middle) and 9 nm (bottom). The curves are shifted
vertically for clarity.
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In order to determine the layer thickness of MnO, enclosing the carbon particles in the hybrid
samples prepared, the first minimum in the form factor of a hollow sphere (HS) is fitted to the
experimentally derived form factor Sy, (g), calculated according to Equation 3.32. For the model
function, the inner radius R; and the scattering contrast were kept constant and only R, = R; +
hy was varied. This variation is shown exemplarily in Figure 5.18, where the experimental form
factor (purple circles), also multiplied by ¢* for better resolution of the minimum, is plotted vs. the
scattering vector g. The first minimum in the modulation of the model function (Equation 3.33)
fits well to the data for a fixed inner radius of 130 nm and an outer radius of 158 nm, leading to a

MnO, layer thickness /i of (28+2) nm.
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Figure 5.18: (a) Smn(g) of sample CMn L 48 (open circles) and hollow
sphere model (line, Equation 3.33) with R; = 130 nm and a shell thickness
of hy =28 nm.

(b) Respective intensities multiplied by ¢*, with a black line showing a g2
behavior for the envelope.

In both figures, the black arrow marks the location of the minimum in the
measured data.1

For larger g-values, the experimental data differ from the model function (see Figure 5.18),
exhibiting a g~2 behavior, indicating a rough (fractal) surface structure [115]. This effect can be
attributed to typical MnO, morphologies like flakes and needles on the layer surface, as they are
visible in the SEM images in Figure 5.2 [74, 142]. As a consequence, the density of the MnO,
shell is expected to be lower than the bulk value of 3.0 gcm™3 [141, 151].

The fit of the hollow sphere model to the experimental form factor Sy, (¢) was performed for
all samples of the series CMn S,M,L. For the series CMn M and CMn L, Figure 5.19 (a) shows the
MnO, layer thickness Ay vs. the relative MnO, mass uptake.

The series CMn M and CMn L both reveal a linear increase of /i with increasing mass uptake.
The series with the larger particles shows a steeper increase, which can be explained by the smaller

external surface area on which the MnQO, is deposited, thus resulting in a thicker MnO, layer at a
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Figure 5.19: (a) Layer thickness /i determined from hollow sphere model
(square-marker) vs. the relative MnO, mass uptake. The dotted lines represent
a linear fit of the data and extrapolation to the origin. The MnO, layer thickness
found in the SEM observation (Figure 5.2) is represented as a black star-marker.
(b) Effective shell density px vs. the relative mass uptake Amc. Error bars are
calculated via error propagation. This data are presented in [141].

given relative mass uptake. For example, at a MnO, mass uptake of about 0.8, the layer thickness
is about three times higher for CMn L than for CMn S. Comparing the value of A for sample
CMn L 48 to the value found in the SEM observation in Figure 5.2, a very good agreement is
obvious [141].

Assuming all MnO, mass being deposited on the external surface area Sex; of the monolithic
carbon xerogel and forming a shell coating the carbon particle, an effective shell density px can be

calculated from the layer thickness /i, by solving Equation 5.1 for the density pwmno,:

MMn . Amc
Sext -mc - hy Sext - hx

Px = (5.2)

The resulting effective densities py are lower than the MnO, bulk density of 3.0 g/cm3 [151]. Within
sample series CMn L, the density is nearly constant around a value of 2.2+0.4 g/cm?, whereas for
series CMn S a mean value of 1.840.4 g/cm? is found. A general trend of a reduction in density
with increasing mass uptake can be observed [141].

As already noted in Section 5.2.1, due to the high relative mass uptake in the process, the
precursor solution becomes highly diluted (see also Figure 5.9). More than 50 % of NaMnQOy4
are consumed at a relative mass uptake of 0.6 to 0.9, depending on whether a full conversion
of NaMnQOy4 to MnO; or a composition of MnO;, Mn; 03, NaMnOy4 and Na,MnOQy is taken into
account. The respective contributions to the composition were identified in the XPS-study presented
in Section 5.2.2. The slight decline in the effective density px is therefore likely to be caused by

dilution of the precursor solution.
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The effective density py represents an average value of the density of the shell. Therefore,
for thicker layers, a gradient in the shell structure can not be excluded. Furthermore, the ¢~2-
dependence in Figure 5.15 confirms that hypothesis, as it hints for a rough structure of the deposited
MnO; layer and therefore a less dense structure of the manganese oxide layer.

The strong correlation of the deposition process with the specific external surface area Sex of
the carbon scaffold is supported further when examining the shell densities at a relative MnO, mass
uptake of 0.46 (see Figure 5.19): Although the underlying three samples exhibit about the same
shell density py, their shell thickness differs by a factor of about 4, which in turn corresponds about

to the ratio of the external surface area between sample series CMn S and CMn L (Section 5.1.4).
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5.4 Electrochemical Performance

5.4.1 Capacitance

The gravimetric capacitance at a potential scan rate of 2 mVs~! for the bare carbon xerogel and
hybrid electrodes of sample series CMnEC, respectively are shown in Figure 5.20. The sample
CEC S exhibits a butterfly-shaped CV curve with a pronounced minimum at 0.02 V vs. Ag/AgCl.
This characteristic shape is well known for microporous carbons [33, 160]. The minimum is
referred to as the potential of zero charge (PZC), which in neutral electrolyte solutions equals the
immersion potential of the electrode [160]. At potentials lower than the PZC, mainly Na™ ions are
adsorbed in the electrochemical double layer, whereas at potentials higher than the PZC mainly

SO3~ ions contribute to the current.
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Figure 5.20: Cyclic voltammogram at 2 mVs~! for the samples of series
CMn EC in 1 M Na;SOy electrolyte solution. The full lines represent the CV
curves of the bare carbon xerogel (a), the dashed lines the corresponding curves
for the hybrid electrodes (b). The capacitance values are normalized to the
electrode mass. In Figure 5.20 (b), the CV of C L is shifted along the x-axis by
+0.3 V for better comparison.

With increasing particle size (C S to C L), the current (and thus C) at the positive vertex
potential (i.e. 0.5 V vs. Ag/AgCl) ceases and a bump arises around 0.15 V vs. Ag/AgCl. It was
shown by Lorrmann et al., that the decrease in the anodic current is caused by a sieving effect,
since at given scan rate the fraction of micropores accessible (i.e. micropores close to the particle
surface) to the SO}~ ions is strongly decreasing with increasing particle size [34].

The bump is generally attributed to redox reactions of quinone/hydroquinone groups on the
carbon surface [40]. However, the carbon xerogels of this series were prepared under identical
chemical conditions and subjected to the same pyrolysis step (see Section 3.1.1), therefore identical
surface groups are expected in all samples. Furthermore, XPS studies evaluated for the PhD thesis

of Volker Lorrmann showed identical surface groups with respect to their valency for all carbon
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xerogels investigated, regardless of particle size [161].

A different mechanism is therefore suggested for the rise of this bump with increasing particle
size: at voltages higher than the PZC, SOZ‘ ions are forced into the micropores of the carbon
xerogel, until all accessible storage sites (close to the particle surface) are occupied. At even higher
voltages, no more ions can be stored and therefore the current ceases, resulting in the broad peak
around 0.15 V vs. Ag/AgCl. Figure A.3 in Appendix A shows the CV of sample CEC L for different
potential scan rates. For higher scan rates such as 50 mVs~!, the release-bump in the discharge
branch disappears. This behavior is in contrast to the characteristics found for redox-peaks, for
which the potential distance of the red- and ox-peak increases with increasing potential scan rate,
while both peaks still remain visible in the CV-plot [19]. Thus, the scan rate dependence of the
bump rather confirms the accessibility scenario.

Figure 5.20 (b) shows the CV for the hybrid electrodes of the series CMnEC, the respective
integrated capacitance values are compiled in Table 5.4. The samples CMnEC S and CMnEC M
show a strong increase in capacitance whilst maintaining an almost rectangular shape. For sample
CMnEC S the rectangle is clearly tilted, originating from an increased contact resistance of the
electrode. This behavior will be discussed in detail in Section 5.4.2. The slope of the curve at the
vertex potentials is very steep, hinting for little influence of the low intrinsic electrical conductivity
of the MnO; layer covering the carbon scaffold. Around 0.1 and 0.5 V vs. Ag/AgCl weak bumps
appear, that already have been identified to originate from proton- or ion intercalation into the
manganese oxide layer (see Section 4.2.1).

For sample CMnEC L with a relative MnO, mass uptake of only 2 wt.%, the infiltration with
MnO, did not lead to an enhancement of the capacitance, however interesting conclusions can be
drawn from the behavior of this electrode (see also the zoom into the curves in Figure A.4 (a) and
A.4 (b) in Appendix A). Clearly, the bump in the CV of C L vanishes with the MnO; deposition.
Trapping of SOi_ ions is therefore no longer a dominating effect, presumably because the micropore
access for large SOi_ ions is blocked by the MnO, layer. Around the positive vertex potential,

an increase in the differential capacitance due to pseudocapacitive storage, compared to the pure

Table 5.4: Capacitance values for the sample series CMnEC, evaluated from the
charging half-cycle CV measurements at 2 mVs~!, normalized to total electrode
mass (Cgray) and volume (Cyo), Tespectively.

\ cCS CM CL \ CMnECS CMnECM CMnEC L
Cawy [Fg '] | 4354 3044 3243 | 141410 10410 3143
Cot lzem™3] | 1641 1141 741 | 9241 4641 741
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double layer capacitance, becomes evident. At the negative vertex potential, the sieving effect is
still visible, indicating that small Na™ ions may pass through the MnO, layer. The contribution
of Na™ double layer storage is slightly lower than in the carbon electrode, the reason is likely to
be found in hindered diffusion of the ions due to the manganese layer, an effect that is not fully
compensated by the additional pseudocapacitance.

The integrated capacitance is plotted vs. the MnO, mass uptake in Figure 5.21. Obviously, the
sample CMn S with the largest external surface area and therefore highest MnO; mass uptake shows
the highest specific capacitance. The gravimetric capacitance shows a linear dependence on the
MnO, mass uptake, therefore a very efficient use of the MnO; in charge storage was accomplished
(compare Section 4.2.1). Compared to the respective capacitance of the bare carbon xerogel
electrode, the gravimetric capacitance of sample CMn S increased by a factor 3, the volumetric

capacitance even by a factor 6 (see Table 5.4).
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Figure 5.21: Gravimetric capacitance (per total mass of electrode) for series
CMnEC vs. the MnO; mass uptake, derived from the CV curves at 2 mVs~!,
normalized to total electrode mass. The error bars mainly origin from the error
in the determination of the electrode mass. The dashed line represents a linear
fit of the data.
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5.4.2 Dynamic Behavior

The dynamic behavior of the electrodes of the series CMnEC was investigated analyzing composite
fiber electrodes in a sandwich cell and powder material in cavity micro electrode-measurements
(CME). At first, the behavior of the fiber reinforced electrode will be discussed.

Figure 5.22 (a) shows the integrated gravimetric capacitance, Cgpay, as a function of the potential
scan rate dE /dr. The graph clearly reveals that the dependence of the capacitance on the scan
rate is less pronounced for the bare carbon xerogel electrodes than for the hybrid samples. At a
scan rate of 100 mVs~!, the capacitance of the carbon electrode C S drops to about 70 % of its
initial value, whereas the corresponding hybrid electrode CMnEC S only retains 42 % at the same
conditions. However, with a factor of 2, the absolute value of the capacitance even at 200 mVs~!is

still significantly improved compared to the bare carbon xerogel.
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(a) dE/dt / mVs-1 (b) E vs. Ag/AgCl / V

Figure 5.22: (a) Gravimetric capacitance vs. applied scan rate. The lines are
drawn as a guide to the eye. Solid lines: bare carbon electrodes, dashed lines:
hybrid electrodes.

(b) Cyclic voltammogram for the sample CMnEC M with varying scan rate.

The reason for the decreasing performance of the hybrid electrodes at high scan rates can be
enlightened by analyzing the CV at various scan rates, as shown in Figure 5.22 (b). The rectangular
shape of the curve at 2 mVs~! gets more and more disturbed with increasing scan rate. As already
mentioned in Section 4.2.2, the increased ESR of the electrode due to the MnO; deposition is
responsible for this behavior.

Further insight into the dynamic behavior can be derived from CME measurements, exemplarily
shown in Figure 5.23 for the samples C S and CMnEC S. For the bare carbon electrode (Figure
5.23 (a)), the typical butterfly shape persists at all scan rates applied. Solely at the positive vertex
potential, the capacitance strongly decreases with increasing scan rate. This effect is due to the size

of the SO%’ ions, which for high scan rates are moving too slowly into the carbon particle (see also
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Figure 5.23: Cyclic voltammogram (CV) for sample C S (a) and CMnEC S (b),
measured with a cavity micro electrode (CME). The potential scan rate ranges
from 5 to 1000 mVs~!. Since only the shape of the CV curve is discussed, the
unit of the capacitance is arbitrary.

Lorrmann et al., [34]).

An utterly different behavior is observed in the CV of the CMnEC S powder shown in Figure
5.23 (b). The shape of the curve strongly depends on the applied scan rate and for a scan rate of
1000 mVs~!, the capacitance has faded nearly completely. At this point, only the double layer
capacitance of the external surface area of the electrode is contributing to the capacitance.

The red curve in Figure 5.23 (b) shows the capacitance at a scan rate of 5 mVs~!. Whilst
still rectangular, the rectangle is tilted, as already mentioned earlier in this chapter for the fiber
electrode. This behavior origins from the contact resistance of the electrode. Figure 5.24 compares
the capacitance retention of the fiber electrodes with the one of the respective hybrid powder
measured with the CME. The plot reveals that the capacitance always drops faster in the CME
measurement. The reason for this behavior is best explained with the cartoon in Figure 5.25:
The powder measured in the CME exhibits many contact points between the individual particles,
increasing the contact resistance over the MnO, layer between the particles. In contrast, in the
fiber electrode, the carbon scaffold is well interconnected, once directly through the growth of the
xerogel, additionally through the carbon fibers contributing to the transversal conductivity. The
tilt of the CV-curve results from the increased contact resistance of the electrode with the current
collector, due to the homogeneous coating of the carbon particles. For electrode CMnEC S there
are more contact points (covered with MnQO,) than for the electrode CMnEC M and CMnEC L,
therefore the behavior is more pronounced for that electrode. Here also lies one of the major
possibilities to improve the hybrid electrodes: For optimal performance, interparticular contact
resistance as well as the contact resistance between current collector and hybrid electrode has to be

minimized, in order to access the storage capacity even at high scan rates.
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Figure 5.24: Capacitance vs. applied potential scan rate for sample CMnEC S.
The circular markers represent measurements in the sandwich cell, the diamond
markers show CME measurements. For each set, full lines represent the bare
carbon xerogel C S, whereas dashed lines represent the hybrid sample CMnEC S.
The lines are drawn as guides to the eye.

The use of fiber reinforced monolithic carbons as a scaffold is a first step in that direction,
since the transversal electrical conductivity is improved, both, through the interconnected particles
and the carbon fibers. As already mentioned, this is the reason for the superior performance of
the fiber electrodes compared to the powder (see Figure 5.24). An additional benefit would be to
avoid the MnO, phase at the current collector-electrode interface, as shown in Figure 5.25¢). The
direct contact of the carbon scaffold with the current collector will reduce the contact resistance
and therefore significantly improve the dynamic behavior of the hybrid electrode. The MnO, at the
interface could either be removed after deposition, e.g. via etching with HCI. A more practical way,
however, is to avoid deposition at the backside of the electrode. This can be realized by applying

electrodeposition approaches, as described by Donne et al. [162].

¥8¢

Figure 5.25: Cartoon of MnO, coated carbon particles (a) as measured in
the CME and a coated, carbon fiber reinforced xerogel (b) as measured in the
sandwich cell. Sketch (c) shows an improved electrode with the carbon in direct
contact with the current collector. The arrows mark points of interest mentioned
in the text. Note that the sketch is not true to scale.
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5.5 Conclusion

The carbon xerogels prepared for the series CMnEC S,M,L showed a successful variation of the
particle size and therefore the specific external surface area Sex. From samples C S to C L, the
external surface area was varied by a factor 4. The SEM investigation showed a homogeneous
coating of the carbon scaffold, with a thickness of up to 27 nm. Whilst no separated domains of
isolated MnO, clusters were found in the majority of the samples, thicker layers exhibit a flake- or
petal-like structure, that is decreasing the density of the MnO, layer, when compared to the bulk
value.

The macroscopic distribution of MnO; throughout the electrode showed no gradient for samples
thinner than 1 mm. Gas sorption measurements revealed that no substantial amount of micropores
was filled or secluded due to the deposition process. A strong correlation of the relative MnO,
mass uptake with the specific external surface area was shown. Using ASAXS measurements in
combination with a core-shell-model, the MnO, layer thickness was found to range between 3 and
26 nm. ASAXS proved to be a powerful tool to investigate the structure of the hybrid material and
the model can be transferred to similar material systems.

The electrochemical characterization showed a strong correlation of the capacitance with the
MnO; mass uptake, and therefore once again with the S¢x. CME measurements proved the approach
of coating a carbon scaffold superior to the powder approach, where inter-particular connections

increase the internal resistance of the electrode.



Chapter 6

Summary and Outlook

In this thesis, an electroless deposition approach of manganese oxide on a micro- and mesoporous
carbon scaffold was investigated intensively, with special focus on the location of the active material
in the hybrid electrode. To reach this goal, a variation of the carbon backbone structure was
performed and an ASAXS model was developed.

In the first part of the thesis, hybrid electrodes prepared via a systematic variation of manganese
oxide deposition time with a Na;SOy4 precursor concentration of 0.05 M were analyzed (Chapter 4).
MnO, mass uptakes reached up to 58 wt.%, leading to an increase of volumetric capacitance by a
factor 5. However, this increased occurred on the cost of increasing the time constant for charging
the electrode by a factor 4, when compared to the bare carbon xerogel electrode. The structural
characterization gave hints for a deposition of the MnO, either in the micropores of the carbon
particles, or on their external surface area.

In order to comprehensively investigate the location of the active material within the carbon
scaffold, the carbon particle size and thereby the external surface area was varied systematically,
while keeping the micropore volume of the xerogel constant (Chapter 5).

Monitoring the MnO, mass uptake upon deposition, it was shown that the sample with small
carbon particles take up the highest amount of MnO,. SEM images show a layer of MnO, around
the carbon particles, reaching thicknesses up to 27 nm for samples with very high MnO, mass
uptakes of up to 130 %. Thick layers also exhibited a flake- and petal-like sub-structure, that
is often found for manganese oxides. The crystalline state of the deposit was determined to
resemble birnessite structures. The chemical state of the manganese oxide was probed applying
XPS measurements, showing similar chemical composition throughout all samples investigated.
The main active species of Mn was found to be MnO,, however large amounts of precursor residues
were found.

ASAXS was applied for the first time on porous composite electrodes consisting of MnO;-
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carbon xerogel. The ASAXS model developed proved to be a powerful method for the analysis
of the structural features of these hybrid electrodes, allowing integral and quantitative structural
characterization of the sample on the microscopic scale. MnO, layer thicknesses ranging from 3 to
26 nm were found, with a very narrow distribution within the sample. The results obtained with the
hollow sphere model are in good agreement with indications from other methods, such as the direct
local evidence from SEM imaging.

The electrochemical characterization of the hybrid electrodes with different carbon particle
sizes confirmed a correlation of capacitance with amount of manganese oxide in the electrode:
The samples with small particles, taking up the highest amount of active material, also showed the
highest capacitance.

From the findings, the different scenarios that were presented in the introduction (see Chapter
1, Figure 1.2) were eliminated, leaving scenario 2, a homogeneous coating of the external surface
area of the carbon scaffold as the dominating process.

It was shown that coating a carbon scaffold with the active material leads to superior charging
behavior, compared to powder approaches, since the number of contact sites and therefore the
internal resistance of the electrode is reduced (Chapter 5.4.2). Therefore, the coating approach
should be further investigated. Monitoring the precursor pH concentration during deposition will
allow a more accurate determination of the deposition stage, and ultimately reduce the amount of
MnO; that introduced as “dead mass”, not contributing to charge storage. Furthermore, alternative
deposition methods such as electrochemical deposition should be further investigated. Approaches
presented e.g. by Pang et al. point the way, and varying the carbon scaffold will help to control the
deposition even further [58].

Long-term measurements will give insight in the stability of the coatings, however first the cell
design has to be optimized, carefully balancing the two electrodes in the supercapacitor in terms of
capacitance. In this scope, asymmetric devices of one electrode containing an active material, while
the other electrode consists of carbon, should also be investigated, since they will allow higher cell
voltages and therefore higher specific energies [62, 64].

The ASAXS method developed in the scope of this thesis should be further promoted and
applied on other material systems, since this technique allows to draw important conclusions and
allows to deduce integral and quantitative information towards a rational design of high performance

electrodes.
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Appendix A

Additional Graphs
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Figure A.1: N, gas sorption isotherms of the carbon backbone for the three
different particle sizes small (S), medium (M) and large (L) used for the ASAXS
measurements. Only the adsorption branch of the isotherm was measured. The
data are normalized to the carbon xerogel mass.
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Figure A.2: Detail of Figure 4.5, a cyclic voltammogram at 1 mV/s of the
sample series CMnT, with capacitance values normalized to electrode mass.
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Figure A.3: Additional graph to Figure 5.20: CV of sample C L at various
potential scan rates.
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Figure A.4: Cyclic voltammogram at 2 mVs~! of the electrodes C L and
CMn L, normalized to electrode mass (a) and electrode volume (b). The CV for
C L is shifted by +0.3 V for comparison.
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Figure A.5: Semilogarithmic plot of the WAXS cross section of the carbon

xerogels for the series CMn. Data discussed in Section 5.1.3.
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Figure A.6: Semilogarithmic plot of the WAXS cross section of the carbon
xerogels for samples containing 32 wt.% and 46 wt.% in Figures (a) and (b),

respectively. Data discussed in Section 5.1.3.
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Tabulated Data

B.1 Tabulated Data of Sample Series CMnT
B.2 Tabulated Data of Sample Series CMnEC and CMnG

B.3 Tabulated Data of Sample Series CMn S,M,L
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Tabulated Data

Table B.1: Sample name, deposition time, fgep, carbon mass, mc, MnO; mass,
mmno,, relative mass uptake normalized to carbon mass, Amc, and normal-
ized to total mass, Amj, for sample series CMnT used for electrochemical
measurements (Section 4.2.1) and graphs for mass-uptake (Section 4.1.1).

Tdep mc mMmno, Amc  Amy
sample | [h] (gl (gl (%] [%]
ref3 0 0.022 0.0 0 0
31 1 0.0218 0.0082 38 27
32 4 0.0213 0.0147 69 41
33 10 0.0219 0.0221 101 50
34 16 0.0245 0.0275 112 53
35 24 0.0231 0.0319 138 58

Table B.2: Sample name, deposition time, f4ep, carbon mass, mc, MnO; mass,
MMnO,, relative mass uptake normalized to carbon mass, Amc, and normalized
to total mass, Amj, for sample series CMnT used for gas sorption analysis
(Section 4.1.3).

fdep ~ MC mvno, Amc  Amy
sample | [h] (g] [g] (%] [%]
P30_0 0 0.1389 0.0 0 0
P30_4 4 0.1413 0.0893 63 39
P30_10 | 10 0.1343 0.1203 90 47
P30_16 | 16  0.138  0.163 118 54

Table B.3: MnO, mass uptake, sample density and structural data derived via
N, sorption for series CMnT. All mass specific values (SBgT, Sext> Vimic) are
being presented normalized to the mass of the carbon xerogel. The density p
includes fibers and structural inhomogeneities of the electrodes.

MnO, p SBET Sext Vinic
sample | [wt.%] [gcm_3] [ng_l] [ng_ 1 [cm3g_ 1
P30_0 0 0.31+0.03 | 786+79 191£19 0.25+0.03

P30_4 39+4  0.51£0.05 | 595£60 195420 0.18+0.02
P30_10 | 47£5 0.62£0.06 | 40440 207+£21 0.09+0.01
P30_16 | 54+£5 0.73£0.07 | 357£36 1904+20 0.08+0.01




B.3 Tabulated Data of Sample Series CMn S,M,L

vl

Table B.4: Sample name, deposition time, f4ep, carbon mass, mc, MnO; mass,
mMMno,, relative mass uptake normalized to carbon mass, Amc, and normalized
to total mass, Am;, for sample series CMnEC and CMnG.

fdep  MC mvno, Amc  Amy
sample [h] [g] [g] (%] [%]
CS 0 0.2444 0.0 0 0
CM 0 0.1809 0.0 0 0
CL 0 0.1905 0.0 0 0
CMnEC S 4 0.149 0.121 81 45
CMnECM | 4 0.16 0.068 42 30
CMnEC L 4 0.1718 0.0032 2 2
CMnG S 4 0.0842 0.0788 94 48
CMnG M 4 0.0749 0.0305 41 28
CMnG L 4 0.0729 0.0019 3 3




VIII

Tabulated Data

Table B.S: Sample name, deposition time, #4¢p, carbon mass, mc, MnO; mass,
MM, relative mass uptake normalized to carbon mass, Amc, and normalized

to total mass, Am, for sample series CMn S,M,L.

Tdep me myno, Amc  Amy
sample (h] (gl (gl [%]  [%]
CS 0 0.1048 0.0 0 0
CMn S 4 4 0.087 0.04 46 31
CMn S 16 17  0.088 0.076 86 46
CMn S 24 24 0.084  0.085 101 50
CMn S 30 30 0.083 0.099 119 54
CMn S 48 48  0.087 0.133 153 60
CM 0.1746 0.0 0 0
CMn M 4 4 0.092  0.044 48 32
CMnM16 | 17 0.089  0.075 84 46
CMnM?24 | 24 0.081 0.085 105 51
CMnM 30 | 30 0.085 0.105 124 55
CMnM48 | 49  0.093 0.121 130 56
CL 0 0.1601 0.0 0 0
CMnL 4 4 0.089 0.023 26 21
CMnL 16 17 0.081 0.039 48 32
CMnL24 | 24 0.094 0.045 48 32
CMn L 30 30 0.088 0.053 60 38
CMnL48 | 49 0.095 0.08 84 46




Appendix C

Thermodynamical Treatment of
Pseudocapacitance

The following section is a summary of the theoretical treatment of pseudocapacitance, as pub-
lished by Eucken and Weblus [37] and of Gileadi and Conway [38], following the derivation in [21].

At potentials E still far from Hj-gas evolution, the underpotential deposition of H on a metal
electrode surface M takes place when a metal electrode is placed in aqueous acid solutions:

H30" +M + e = MH,4, + H,O (C.1)

The fractional coverage 6 of the electrode surface with H atoms rises monotoneously, and each H
adsorbed requires one electron to pass over the interface. This can be expressed by a Langmuir-type
isotherm of electrosorption

T-6= Kcy+exp(EF /RT), (C.2)

Which can also be written as

0— Kcy+exp(EF /RT)

= . C3
1+ Kcy+exp(EF /RT) ©3)

Herein, 6 is the fractional surface coverage and 1-0 is the fraction of unoccupied surface sites, K
is a constant, cy+ the concentration of H, F the Faraday constant, R the gas constant and T the
temperature.

Adsorption will happen, if the Gibbs energy of M-H is lower than of the H-H bonding:

GMHads < G%Hz (C4)
or, in case of solvated Na ions in the Helmholtz double layer:
GMNaads < GNasolv < G%Nax (CS)

Therefore, it must be energetically more favorable for the ion to adsorb on the metal surface than to
form Hj. In such systems, pseudocapacitance can occur and Cg can be derived from Equation C.3
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as

Co = qi(d6/dE) (C.6)
q1F  Kcy+exp(EF /RT)

" RT [1+Kcy-exp(EF /RT)]2 €7
_ aF
= S 0(1-0) (C.8)

where the charge for formation of a monolayer of H on M is ¢;.
The term “pseudo’-capacitance was chosen, since C.7 is of the form of Equation 1.1, the definition
of the capacitance. However, due to the Faradaic charge transfer involved, it emanates from a
completely different mechanism than the electrostatical double layer capacitance [21].

It can easily be seen that Equation C.8 has a maximum for 8 = 0.5, which explains the
occurance of redox-peaks in the CV-diagram, since the derivation done here for surface adsorption
can be applied for redox reactions of the form

Ox + e = Red. (C.9
Then the Nernst-equation for the equilibrium can be written as
E = E° + (RT/F)In([Ox]/[Red]), (C.10)

where EY is the standard potential of the reaction and [Ox], [Red] the molar mass of the oxidized
and reduced species, respectively.

Equation C.8 explains one relatively sharp redox peak in the CV-diagram. The expansion of
this theoretical approach was made by Conway and Gileadi, including electronic repulsion in the
adsorption process. This was done by introducing an additional energy term g - 6, causing the
Langmuir isotherm to change into the Frumkin type [38]:

% — Kexp(—g8) - Keys exp(EF /RT). C.11)
For g = 0 the Langmuir case is found. Positive values of g cause the maximum in the CV-diagram
to broaden. It is also known, e.g. for Pt(100), even upon careful preparation, several peaks for one
adsorption species can arise [21]. This and the very rough surface structure of MnO; cause the
almost rectangular shape of the CV-diagram for MnO,, with many redox-peaks overlapping each
other (see also Figure 2.2).
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