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Mesoporous Materials for Fast Charging
Electrochemical Energy Storage

GIULIO CALCAGNO
Department of Chemistry and Chemical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY

Abstract

High performing electrochemical energy storage (EES) devices are needed to cope with the
increasing energy requirements of modern society. Electrode materials must store lots of energy,
charge/discharge fast and be environmentally friendly. The present thesis discusses the advantages
of using nanostructured porous materials as electrodes for fast-charging energy storage. High
specific surface areas and short diffusion paths make this class of materials competitive for future
EES applications. Structural, morphological and electrochemical characterizations were used to
study the materials and their charge/discharge behaviours on both a fundamental and device level.
Mesoporous titanium dioxide of different polymorphs can reversibly insert Li* ions inside its
structure. Ordered amorphous mesoporous titanium dioxide, produced by low temperature spray
deposition, showed a quasi-linear voltage - capacity profile in organic electrolytes, suggesting a
pseudocapacitive behaviour of insertion type. A high initial capacity loss is associated with the
irreversible formation of lithium rich phases at the surface of the material. On the other hand,
mesoporous anatase beads, produced via a solvothermal approach, were characterized by extended
plateaus in the voltage profile, a typical feature for a faradaic insertion mechanism. However, the
anatase beads electrodes also showed high pseudocapacitive contributions and delivered higher
capacities and rate performance compared with the mesoporous amorphous titanium oxide material.
By doping the mesoporous beads with different niobium concentrations, the semiconducting
anatase acquired a metallic-like conductivity. High concentration of doping negatively affected the
lithium insertion process, while a low level of niobium doping was beneficial for improving the rate
performance of mesoporous anatase beads electrodes. The anatase material showed initial
irreversible capacities in organic electrolytes based on carbonates. Limiting the potential window
was found to be a suitable strategy to avoid parasitic reactions, although this limits the amount of
storable energy. Moreover, by using an ionic liquid as electrolyte, the electrode/electrolyte interface
can be stabilized, limiting the capacity fading. Finally, the mesoporous anatase beads were studied
in a hybrid configuration against a porous carbon electrode, delivering very stable performance over
10000 cycles. Ordered mesoporous carbons of the CMK-8 type also showed interesting
performance for different EES systems. When doped with nitrogen, CMK-8 carbons were able to
store high amounts of lithium ions, both at low and fast rates of charging. In addition, CMK-8
carbons were used in hybrid supercapacitors as conductive electrodes to support surface redox
reactions of active molecules added in water-based electrolytes. A pentyl viologen/bromide redox-
active pair was studied on CMK-8 carbon electrodes at different operating voltages. By detailed
studies of the electrochemistry of the system, high and stable energy and power densities were
achieved.

Keywords: eclectrochemical energy storage, fast charging storage, lithium-ion battery, hybrid
supercapacitors, redox-active electrolytes, ordered mesoporous materials, mesoporous titanium
dioxide, mesoporous carbon
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1. Introduction and Motivation

Societal energy needs are growing at a fast rate, together with the intensive use of resources
and the anthropological influence on Earth’s environment. There is no more scientific doubt
that we must rethink our way of using energy and strive for a sustainable development.'
Energy from renewable resources should sooner or later become the dominant contribution
to the global energy mix. In this context, energy storage technologies are needed to provide
stable renewable energy supply and firmer capacity during peak demand periods, improving
the overall energy efficiency.” Energy storage is also necessary for applications like portable
electronics and electric vehicles. In recent years, an increased interest in the large market of
electrification has arisen, foreseeing a huge challenge for the electrochemical energy storage
(EES) development.

Chapter 2 provides a background on the EES systems covered in this work. Among them,
Li-ion batteries (LiBs) have attracted worldwide attention, and a Nobel Prize, due to their
immense impact on our society.* They can be used in a wide range of applications, both for
portable devices and at a grid-scale. The relatively high gravimetric energy density
(commercially between 150 to 300 Wh kg™') is obtained by the intercalation/insertion of Li*
ions in their electrodes. Unfortunately, it is challenging to use them for applications
requiring high power densities, due to their slow chemical processes, also called faradaic
processes.’ Conversely, supercapacitors (SCs) are devices capable of high-power delivery,
great stability and lower energy density, with commercial devices providing ~5 Wh kg!.
The energy storage process is based on the physical separation of charges at the surface of
porous electrodes, forming an electrical double layer (EDL). To distinguish the storage
mechanisms of these two systems, we talk about intercalation/insertion capacity for LiBs,
while the term capacitance is used for SCs.® Recently, devices addressing performances in
between the two have emerged. One example is the hybrid asymmetric supercapacitor
(HASC) configuration, which combines battery and supercapacitor electrodes in tandem. In
this class, Li-ion HASCs aim at achieving both high power and high energy densities by
using a porous EDL material as positive electrode coupled with a Li ion intercalation
material as negative electrode.’

Innovation at the material level is one of the necessary technological challenges for EES
devices.® A compromise between cost, availability and performance must always be met.
The choice of proper electrode materials might start from the abundance of the elements.
Nickel and cobalt are at risk of shortage and possible cause of geopolitical issues, so
alternatives should be considered. For example, research has focused on more abundant
elements like carbon, titanium, iron and manganese. The processing of the raw material
resources and the synthesis of the final material can also be very energy intensive. Greener
chemistry using low temperatures and non-toxic compounds, should be favoured.®

Along with sustainability issues, new electrode materials must provide higher energy and
power densities than commercial ones. Nanomaterials chemistry can provide a solution by
developing materials with enhanced performance compared with their bulk counterparts.’
Mesoporous nanostructured materials are particularly interesting because of their high
surface area, offering a high number of active redox sites and good accommodation of
strain.'® According to IUPAC definition, mesoporous materials are porous materials with
pore dimensions between 2 — 50 nm. Among this class, ordered mesoporous materials are
characterized by an ordered network of pores acting as pathways for fast ion diffusion.!!



The overall aim of this work was to study the charge storage mechanisms and the effect of
structure/morphology on the electrochemical performance of mesoporous titanium dioxide
and ordered mesoporous carbon materials, synthesized in our labs, for lithium ion storage
and hybrid supercapacitors applications. Several structural, morphological and
electrochemical techniques were used, and are shortly described in Chapter 3.

Chapter 4 is focused on the research conducted on mesoporous titanium dioxide of two
different polymorphs as active material for Li-ion storage. Titanium oxide is a promising
material candidate for EES devices because it is very abundant in Earth’s crust, it is
chemically stable, characterized by low toxicity and its production has typically a low cost.
However, the diffusion of Li" ions into bulk titanium dioxide is slow, limiting its
applicability.' Nanostructuring TiO» can provide a higher surface to volume ratio and
improve its kinetics. In addition, it has been demonstrated that nanosizing transition metal
oxides with layered structure, like titanium oxide, can give rise to an extrinsic insertion
pseudocapacitance."® The term pseudo- means “not actually but having the appearance of”
and refers to fast charge transfer faradaic reactions proceeding at the surface of some
materials, like ruthenium oxide, with an electrochemical signature similar to an electric
double layer capacitance. The extrinsic insertion pseudocapacitance is shown when the
material size is reduced to the nanometer level and the Li" ion insertion proceeds at the
surface via fast charge - discharge kinetics."*

In the results discussion, paragraph 4.3, it will be shown that the mesoporous titanium oxide
materials, synthesized via low temperature processes and characterized by high active
surface areas, possess an interesting set of properties to be used for high power electrodes
in future storage applications. The effect of niobium doping and the use of different
electrolytes will be also addressed.

In Chapter 5 the charge storage mechanisms of ordered mesoporous carbons, synthesized
by a templating method, are presented. Carbon materials have been extensively used in EES
devices due to their low cost, high abundance, environmental friendliness, non-toxicity and
relatively high electronic conductivity. Graphite is the material used in the anodes of LiBs,
while activated porous carbon is the most used electrode material for electrochemical
capacitors. Ordered mesoporous carbons (OMC) have gained interest due to their high
active surface areas, large pore volumes, narrow pore size distribution and 3D network of
ordered interconnections.'” These materials are amorphous, versatile and conductive. OMCs
intercalate Li" ions in between the graphitic layers of their structure, similarly to graphite.
On the other hand, their large and conductive surface area can store charges in form of a
double layer. Paragraph 5.3 presents the results and discussion regarding the effect of
nitrogen doping on the performance of carbons when intercalating Li" ions. OMCs were
also used as conductive supports to study the electrochemistry in aqueous solution of an
added redox pair based on pentyl viologen and sodium bromide. A combination of
fundamental and applied investigations is proven necessary to deeply understand the system
and improve the final device performance.



2. A Background to Batteries and Supercapacitors

2.1 Electrochemical Energy Storage

Devices for electrochemical energy storage and conversion include batteries, fuel cells, and
supercapacitors.” Although the energy-providing processes take place at the electrode-
electrolyte interface in all three systems, they are governed by different mechanisms and
show different performance. In Figure 1 a Ragone plot is used to compare the three different
systems in terms of energy density and power density. The sloping lines on the plot indicate
the relative time taken to discharge the device.
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Figure 1: Qualitative Ragone plot presenting the different energy storage and conversion
systems in terms of performance areas and representative times for discharging. Reproduced
with permission from’.

Fuel cells are promising devices for green energy conversion, because, in their cleanest
form, they use hydrogen as energy source and are characterized by high energy densities.
This thesis will, however, not cover these devices.

2.2 Batteries

Batteries have been in use for over two centuries, dating back to 1800 and Alessandro Volta
in Como, Italy. There are three general classes: primary batteries that are discharged once
and discarded; secondary rechargeable batteries that can be discharged and then restored to
their original condition by reversing the current flow through the cell; and specialty batteries



that are designed to fulfil a specific purpose. Simply stated, a battery is composed of two
electrodes, an electrolyte, a separator and current collectors. Electricity is generated by
conversion of chemical energy via redox reactions at the anode and cathode electrodes. As
the reaction at the anode usually takes place at lower electrode potentials than at the cathode,
the terms negative and positive electrode are used. The negative electrode is a good reducing
agent (electron donor) such as lithium, zinc or lead. The positive electrode is an electron
acceptor such as lithium cobalt oxide, manganese dioxide, or lead oxide. The electrolyte is
a pure ionic conductor that physically separates the anode from the cathode. The specific
capacity of a battery, expressed in the following in mAh g™', is the total amount of electrical
charge Q that can be drawn from the device before a specified cut-off voltage V is reached;
the specific energy, expressed in mWh g™ or Wh kg'!, is used to assess the energy content
of the system, whereas the specific power, expressed in mW g or W kg!, is used to assess
the rate capability of discharged energy. '’

2.2.1 Li-ion Batteries

In the field of secondary batteries, lithium has long received much attention as an interesting
anode material, due to its low electronegativity, lowest standard potential E=-3.04 V vs.
standard hydrogen electrode and light weight.'® In 1970s Whittingham proposed the idea
of rechargeable lithium batteries and developed a prototype that used a lithium-metal as
anode.!” The battery had a high energy density and the diffusion of lithium ions into the
cathode was reversible, making the battery rechargeable. However, needle-like lithium
crystals, called dendrites, grow on the anode upon cycling, leading to short-circuits and fires.
In the late 1970s and early 1980s, Goodenough developed rechargeable batteries with
cathodes made from layered oxides capable of storing lithium ions.'® This greatly improved
the energy density, and lithium cobalt oxide remains one of the most used cathode materials
for commercially available lithium-ion batteries (LiBs). The breakthrough in the 1980s,
which lead to the lithium-ion battery concept, was made by Yoshino who exploited an old
concept of using carbonaceous materials as anode intercalation host.!” In the charged state,
lithium is now in ionic form, intercalated into graphite and not forming dendrites. For their
discoveries and the fundamental contribution to the development of lithium ion batteries,
the three scientists have been awarded the Nobel Prize for Chemistry in 2019.* Later, Dahn
and co-workers published their report on the principle of lithium intercalation in graphitic
anodes and the formation of a protective film due to electrolyte decomposition. They
adopted a model developed earlier by Peled to describe the passivation on lithium metal and
named this surface film on carbonaceous anodes as “solid electrolyte interface” (SEI).? It
has been generally agreed that the electrolyte reduction products are the main components
of an SEI and dictate the chemical as well as thermal properties of the electrode.?! Graphite
is a cheap and stable negative electrode material, but its specific capacity is not so high, with
a theoretical limit of 372 mAh g™'. Furthermore, the insertion of Li* ions inside the graphite
structure is diffusion-limited and consequently relatively slow.?? To improve the energy
density and the cycling rate capability, many alternatives to graphite, like silicon, tin,
germanium and transition metal oxides have been extensively explored in the past 20
years.”>> In general, the next-generation anodes and cathodes require: i) to effectively and
reversibly host Li-ions providing high capacity, ii) having good electronic and ionic
conductivity, iii) allowing for fast kinetics, and iv) showing high mechanical stability upon
volume change during cycling. Research and engineering are also focused on developing



better binders, separators and current collectors. > Figure 2 reports a schematic depiction of
a Li-ion battery.

Nowadays, the best performing Li-ion batteries in the market delivers ~300 Wh kg!. A
recent report from EUCAR, the European Council for Automotive R&D, identifies the
energy density goal of next-generation batteries for electric car to 450 Wh kg™, to be reached
by 2030.%" In terms of power density, LiBs dominate the field of applications requiring more
than 15 min charging/discharging time.

@® Graphite/NCA Electrolyte
—~ Binder #i Separator
8% Conductive carbon B Current collector

Figure 2: Schematic depiction of a typical 18650-type cell for a LiB system with an NCA cathode
(LiNio.sCo0.15A10.0503), a graphite anode, and an organic carbonate solvent-based electrolyte
(LiPFsin 1 : 1 ethyl-carbonate (EC): dimethyl-carbonate (DMC). Reproduced with permission
from®,

2.3 Supercapacitors

The phenomenon of storing an electrical charge on surfaces was discovered when rubbing
a cloth on amber or other glassy materials in ancient times. The principle that electrical
energy can be stored between two metallic plates, separated by an insulator, is known since
the late 18™ century. A device able to store electricity in this way is called capacitor and it

stores an energy G = éC V2, with G being the Gibbs free energy and C the capacitance

(expressed in Farad, F), due to a voltage difference V between two plates accommodating
charge +q and -q. An electrochemical capacitor is composed of two electrodes and an
electrolyte that works as an insulator. At the surface of the two electrodes, one of which is
charged negatively with respect to the other, charge separation and storage occur.
Historically, the electrochemical capacitors were called supercapacitors (SC) to differentiate
them from capacitors, because of the much higher capacitance they were able to store. There



are two main classes of supercapacitors: electric double-layer capacitors (EDLC) and
pseudocapacitors (PSCs).?

2.3.1 Electric Double Layer Capacitors (EDLC)

EDLC:s are the most common and commercially available supercapacitors, therefore many
reviews on EDLCs and materials can be found in literature.*® The charge is stored through
a physical process of adsorption of ions at the interface between electrodes and electrolyte,
forming a double layer of charges, as depicted in Figure 3. The accepted theoretical model
of the electric double layer is based on the works of Helmholtz, Gouy and Chapman, Stern
and Grahame.*' The model describes the double layer as composed of a diffuse layer,
towards the solution, and a compact layer, next to the surface, where partial desolvation of
ions occurs. The electrode materials in an EDLC possess a very high surface area, as the
specific capacitance is directly proportional to the accessible surface area. Typically, the
electrodes are made of carbon-based materials with high porosity and broad pore size
distribution.** The commercially available supercapacitors usually comprise two electrodes
both made of activated carbons and are defined symmetric for this reason. Electrolytes can
be aqueous, with operating voltages limited by water decomposition, organic, the most
common being acetonitrile, and more recently ionic liquids.*> Recent findings have claimed
the importance of micro-porosity (less than 2 nm in diameter according to IUPAC) to
achieve high specific capacitance, which is why carbon nanomaterials of different form have
been extensively studied.*® Typical devices can store energy in the range of 5 Wh kg™ and
reach powers of several kW kg'. EDLCs dominate the applications requiring a
charging/discharging time in the time scale of seconds.

/ Separator

Activated carbon

Figure 3: Schematic depiction of a typical symmetric supercapacitor and the formation of an
electric double layer of charges at the interface between electrolyte (containing the ions) and
electrodes’ surface. The separator avoids direct contact between the two electrodes.



2.3.2  Pseudocapacitors

Pseudocapacitors (PSCs) represent the second class of supercapacitors. Pseudocapacitance
refers to fast faradaic charge transfer reactions happening at the surface of some materials,
like ruthenium oxide, with an electrochemical signature similar to a capacitance.

In his influential book on electrochemical capacitors, Conway stated: “Pseudocapacitance. ..
is faradaic in origin, involving the passage of charge across the double layer, as in battery
charging and discharging, but capacitance arises in account of the special relation that can
originate for thermodynamic reasons between the extent of charge acceptance Aq and the
change in potential AV, so that the derivative d(Aq)/d(AV), which is equivalent to a
capacitance, can be formulated and experimentally measured by dc, ac or transient
techniques”.” To summarize, fast redox reactions exhibiting a linear dependence of the
charge stored with the width of the potential window. Moreover, the pseudocapacitive
mechanisms exhibit kinetic electrochemical signatures indicative of high reversibility, like
a mirror image cyclic voltammogram, holding the promise of achieving battery level energy
density with high efficiency.!® The main drawback is that typical pseudocapacitive materials
show poor long-term cycling stability.

Several are the electrode materials used in PSCs but two main classes can be defined: metal
oxides and conducting polymers. Metal oxides like RuO,, MnO,, V,0s and Nb,Os have been
extensively studied.’’*° RuO; is a good performing material, but has a very high cost, while
MnO; and V205 suffer from poor conductivity and/or cycling stability. Nb2Os has recently
shown promising performance and good stability, especially when used in combination with
a carbon matrix. Conductive polymers, like polyaniline and polythiophene, generate
capacitance by redox reactions.*'*> Because of swelling and shrinking during cycling, the
polymers suffer from low cycling stability.

Pseudocapacitance can also occur when nanosizing transition metal oxides with layered
crystalline structure giving rise to another phenomenon, called intercalation
pseudocapacitance.*** Intercalation/insertion pseudocapacitance occurs when ions
intercalate/insert into the layers or tunnels of the transition metal oxide and undergo charge
transfer and change of metal valance, with no or limited crystallographic change. Limited
phase change means that just a very small volume modification happens between the
charged and discharged state. Being a surface limited process, the intercalation/insertion
pseudocapacitance is very interesting for high rate capability applications, thanks to fast ion
transport kinetics and long stability. The fast surface kinetics is the main characteristic
differentiating this phenomenon with diffusion-limited battery intercalation. However, the
distinction between the two phenomena is still blurred. Besides, two types of
pseudocapacitive mechanism have been discovered: intrinsic pseudocapacitance, which is
an inherent property of the material, so it is displayed in a wide range of particle sizes and
morphologies, and extrinsic pseudocapacitance, which emerges when the material is nano-
engineered and the surface/volume ratio is increased. Nanostructured TiO,, LiCoO, and
LisTisO1, are very good examples showing this phenomenon.*>*¢

2.4 Hybrid Systems

In recent years, new applications requiring performance in between Li-ion batteries and
supercapacitors have arisen. These intermediate devices need to store tens of Wh kg™ with
discharging time between several seconds up to 30 minutes. One way to address this



challenge is by combining the mechanisms of faradaic, pseudocapacitive and capacitive
storage. In the literature different terminology has been used to define a series of devices
characterized by combined storage mechanisms. In this thesis, the term “hybrid” will be
used to describe the class of all these devices. Examples of hybrid supercapacitors are
asymmetric supercapacitors, like Li-ion capacitors, and redox enhanced EDLCs, which
contain additives in the electrolyte that undergo surface redox reactions on the carbon
electrode surface.*’”* Asymmetric supercapacitors use different positive and negative
electrodes, typically one battery-type and one supercapacitor-type. The use of two different
electrode materials can extend their operating voltage window by “slowing down” the
hydrogen evolution and oxygen evolution reactions, depending on the catalytic activity of
the electrode. For aqueous-based systems, separating the two electrodes and exposing them
to different pH conditions allowed an operating voltage larger than 2.0 V.* The extension
of the operating voltage can substantially increase the specific energy, which is proportional
to the square of the voltage. It is also important to note that to guarantee a charge balance
during operation and optimal performance, the mass ratio of the two electrodes should be
adjusted, by considering the two different storage mechanisms. In addition, when evaluating
the performance of these systems, it is important to state clearly which component is
included in the calculation of the values of energy and power density. Energy densities
expressed as a function of the active material are misleading and far from the device
performance.?%%

2.4.1 Li-ion Capacitors

Among the different types of asymmetric supercapacitors, Li-ion HASCs have received a
lot of attention. They consist of a Li-ion intercalation negative electrode coupled with an
EDLC carbon electrode, both immersed in a non-aqueous Li-containing electrolyte.’'>> The
first prototype of this device was reported by Amatucci et al. in 2001, and it combined an
activated carbon electrode with a lithium titanate electrode (nowadays used for power
batteries as replacement of graphite) both immersed in LP30 (1 M LiPF¢ in EC:DMC)
standard Li-ion battery electrolyte.>® In Paper II, we present a slightly different version of
this configuration, where the battery electrode store charge via a pseudocapacitance of
insertion type mechanism. This type of Li-ion HASC is very promising because it combines
the increase in specific energy of a hybrid device with the high rate capability of
pseudocapacitance. Figure 4 illustrates a representative scheme of a symmetric
supercapacitor, a Li-ion battery and a Li-ion HASC, which is a direct combination of the
first two devices.
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Figure 4: From left to right: Symmetric Supercapacitor (SC), Hybrid Asymmetric
Supercapacitor (HASC) and Li-ion Battery.

2.4.2 Redox-enhanced Electrochemical Capacitors

Redox enhanced electrochemical capacitors (ECs) extend the concept of hybridization
beyond the electrode/electrolyte interface by providing increased charge storage through the
redox activity of the electrolyte.*®** The most studied design of these systems is similar to
a symmetric EDLC with large-surface porous carbon electrodes, with the addition of redox-
active molecules in the electrolyte.”> The electrolyte can be aqueous or non-aqueous,
however devices with water-based electrolytes have received most of the attention thanks
to their higher safety and environmental friendliness.’® Different redox species have been
reported for this application, with notable examples being halide ions (I" and Br’), small
organic molecules like methylene blue, viologens, quinones and transition metal salts of Fe,
Cu and Sn.””®' Depending on the state of charge of the redox ions, the systems can be
classified as cationic, anionic or neutral.®> Figure 5 depicts the energy storage mechanism
in a redox enhanced EC during charge and discharge.

An important aspect in the design of redox enhanced ECs is the charge balance between
positive and negative electrodes. To deal with this issue, dual redox systems have been
explored.®*=% The redox couple must be chosen so that one species undergoes the oxidation
reaction in unison with the reduction of the other. In addition, to maximize the storable
charge and the operating voltage, thereby the specific energy, the redox potentials must be
carefully matched, considering also the influence of the pH on the onset of the hydrogen
evolution (HE) and oxygen evolution (OE) reactions. Finally, the couple must be highly
soluble to effectively increase the specific capacity, the kinetics should be fast and the self-
discharge process needs to be minimized.>*

Internal self-discharge is a major limiting factor, which develops from the cross-diffusion
of the redox species.®® The most commonly adopted solution is to use anion/cation-selective
membranes, even though those membranes can be expensive and limit the practical
application of the final devices. Another solution capitalizes on the confinement of the redox
species inside the meso/micro-pores of activated carbon electrodes.’” "
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3. Analytical methods

3.1 Structural Characterization

The structural characterization of the materials was performed through scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray absorption
spectroscopy (XAS), X-ray diffraction (XRD) and nitrogen sorption (BET and BJH).

3.1.1 Scanning Electron Microscopy (SEM)

SEM is a non-destructive microscopy technique operated in ultra-high vacuum. The sample
is scanned by an electron beam generated thermo-ionically by an electron gun. The
irradiated sample emits secondary and back scattered electrons, which provide information
about the surface topography and the surface composition, respectively. The SEM used in
this work is a Jeol JSM 7800F Prime. In Paper II, SEM was used to study the morphology
of mesoporous anatase TiO, beads and the surface of electrodes pre and post cycling. In
Paper III and IV, the technique was used to evaluate the effect of different niobium doping
on the morphology of mesoporous titania beads. In Paper V, micrographs of an electrode
composed of nitrogen doped ordered mesoporous carbon are shown in the Appendix.

3.1.2  Transmission Electron Microscopy (TEM)

TEM is also a non-destructive microscopy technique. The electron beam, at high
accelerating voltages, interacts with the sample and passes through it, forming a projection
of the structural features on a detector placed underneath. Being a transmission technique,
it requires very thin samples, with thicknesses in the order of 50 to 100 nm. Bright-field
(BR) and high-resolution (HR) TEM was used in this work. To obtain compositional maps
of the samples, energy-filtered (EF) experiments can be performed. In Paper I, TEM
samples were prepared by a TEM lamella lift-out technique in a FIB/SEM. The lamella was
attached to a copper half grid and was ion thinned to transparency in the FIB/SEM. The
TEM observations were performed on a FEI Tecnai G2 operating at 200 kV and on a FEI
Titan operating at 300 kV. Energy filtered EFTEM experiments were performed on the
Titan. In Paper II, the TEM samples were prepared by scratching the electrode surface,
disperse it in absolute ethanol and one drop placed on a lacey carbon Cu TEM grid. The FEI
Tecnai was used for these experiments.

3.1.3  X-ray Powder Diffraction (XRD)

X-ray diffraction is the most used technique to study crystalline materials. When a
crystalline material is irradiated with a monochromatic X-ray beam of wavelength A, part of
the X-rays will be diffracted following Bragg’s law: nA = 2dsin3, where d is the distance
between the crystalline planes and 29 is the angle between the incoming and the outgoing
beams. The resulting diffraction pattern, characterized by the so-called Bragg peaks, is
specific for a crystal structure.

In Paper II and IV, the crystallinity of the mesoporous anatase beads was studied with
powder X-ray diffraction (XRD) and an X’Pert Pro diffractometer (Cu Ka radiation, A =
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0.154184 nm) equipped with an X’Celerator ultrafast RTMS detector. The angular range
was 10-90° (in 29) and the angular resolution (in 23) was 0.001°. A 0.04 rad soller slit, a 1°
divergence slit, and a 20 mm mask were used on the incident beam path, while a 6.6 mm
anti-scatter slit and a 0.04 rad collimator were used on the diffracted beam path. By using
the MAUD software package, Rietveld analysis of the obtained patterns was performed.”!
In Paper III, XRD measurements were performed on a D8-Advanced Bruker AXS
diffractometer in the scanning range of 10-80°, using CuKal radiation having a wavelength
of 0.15406 nm. The angular range covered was 10-90° (29) and the angular resolution was
0.001°. A 0.04 rad Soller slit, a 1° divergence slit, and a 20 mm mask were used on the
incident beam path, while a 6.6 mm anti-scatter slit and a 0.04 rad collimator were used on
the diffracted beam path. In Paper V, the crystallinity of ordered mesoporous carbons was
similarly investigated with the D8-Advance Bruker.

3.1.4 X-ray Absorption Spectroscopy (XAS)

When a sample is exposed to X-ray radiation, the electric field of the radiation will interact
with the bound electrons of the material. At specific energies, this interaction will be of
absorption type and result in a photoexcitation process. By studying the energy of the ejected
photoelectrons, X-ray absorption spectroscopy is used for determining the local geometric
and/or electronic structure of matter. It is specifically useful to study amorphous materials,
which cannot easily be studied via diffractive techniques. In Paper I, X-ray absorption
measurements on pristine, cycled and reference samples were performed at the Balder XAS
beamline of the MAX IV synchrotron in Lund, Sweden.”? The measurements were carried
out in transmission mode and titanium foil was used as a reference for energy calibration of
the spectra.

XAS measurements were performed on electrode samples that had been cycled to
specifically defined cut-off voltages. After 50 cycles of charge/discharge the cycling was
interrupted at 2.9 V which corresponds to the total deintercalation of the reversibly stored
Li. Additionally, a sample was prepared by interrupting the cycling at 0.7 V after 50 cycles,
corresponding to the highest intercalated state studied here. To prevent the samples from
reacting to oxygen or other species in the environment before the measurement, the samples
were prepared in an argon-filled glovebox with H,O and oxygen concentration < 1 ppm.
First, the cell was opened, and the electrode was rinsed with dimethyl carbonate (DMC)
(~300 pL) and let to dry. To remove the sample from the copper current collector a piece of
Kapton tape was applied on top of the electrode and removed, leaving the sample attached
to the tape. Subsequently, the tape was folded to isolate the sample before it was moved out
of the glovebox.

3.1.5 Small-angle X-ray Scattering (SAXS)

SAXS is a technique used to study the scattering of X-rays occurring in the small 29 angle
region around a transmitted direct X-ray beam. Depending on the angular range, it provides
symmetry information at the nanoscale, around 1-100 nm. The technique was used to
evaluate the space group symmetries of ordered mesoporous carbons studied in Paper V
and VI. The measurements were performed on a Mat:Nordic instrument from SAXSLAB.
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3.1.6 Nitrogen Sorption

Nitrogen sorption is a technique used to evaluate the specific surface area, the pore size,
pore volume and pore size distribution of a material, through the adsorption of nitrogen on
the surface. The nitrogen adsorption begins with the adsorption of a monolayer which
allows, by using the theory of Brunauer — Emmett — Teller (BET), to calculate the specific
surface area. By increasing the nitrogen partial pressure exposing the sample, the
phenomenon of capillary condensation occurs inside the pores of the material, which leads
to a rapid increase in the amount of nitrogen adsorbed. This area of the nitrogen sorption
isotherm is used to measure the pore size/volume and pore size distribution following the
method of Barret - Joyner - Halenda (BJH). In Paper L, IL, III, V and VI N, adsorption and
desorption isotherms were recorded at -196 °C using a Micromeritics Tristar instrument.
The pore volume and size distribution were determined from the adsorption isotherm and
the BJH method and the specific surface area was calculated by the BET multipoint method.

3.1.7 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis (ESCA), is a technique used for the analysis of the surface chemistry of a material.
The obtainable information is the elemental composition, the empirical formula, the
chemical and electronic states of the elements within a material. The spectra are obtained
by irradiating a solid surface with a beam of X-rays while simultaneously measuring the
kinetic energy of electrons emitted from the top ~10 nm of the material. A photoelectron
spectrum is recorded by counting through a detector the ejected electrons over a range of
electron kinetic energies. Peaks appear in the spectrum from atoms emitting electrons of
characteristic energies. Both the energies and intensities of the peaks enable the
identification and quantification of the surface elements (except hydrogen). In Paper IV,
XPS was used to analyse the surface of an electrode composed of niobium doped
mesoporous titania beads, after being cycled in contact with an ionic liquid electrolyte. In
Paper V, the technique was used to study the effect of nitrogen doping on the surface
chemical structure of ordered mesoporous carbons. In both papers, the XPS measurements
were performed with a PHI 5000 Versa Probe III Scanning XPS Microprobe, ULVAC-PHI,
Inc., using a monochromatic AL X-ray source (E = 1486.6 eV) with a beam diameter of 100
um and an energy resolution of 0.646 eV.

3.2 Electrochemical Characterization

3.2.1 Galvanostatic Charging with Potential Limitations (GCPL/GCD)

Galvanostatic charge discharge (GCD), also called galvanostatic charging with potential
limitation (GCPL) is a constant current based technique used to measure the variation of the
potential with time.”” This technique is useful to gain basic information on the
electrochemical processes of the material under study, but it is also very suited to evaluate
the cycling stability of single electrodes and devices. In Paper I, GCD tests on ordered
mesoporous titania electrodes were performed between 0.7 V to 2.9 V in a Scribner 580
battery cycler. In Paper II, GCD tests on mesoporous anatase beads negative electrodes
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were performed between 0 V/1 V to 2.9 V in a Scribner 580 battery cycler and in a Biologic
VMP-3 potentiostat. In Paper III, GCD tests on niobium doped mesoporous titania beads
were performed between 1 V to 2.9 V in a Scribner 580 battery cycler. In the case of Paper
IV, the Biologic VMP-3 potentiostat was used instead. Ordered mesoporous carbons in
Paper V were tested by GCD between 0.01 V and 2.9 V in the Scribner 580 battery cycler.
Finally, in Paper VI, GCPL analysis was conducted on a Scribner 580 battery cycler, on a
Biologic VMP-3 Potentiostat and on a Gamry Reference 600 Potentiostat. The
measurements were done both on two and three-electrode configurations and were aimed at
analysing the electrochemical signature of a redox enhanced electrochemical capacitor and
its electrodes’ contributions. Figure 6 reports the voltage vs. time curves for the different
types of electrochemical mechanisms presented in the thesis: capacitive, pseudocapacitive
and faradaic.

3.2.2  Cyclic Voltammetry (CV)

Cyclic voltammetry is one of the linear sweep voltammetry techniques.’ The experiment is
based on sweeping the potential linearly with time and recording the current vs. voltage.
This allows studying the redox processes of the electrodes in detail, being the current
proportional to the concentration, the square root of diffusion coefficient and sweep rate.
The charge transfer kinetics can also be evaluated, for example by measuring the differences
in the peak separation as a function of sweep rate for quasi-reversible electron transfer
reactions. In a typical setup, the cell is composed of a working electrode, being the focus of
the experiment, a counter electrode, to control the current, and a reference electrode, which
acts as a voltage reference.

In this work, CV was used to determine the electrochemical signature of the mesoporous
titania, always acting as working electrodes. In Paper I, CV measurements were performed
with a three-electrode T-cell setup to which lithium foil was used as counter and reference
electrode. The working electrode, consisting of ordered mesoporous titania, and the counter
electrode were pressed together with a separator between them. The cell was filled to the
brim with electrolyte before the reference electrode was inserted. The cell was carefully
closed and sealed with Parafilm ® laboratory film and aluminium foil to prevent leakage
and evaporation of the electrolyte out of the cell and oxygen/moisture from entering the cell.
The CV measurements were carried out at voltages from 0.7, 1.0, 1.3, or 1.7 to 2.9 V,
respectively, in a Bio-Logic VMP-3 potentiostat. In Paper II, CV measurements were
performed on a half-cell configuration in a Bio-Logic VMP-3 potentiostat at different scan
rates to study the electrochemical response of mesoporous anatase beads electrodes.
Moreover, CV measurements were performed on a three-electrode T-cell setup to which
silver foil was used as reference electrode and Kuraray YP 50F activated carbon as counter
electrode. The CV measurements were carried out in a Bio-Logic VMP-3 potentiostat at
different scan rates. Figure 6 reports the current vs. voltage curves typical for the different
types of electrochemical mechanisms presented in the thesis: capacitive, pseudocapacitive
and faradaic. In Paper IV, the electrochemical signature of Nb-doped mesoporous titania
beads in an ionic liquid was studied via CV at 10 mV s' in the potential window 0 to -2.1
V vs. Ag/Ag’. In Paper VI, the CV measurements were conducted both in a Bio-Logic
VMP-3 potentiostat and on a Gamry Reference 600 potentiostat. The CV was used to study
the electrochemistry of a redox enhanced electrochemical capacitor in a three-electrode
configuration vs. Ag/AgCl.
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Figure 6: (a, b, d, e, g h) Schematic cyclic voltammograms and (c, f, i) corresponding
galvanostatic discharge curves for various kinds of energy-storage materials. A
pseudocapacitive material will generally have the electrochemical characteristics of one, or a
combination, of the following categories: (b) surface redox materials (d) intercalation-type
materials, or (e) intercalation-type materials showing broad but electrochemically reversible
redox peaks. Electrochemical responses in (g—i) correspond to battery-like materials.
Reproduced with permission from .

3.2.3  Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is focused on the impedance characteristics
of an electrochemical system over a range of frequencies when an AC potential is applied.”
Its interpretation is typically complex and requires the use of an equivalent circuit to model
the different components of the electrochemical system under analysis. In Paper I, EIS was
used to investigate the impedance signature of ordered mesoporous titania. The spectra were
recorded with a Bio-Logic VMP-3 potentiostat between 1 MHz and 100 mHz in a three-
electrode configuration with Li foil as pseudo-reference electrode. In Paper II, EIS was
used to investigate the impedance signature of mesoporous anatase beads. The spectra were
recorded with a Bio-Logic VMP-3 potentiostat between 1 MHz and 100 mHz in a two-
electrode cell. In Paper III, EIS was used to evaluate the effect of niobium doping on the
charge transfer resistance of electrodes based on mesoporous anatase beads. The spectra
were recorded with a Bio-Logic VMP-3 potentiostat between 1 MHz and 100 mHz. In
Paper IV, EIS was used to investigate possible changes during cycling in the electron
transfer processes of Nb-doped mesoporous titania beads in an ionic liquid electrolyte. The
measurements were performed in two different frequency intervals, 10 MHz to 10 mHz for
the measurements before cycling and 10 MHz to 1 Hz for the in-situ measurement to reduce
the acquisition time.
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4. Mesoporous Titania for High Rate Lithium-ion Storage

4.1 Background

This chapter deals with the use of TiO: as an active material for lithium-ion storage. First,
an introduction to the material and a summary of the recent literature regarding the charge
storage mechanism and performance of titania are given. In this work, some of the
drawbacks of titania as anode for lithium storage are addressed by synthesizing different
mesoporous morphologies and doping them with hetero-atoms. Finally, the synthesis
schemes, characterizations results and understanding are presented. The results reported are
the topic of Paper I, I1, III and IV.

4.1.1 Titanium dioxide (TiO3)

Titanium dioxide, commonly called titania, is an abundant and environmentally friendly
material. Around 80 % of the total global production is devoted to pigments for paint,
plastics, and papers. Other applications are found in the cosmetics sector, in the production
of ceramic materials and in the textile industry. Being a semiconductor with photocatalytic
activity, nanostructured titania has been extensively studied for various energy-related
applications, including solar cells and electrochemical storage, and applied for green uses
as in self-cleaning surfaces and watet/air purification.'>”* TiO, presents three natural
crystalline polymorphs: anatase (tetragonal), brookite (orthorhombic) and rutile
(tetragonal). The rutile phase is the thermodynamically stable phase under normal
conditions. The unit-cell structures are presented in Figure 7. TiO2 (B), as for bronze, is a
monoclinic phase produced typically via hydrolysis of KoTisOs and heating. Low-
temperature synthesis allows for the productions of amorphous titania, showing a defective

anatase structure.

Figure 7: crystal structure of rutile, brookite and anatase (from left to right).”

Anatase contains 12 atoms per unit-cell octahedrally coordinated, with each Ti atom to six
O atoms and each O atom to three Ti atoms. The TiOs octahedron is partly distorted, with
two Ti-O bonds slightly larger than the others and a deviation from 90° of some O-Ti-O
bond angles.
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4.1.2  Titanium dioxide as Anode for Lithium-ion Storage

Titanium dioxide has been extensively studied as possible alternative of graphite as anode
for lithium-ion batteries. The material is appreciated for its abundance, safety, stability
during cycling and good rate performance.”® Even though all the natural crystalline
polymorphs have been analysed in connection to lithium storage, anatase has attracted the
most focus thanks to a structure more open for lithium accommodation.”” In this paragraph,
some fundamentals of lithium insertion into the anatase phase and an introduction to the
strategies typically used for the optimization of titania anodes are presented.

Anatase has a theoretical lithium specific capacity of 335 mAh g, which corresponds to
the formation of a LiTiO2 phase. However, bulk anatase does not reach experimentally the
theoretical limit because of the slow Li-ion diffusivity into the crystal structure.”®
Nanosizing the active material is a preferred strategy to overcome diffusion-limitations
because by size reduction it is possible to decrease the diffusion distances by increasing the
surface to volume ratio. Consequently, many different nanostructured titania morphologies,
including nanotubes, nanoparticles and thin films, have been studied.”*!

The process of lithium insertion into anatase can be distinguished in three main sub-
processes depending on the voltage window.®>3 As an illustrative case, half-cell potential
vs. capacity curves, cycling at 165 mA g™ in a standard LP30 organic electrolyte, for anatase
nanoparticles (average diameter of ~15 nm) are shown in Figure 8. The process of lithium
insertion corresponds to the discharge curve. The first region of the curve, above 1.8 V and
at low lithium concentrations, is characterized by the formation of a solid solution and its
length depends on the particle size.3* The region corresponding to the plateau is associated
with a phase separation and formation of the orthorhombic LipsTiO,, when half of the
octahedral sites are filled.* In the next region, after the plateau, the remaining sites are filled
to form tetragonal Lii1TiOz, following a phase separation mechanism, even though a plateau
is not visible.®® The lithiation process is fully reversible so that during discharge the lithium
ions diffuse away and the anatase structure is restored.
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Figure 8: Chronopotentiometry curves of an anatase nanoparticles electrode at 0.5 C.
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Different observations suggest that the extent of the first plateau and the hindrance of the
second plateau are caused by the slow lithium ion diffusivity and a lithiation rate effect.®’
The rate effect is in turn deeply associated with the low diffusion rate. Experimentally, a
full lithiation is achievable only at very low rates, like 0.01C (1C is the rate at which the
material would achieve its theoretical capacity in 1 h, whereas at 0.01C the corresponding
capacity is achieved in 100 h). At 0.5C, as in Figure 8, only the surface of the active materials
can be fully lithiated. The formation of Li; TiO: on the surface eventually limits the lithium-
ion transport inside the particle.®® It follows that the particle size has a fundamental impact
on the achievable specific capacity. In the case of large particles, > 10 nm, only the surface,
few nm, can reach the theoretical capacity. However, when the particle size is reduced to
5 nm, also the inner part can reach the fully lithiated Li; TiO,. The size reduction not only
affects the diffusion distance, but also the lithium solubility is increased, and the phase
transformation is suppressed, avoiding the formation of a fully lithiated blocking layer.%
Mesoporous materials with interpenetrating nanopores and thin walls can provide high
surface areas for the lithium ions to diffuse into the material and avoid phase separation.

Figure 8 gives also other information about the cycling process. In the first five cycles, the
coulombic efficiency is lower, and the capacity decreases fast. These phenomena are caused
by side reactions happening at the electrode/electrolyte interface. Different studies suggest
that the initial irreversibility is caused by Li" ions trapping followed by the reaction of the
electrolyte with adsorbed water on the TiO» surface.”® The nature of a solid electrolyte
interface (SEI) on the titania surface is still under debate. The high insertion potential seems
to avoid the formation of a traditional passivating SEI, as for carbon materials, happening
at potentials inferior to 1 V.°' However, a recent study reported the formation of an
“apparent/conductive” SEI not passivating the electrode surface, which remains
electrochemically reactive.”> By using an ionic liquid as electrolyte, it seems possible to
stabilize the surface of the active material and reduce the irreversible capacity loss.”

Nanostructured titania materials with high surface areas store charge by three different
electrochemical mechanisms: a faradaic contribution due to the diffusion-limited Li
insertion process; a capacitive contribution due to the formation of an electric double layer;
and a pseudocapacitive contribution of insertion type (see Chapter 2, section 2.3) due to fast
surface redox processes, responsible for the full lithiation of the first few nm of material
surface.” The limit between bulk redox reactions and pseudocapacitive processes is yet not
fully elucidated. It has been demonstrated that pseudocapacitive contributions, and
consequently rate capabilities, are favoured by a higher intrinsic conductivity.*

The development of strategies to improve the electronic and ionic conductivity has been
probably the most recent research topic regarding lithium storage in titania materials.
Typically, titania electrodes contain carbon additives to guarantee continuous electronic
paths to the current collectors. A lot of interest has been given to the design of composite
titania/carbon electrodes showing higher rate capabilities and increased specific
performance, by for example encapsulating TiO, nanoparticles into porous carbons or
properly mixing titania sheets with highly conductive carbon morphologies.”®*® Studying
new titania polymorphs has also attracted a lot of interest. For example, the nanostructured
TiOs (B) polymorph shows fast lithium insertion kinetics and high rate capabilities.” Also,
amorphous titania, has shown good performance at high charge/discharge rates, thanks to
its defective surface structure.'” However, it is also characterized by a high initial
irreversible capacity, which is not very suitable for practical applications.'”! The process
behind the onset of irreversible capacity is not yet fully clear. Some studies reported that
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lithiation induces the formation of an inactive phase composed of crystalline lithium
titanate. Other researchers suggest that the lithium ions react with OH and water adsorbed
on the surface, leading to the formation of lithium oxide.'??

A very effective way to increase the conductivity of titania is by doping with hetero-
atoms.'® One possibility is by doping with Nb*>" ions through a donor-type process.'%*
Undoped anatase has a natural n-type character which leads to the natural formation of
oxygen vacancies. The Nb doping seems to increase the n-type character of anatase,
improving its electronic and ionic diffusivity.'”> Moreover, the charge compensation of the
niobium substitution is achieved by two different mechanisms: the reduction of one Ti*' to
Ti** ion per Nb*>"ion introduced or the formation of one Ti vacancy per four niobium ions
incorporated.'” The former introduces shallow donor levels below the conduction band
providing improved electronic conductivity, while the latter might positively influence the
ionic diffusivity. It has been shown that the increase in electronic conductivity is correlated
to an increase of the pseudocapacitive contributions to the charge storage. This effect might
be attributed to the formation of a space charge layer, arising from surface states with a
different Fermi level than that in the bulk. The space charge layer induces a depletion of
electrons at the surface and an accumulation of Li" ions, leading to higher pseudocapacitive
contributions. "’

4.2 Mesoporous TiO2 Synthesis, Electrode Preparation and Use in Devices

4.2.1 Synthesis of Ordered Mesoporous Amorphous TiO>

In Paper I, ordered mesoporous titania was prepared by a spray deposition method. All the
chemicals used in the synthesis were bought from Sigma Aldrich. 3 g ethanol (99.5%,
Solveco), 2.25 g block copolymer Pluronic™ F127 and 1.5 g 5 M HCI were mixed in closed
propylene bottles under stirring until the F127 was completely dissolved. Subsequently,
1.5 g titanium butoxide (97%) was added to the solution and the solution was stirred for 10
minutes, to dissolve the precursor. The final molar composition was 1 : 14.8 : 1.57 : 0.041
of titanium butoxide : ethanol : HCI : water : F127. The solution was kept at 40 °C for three
hours in closed propylene bottles. The reaction solution was then spray deposited, for 15 s,
on glass slides (VWR 631-1551, 76 x 26 mm) using an Aztek A470 Airbrush, with a 0.30
mm general-purpose nozzle. After deposition, the film was aged for 72 hours in a closed
climate chamber at 75% relative humidity (RH). Finally, the films were exposed to UV
irradiation for 24 hours to photocatalytically remove the F127 polymer template.

4.2.2  Synthesis of Mesoporous TiO:» Anatase Beads

In Paper II, III and IV, mesoporous anatase beads were produced by a soft templating
method.'® Titanium (IV) isopropoxide (TIP) (> 97%), ammonium hydroxide solution (30-
33%), potassium chloride (KCI) (99.99%) and 1-hexadecylamine (HAD) (90%), were
purchased from Sigma Aldrich. The synthesis follows a controlled hydrolysis of TIP in
hydroalcoholic medium, absolute ethanol (99.7%), for 18 h with HAD as a structure-
directing agent and KCl to regulate ionic strength. The process is followed by autoclaving
at 160 °C in hydroalcoholic ammonia, NH4OH in MilliQ water and absolute ethanol for 16
h. Final calcination is performed at 500 °C for 2h in air. The mesoporous anatase beads
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doped with Nb** were prepared following the same path. The niobium is introduced by
substituting the appropriate amount of TIP with niobium (V) ethoxide during synthesis. The
amount of doping (0.1% at., 1% at. and 10% at.) was dispersed by ultra-sonication in 1 mL
of absolute ethanol and mixed with the TIP before being added to the hydroalcoholic HAD-
KCI1 medium.

4.2.3  Preparation of Electrodes and Devices

The fabrication of electrodes has a strong influence on its electrochemical performance.
Different parameters, namely the choice of current collector and binder, the slurry
composition and the active materials processing, were investigated. The optimized
preparation scheme for both the ordered amorphous titania and the mesoporous anatase
beads is as follows:

The titania active material was pre-treated by gentle ball milling at 10 Hz for 10 min in a
7107 coated cup with ZrO; balls in a Retsch MM400 ball mill. The material was then mixed
in a glass vial with carbon black, Super-P™ (Alfa Aesar), and Kynar® PVDF binder
(Arkema) 5 % (w/w) solution in NMP (N-methyl-2-pyrrolydone, anhydrous, 99.5 %, Sigma
Aldrich). The solution was stirred overnight in a capped vial, forming a slurry having a
weight ratio of 8:1:1 (TiOz : Super-P : PVDF). The slurry was coated onto a copper foil
through a TQC AB3400 motorized automatic film applicator. A stainless-steel doctor blade
(Wellcos Co.) was used to obtain a 150 um thick coating of the slurry. The electrode sheets
were dried for one day at ambient conditions in a fume hood, followed by drying in a vacuum
oven at 80 °C for 2 h. The electrodes (~10 mm diameter, 2 mg cm™ active material) were
transferred to a glove box, under argon atmosphere with Oz and H>O content less than 1 ppm
and dried under vacuum at 80 °C in a Buchi oven.

Two-electrode coin cells, used in all the four papers, were assembled in argon-filled
glovebox using CR2032 housings. Glass microfiber (Sigma Aldrich) was used as separator,
soaked with 30/40 puL of commercial LP30 (1 M LiPF¢ in EC: DMC, 1:1) (Sigma Aldrich),
and lithium metal disk was used as counter electrode (~11 mm, 4 mg cm™). In Paper I,
three-electrode T-cells were assembled with lithium foil used as counter and reference
electrode. The working electrode and the counter were pressed together with a separator
between them. The cell was filled to the brim with electrolyte before the reference electrode
was inserted. The cell was carefully closed and sealed with Parafilm® film and aluminium
foil to prevent leaking and evaporation of the electrolyte out of the cell and oxygen/moisture
from entering the cell. In Paper II, a hybrid Li-ion capacitor was built using the mesoporous
anatase beads electrode as negative electrode and Kuraray YP 50F activated carbon as
positive electrode. The activated carbon electrodes (~10 mm diameter, ~300 um, ~12 mg
cm™) were prepared following a procedure reported in literature.!'®! In Paper III and 1V,
three-electrode Swagelok T-cells were assembled with the mesoporous anatase beads
electrode as negative electrode and the Kuraray YP 50F carbon electrode as positive
electrode. A silver disk was used as pseudo-reference electrode. The cell was filled to the
brim with electrolyte. In Figure 9, a schematic of the three-electrode Swagelok T cell is
presented. The electrometers disposition is chosen to measure simultaneously all the three
voltage components while controlling the current between working and counter, in
accordance with the operating conditions of a final device.
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Figure 9: Schematic representation of a three-electrode Swagelok T-cell setup.'"°

4.3 Insertion Mechanism and Performance of Mesoporous TiO2 Electrodes

In section 4.1.2, different challenges to the practical application of TiO- as anode for lithium
storage were presented. The goals of our research regarding mesoporous titania electrodes
were to address some of these challenges and uncover the process of Li storage:

To deal with the low diffusion coefficient of bulk materials and the drawbacks of
some nanostructures, we decided to use mesoporous materials with morphologies
designed in our laboratories. In Paper I, we studied the lithiation of ordered
mesoporous amorphous titania, while Paper II deals with the lithiation of
mesoporous anatase beads. The two materials store electrochemical energy through
Li" ion insertion and extraction, however, the fundamental mechanisms are different
and consequently also the associated electrochemical signatures. These differences
arise due to the specific structural features of the two materials. Thereby, it was
important to combine electrochemical and structural characterization to gain a better
picture of the processes involved.

To increase the electronic and ionic conductivity, therefore enhancing the redox
kinetics, we doped the mesoporous beads morphology with Nb. In Paper III we
studied the effect of the niobium doping on the lithiation process and the rate
performance.

To avoid high irreversible capacities and degrading performance we followed two
paths. In Paper IV we present the use of an ionic liquid (IL) as electrolyte, following
the concept that the presence of the IL might stabilize the surface of the active
materials. On the other hand, in Paper II, we show that by limiting the voltage
window, the high initial irreversibility can be avoided also when using an organic
electrolyte. A Li-ion capacitor can be consequently designed to efficiently exploit
the change in voltage window.
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4.3.1 Lithiation of Ordered Mesoporous Amorphous TiO:

In Paper I, we studied the lithiation of mesoporous amorphous titania to understand how
the amorphous phase and the ordered array of mesopores would influence the transport and
insertion of Li ions.

The material was characterized by X-ray absorption spectroscopy (XAS), to study the local
environment of the titanium atoms, as shown in Figure 10 with an anatase reference. The
theory of XAS correlates the edge position to the oxidation state of the element, and in our
case the two titania polymorphs show similar energies, associated with the oxidation state
Ti*". Important information regarding the coordination and symmetry of the element can be
extrapolated from the pre-edge region. By studying the A1, A2 and A3 peaks positions and
intensity, it was concluded that the mesoporous titania contains a combination of *'Ti and
[61Tj, as previously defined and reported for amorphous titania.'''"''* Amorphous titania
nanoparticles seem to be composed of an anatase-like core with structural defects near the
surface. Besides, the absence of a shoulder in the absorption edge of the mesoporous titania
further depicts a difference in symmetry of the titanium atom compared with the anatase
material.
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Figure 10: XAFS spectra of the anatase and the pristine mesoporous titania samples. The pre-
edge features are highlighted (b). The absorption spectra are shifted in intensity for clarity.'**

The mesoporous titania electrodes were electrochemically characterized by GCD and CV in
a half cell configuration, as shown in Figure 11. In the GCD curve, the material exhibits a
quasi-linear dependence of the stored charge with the potential. A very high capacity of
~680 mAh g is observed for the first discharge cycle, and then the capacity decreases
rapidly in the following cycles, with the second retaining only 40 % of the initial capacity
(~280 mAh g'). Furthermore, the CV test, at the scan rate of 0.3 mV s, reports a
pseudocapacitive behaviour of insertion type, extrinsic due to the mesoporous morphology
and intrinsic due to the amorphous structure. The under-coordinated Ti atoms in the
mesoporous material may give rise to the intrinsic pseudocapacitance.

23



a) e 2nd b) mesoporous TiO,
il 100 -
e 5th
2T T
s * 50th 2T
= L} £
<
- 5 st ‘E‘ it
8 E g
<] = o
I~ 5 <
sk g =
© = 5
o 3 . > | E-200f
0 350 700 | ©
1= Capacity (mAl/g)
=300 -
0.5 1 1 1 1 1 ! 1 1 1 1 1 I 1 1 1

100 200
Capacity (mAh/g)

[
=3
S

L5 2
Potential vs. Li (V)

Figure 11: a) Charge/discharge curves of mesoporous titania electrodes between 2.9 V and 0.7
V cycled at 0.5 C. b) cyclic voltammetry curves (10th cycle) scanned between 2.9 V and 0.7 V
for mesoporous titania at a scan rate of 0.3 mV s 114

Stability and rate capability tests are reported in Figure 12. The initial large irreversibility is
concentrated to the first 20 cycles. Thereafter, the capacity fading is slower, and the
electrode shows 80 % capacity retention for almost 200 cycles. In the rate performance test,
the electrodes deliver 83 mAh g at 10 C and high recovery of capacity when cycled again
at lower rates.
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Figure 12: Charge and discharge capacity vs. number of cycles (a) and the performance at
higher rates (b) of the mesoporous titania electrodes.'"*

The mesoporous amorphous titania was expected to perform better at high rates thanks to
its pseudocapacitive behaviour of both extrinsic and intrinsic character. We believe that the
large irreversibility exhibited in the initial cycles might be the reason for this modest
performance. A combination of CV, XAS and TEM have been used to study the origin of
the irreversibility and the associated structural changes in the material. Figure 13 shows CV
tests at different cut-off voltages (1.7 V, 1.3 V, 1.0 V and 0.7 V) of electrodes cycled for 50
cycles.
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Figure 13: Cyclic voltammetry scans performed with a three-electrode setup at 0.3 mV s
between 2.9 Vand 1.7V (a), 2.9 and 1.3V (b), 2.9 and 1.0 V (c), and 2.9 and 0.7 V (d). The first
and fiftieth cycle of each CV are shown in the graphs. '

A large irreversibility is observed even at 1.7 V, where the concentration of Li ions inserted
in the titania structure is typically low with x < 0.5 in LixTiO». Figure 13 (d) depicts two
well defined reduction peaks, a shoulder peak and an increase in current at 0.7 V. We believe
that the peaks are associated with the formation of electrochemically irreversible phases.
The increase in current at 0.7 V is generally believed to be originated from the formation of
a solid electrolyte interface (SEI).”>!"

To investigate the structural changes connected to the other peaks, XAS and TEM were
used. XAS measurements in Figure 14 were performed in both the intercalated (0.7 V) and
deintercalated (2.9 V) states. The post-edge region, also identified as NEXAFS region,
contains spectral features associated with multiple scattering phenomena and provides
information on the structural changes induced by the lithiation process.''¢!!8
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Figure 14: XAS spectra of the cycled samples (a) and a comparison of the intercalated and the
deintercalated state of the samples cycled to 0.7 V, showing a shift in the edge position (b). The
post-edge region of the XAS spectra of pristine and cycled mesoporous titania is highlighted (c)
and the effect of the lithium concentration on the peak intensity ratio C1/C2 (d). The point at
x=0 is for the pristine sample.''*

In Figure 14 (c) the peak intensity C1/C2 increases with lowering the cut-off voltage and at
0.7 V the sample in the intercalated state has a higher peak ratio than the sample in the
deintercalated state. It appears that the presence of irreversibly bound lithium affects the
multiple scattering processes. The concentration of irreversibly bound lithium conceivably
increases with lower cut-off potential and consequently has a larger impact on the multiple
scattering processes, leading to the shift in the intensity ratio of the C1/C2 peaks in Figure
14 (e). The graph depicts a linear correlation between the lithium concentration and the
C1/C2 intensity ratio. The linear relationship is valid for electrodes in the deintercalated
state and electrodes in the intercalated state, which contains also reversibly bound lithium.
The local environment of the titanium atom is, therefore, affected similarly by the different
lithium intercalation phenomena occurring during cycling, further indicating that the
distance between the inserted lithium and the titanium atom is very similar regardless
whether the lithium is reversibly or irreversibly bound. Because of this indistinguishable
effect on the multiple scattering, we conclude that lithium is positioned in the proximity of
the titanium atom forming LixTiO: species. Also, this implies that formation of the lithium-
containing species outside the near environment of the titania structure, such as lithium
oxide, is improbable in our conditions.

To further verify the formation of LisTiO species, we used TEM imaging. In a previous
publication, it was shown that the titania material is mesoporous and contains small
crystallites of anatase.!' Bright-field (BF) and high-resolution (HR) TEM images of the
electrode cycled to 1.7 V and interrupted in the deintercalated state, are shown in Figure 15.
The image in panel d shows a crystal of ~15nm, with lattice fringes that corresponds to the
{400} planes of LiTiO;. The crystalline lithium titanate formation can be linked to the
shoulder peak at 1.7 V, seen during the CV measurements (Figure 13). It appears that the
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formation of lithium titanate is caused by local crystallization phenomena at average Li
concentration that are below x = 1 in LiyTiO,, and responsible in part for the irreversible
capacity.

Sam |
—

Figure 15: Bright field TEM images of the electrode cycled to 1.7 V showing the overall
morphology of the sample (a, b) and HR-TEM images showing the nanocrystalline anatase (c)
and LiTiO; (d). BFTEM images of the electrode cycled to 1.0 V, which consists of carbon
particles incorporating smaller crystalline nanoparticles (e, f). HRTEM images used for
d-spacing measurements (g). The inset shows the FFT diffractogram that corresponds to the
whole image (h).'"*

Figure 15 (e-h) shows TEM images of the electrode cycled to 1.0 V and interrupted in the
de-intercalated state. To establish the nature of the crystalline nanoparticles, the d-spacing
was determined using a combination of lattice fringes analysis and measurements based on
the reflections present in the FFT from the nanoparticle area. The phases investigated as
possible structures were anatase, lithium oxide (Li2O) and lithium titanate (LiTiO,). The
observed linear relationship between the C1/C2 intensity ratio and the lithium concentration
(Figure 14d) supports the hypothesis that LixTiO; phases were formed in the electrode. The
mesoporous titania material contains a large amount of amorphous phase, which is not
readily detected in the TEM images, and consequently the lithium-containing phases are,
presumably, partly amorphous.

To get more insight on the irreversibly bound lithium distribution, energy filtered (EF) TEM
experiments were performed on the electrode cycled to 1.0 V and interrupted in the
de-intercalated state. The areas were energy filtered so that the maps of Li, Ti and O
elemental distributions were obtained. As can be seen in Figure 16, Li appears to be located
mainly at the surface while Ti and O are distributed over the whole area. Considering the
nature of the amorphous titania phase, which contains a large number of defects near the
surface, and the lithium-titanium elemental map, it appears that the irreversible phases are
mainly located at the surfaces. The high quantity of lithium observed in the energy filtered
images is in line with the large irreversibility observed in the CV curve of the electrode. The

27



composite elemental maps show that lithium is located near both titanium and oxygen,
which is an observation that is in line with our hypothesis that irreversible LixTiO2 species
are formed while cycling the electrodes.

Figure 16: Energy filtered images and composite elemental maps of the mesoporous titania
cycled to 1.0 V. From the composite elemental maps, it can be seen that Li appears to be located
mainly at the surface while Ti and O are distributed over the whole area."'*

We suggest that the formation of irreversible phases on the surface of the material can
contribute to the lower than expected rate capability of the mesoporous amorphous titania.
The irreversible phases possibly reduce the diffusion rate of Li ions inside the titania
structure. Further studies need to be done to verify this hypothesis.

4.3.2  Lithiation of Mesoporous TiO> Anatase Beads

In addition to the ordered mesoporous amorphous titania, we synthesized micro-metre-sized
mesoporous beads of 100% anatase phase. Micro-metre-sized sphere like materials are
optimal for the preparation of electrodes, thanks to their high packing densities. Moreover,
together with the high accessible surface area given by the mesoporosity, highly crystalline
materials are typically showing increased pseudocapacitive contribution. In Paper II we
studied the lithiation process into mesoporous titania beads synthesized by soft templating
approach.

The TiO; beads crystal structure, morphology and porosity were studied through XRD, N>
adsorption and SEM. Figure 17 clearly shows that the material consists of hierarchically
organized micrometre-sized beads, each composed of an agglomerate of nanoparticles. The
material is highly crystalline and monophasic, showing only the tetragonal anatase
polymorph and an average crystallites size of ~25 nm. The calculated BET specific surface
area is ~90 m? g! and the BJH pore volume was determined to be 0.355 cm® g, with a
narrow mesopore size distribution around ~15 nm.
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Figure 17: SEM micrographs of the TiO: beads in two magnifications. The 2" image clearly
shows the aggregation of the nanoparticles in a spherical minimized surface energy structure.''®
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Figure 18: Cyclic voltammetry curves of the anatase beads vs. Li at different scan rates of 0.1,
0.25, 0.5, 1, 2.5 and 5 mV/s. The inset reports a curve at 0.1 mV/s.'1°

The electrochemical performance of the mesoporous beads electrodes was studied via half-
cell configuration. Figure 18 reports the CV curves at scan rates from 0.1 to 5 mV s™!, which
exhibits typical and well-defined peaks. The hierarchical mesoporous structure allows for a
complex storage of charges. Influenced by the specific surface area and the nanosized
crystallites, three storage mechanisms can simultaneously take place: the formation of a
double layer of charges associated to capacitance; the redox Li insertion process, limited by
diffusion; and fast surface redox processes giving rise to a pseudocapacitance of insertion
type.”* To differentiate between the different contributions to the total charge storage, the
data from the CV curves performed at different rates are used. The relation between the
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measured current i and the scan rate v provides an understanding of the mechanisms
involved.

Following the so-called “isopotentials” treatment, presented in Paper II, the relative
capacitive contribution at the scan rate of 0.5 mV s™! was calculated to be 30 % of the total
charge storage, as can be seen in Figure 19. At the scan rate of 5 mV s the capacitive
current is more significant and contributes to almost 60 % of the total charge due to the rapid
cycling. The double-layer capacitance, which is proportional to the relatively low specific
surface area, contributes little to the total capacitance.

It follows that most of the capacitive current is pseudocapacitive in nature. This result further
proves that the hierarchical morphology allows for the mesoporous beads to be easily
accessed by the electrolyte and undergo fast surface redox reactions.
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Figure 19: Relative contribution of the pseudocapacitive charge storage at 0.5 and 5 mV/s for
the mesoporous anatase beads electrode.''°

To further evaluate the cycling stability of the electrodes, GCD measurements were
performed at the rate of 0.5C, which corresponds to 165 mAh g'. Figure 20 shows the GCD
curves at different cycles and the discharge capacity vs. number of cycles. The potential vs.
capacity curves in panel (a) show three different regions and extended voltage plateaus
corresponding to the anodic and cathodic peaks of the CV curves. The material is affected
by irreversible capacity only for the first few cycles, showing stable performance afterwards
with more than 95% capacity retention after 150 cycles. The mesoporous bead morphology
demonstrates insertion/extraction reversibly for high amounts of lithium in applicable
operating conditions.
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Figure 20: (a) GCD curves of mesoporous anatase beads electrode for the Ist, 2nd, 50th and
200th cycles at 0.5C. (b) discharge capacity and coulombic efficiency vs. number of cycles. '’

Figure 21 reports the discharge capacities vs. number of cycles at different C rates of
mesoporous anatase bead electrodes. The electrodes show very good rate performance,
delivering 100 mAh g at 10C, which means it is possible to charge the electrode in only 6
minutes, corresponding to 50% of the capacity storable in 2 hours. This high rate storage is
possible thanks to the high pseudocapacitance shown by the material. Moreover, the high
rate of cycling is not damaging the mesoporous beads and, therefore, has a limited effect on
the electrochemical performance. When the cycling step is reversed, the electrodes store a
similar capacity when cycled at low rates. Figure 22 shows SEM images of a titania bead
anode both in the pre-cycling and post-cycling conditions. The morphology of the beads in
the post fast-cycling condition looks practically identical to the pristine state. This result
further proves the high stability of the mesoporous anatase beads morphology.
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Figure 21: Rate performance in terms of specific discharge capacity for mesoporous anatase
beads electrodes. !
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Figure 22: SEM images of a titania bead anode surface at a) pre-cycling and b) post-cycling.''°

4.3.3  Effect of Nb-doping on the Performance of Mesoporous TiO:z Anatase Beads

Thus far, we have shown that an accessible mesoporous beads morphology, characterized
by high surface area and high crystallinity, is well suited for high rate Li-ion storage thanks
to high pseudocapacitive contributions. To further improve the rate performance of the
materials, we can combine the hierarchical porous structure with an increased electronic and
ionic conductivity of the semiconducting TiO,. This can be achieved through the insertion
of Nb*" ions into the anatase structure through a donor-type doping process. In Paper II1
we studied the effect of the niobium doping concentrations (0.1 %, 1 % and 10 %) on the
charge storage mechanism of the mesoporous anatase beads.

0.1% at. Nb
1.0% at. Nb

lum | Ipum

Figure 23: SEM images of mesoporous anatase beads electrodes prepared with different
concentrations of niobium.

Figure 23 illustrates that all the materials exhibit micrometre-sized spherical morphology as
a result of the template-assisted sol-gel synthesis. The morphology is not affected by the
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nature and amount of doping. However, the particle size slightly increases with the amount
of doping as reported in the TEM images for 0.1 and 10 at. % Nb-doped TiO2, Figure 24.

Figure 24. High-Resolution Transmission Electron Microscopy (HRTEM) images recorded at
various magnifications (x20k, x140k, x600k) for two compositions (left and right columns refer
to 0.1 and 10 at. % of Nb, respectively). Sizes of the beads and nanoparticles are evidenced by
yellow and orange lines for 0.1 and 10 at. % of Nb, respectively.
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HRTEM images recorded at low magnification (x20k) (Figure 24a and d) show a spherical
organization of the nanoparticles, achieved to minimize the surface energy. Depending on the
composition, a diameter variation of the spheres is evidenced. Specifically, Figure 24a indicates
an average diameter of 500 pm for the lowest doping concentration (0.1 at.% Nb) compared to
alarger 850 um for 10 at.% Nb (Figure 24d). HRTEM images at medium magnifications (Figure
24b and e) reveal a distribution of randomly orientated rice-grain or cube-shaped nanoparticles.
A statistical analysis of Figure 3b exhibits an average particle size close to 23 nm, while larger
(= 35 nm) nanoparticles are observed for the 10 at.% doped TiO: (Figure 24¢). The two images
(Figure 24c¢ and f) acquired at high magnification (x600k) confirm this result.

Figure 25 reports the X-ray diffractograms for the three niobium-doped materials and the
sizes of the nanoparticles, as calculated from the Rietveld analysis. The patterns confirm
that all of the samples are monophasic with reflections ascribed only to the anatase phase.
The diffraction peaks related to the (101) planes gradually shifts to lower 2 © values with
Nb-doping, due to the enlargement of the unit cell caused by the substitution of Ti*" with
Nb’". Considering the similarity in ionic radii (Nb> is only 5.8 % larger than Ti*") and the
extent of lattice expansion (0.012 % between 0.1 % Nb and 10 % Nb), it is reasonable to
assume that Nb>* occupies Ti*" sites. The results of the Rietveld analysis further confirm the
substitutional character of the doping. The nanoparticles’ size increase linearly with the Nb
doping, with an increase of a and ¢ axes and thus of the overall volume of the anatase crystal
cell. These observations are in good agreement with the TEM analysis. The Raman spectra
reported in Paper III gives another confirmation of the substitutional nature of the solid
solution of Nb-doped anatase.
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Figure 25: a) X-ray diffractograms of Nb-doped mesoporous anatase beads at different
concentrations. The (101) peak is shifted from 25.35° 26 at 0.1 at.% to 25.28° at 10 at.%; b)
nanoparticle size determined from the Rietveld analysis and unit cell parameters size.
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DFT calculations were performed to model the influence of the niobium introduction on the
electronic properties. Specifically, it is interesting to look at the electronic density of states
(DOS) projected for each atomic species and normalized by their respective number of
atoms in the supercell. Figure 26 shows the DOS for the undoped, 1.0 at.% and 10 at.% Nb
concentrations. The TiO; anatase was modelled considering a 5 x 5 x 2 supercell with 100
Ti atoms and 200 O atoms. It was therefore not possible to model the 0.1 at.% Nb, which
would have required a supercell of at least 1000 atoms. With the introduction of Nb, starting
from the 1 at.% case, the Fermi energy level (the zero-energy vertical line in the plot) is
shifted to the bottom of the conduction band, which in turns provides the compound with a
metallic-like character. The topology of the band structure is unaffected by the doping
process, even when reaching 10 at.% Nb concentrations. In the latter case, the occupation of
the conduction band states is further increased.
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Figure 26: Electronic density of states projected for each atomic species and normalized by
their respective number of atoms in the supercell for the (a) 0.0 at.%, (b) 1.0 at.%, (c) 10 at.%
Nb-doped anatase TiO,. The Fermi energy level is represented by the zero-energy vertical line.
The Ti states are higher than the total states because of normalization, as we divide by their
respective number of atoms in the unit cell.
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Upon lithiation, Ti*" is reduced to Ti*", accommodating the incoming electron. The Ti empty
states are located in the conduction band, which is partially occupied by the n-doping. It
follows that fewer Ti states are available for reduction due to lithiation. This effect is further
accentuated in the 10 at.% sample, where the conduction band is even more populated. The
higher doping concentration results in a greater contribution of Nb empty states for the
conduction band, suggesting a possible redox activity of Nb ions. These calculations suggest
that the addition of small amounts of Nb could improve the overall performance of the
materials by enhancing its metallic-like character while offering a limited effect on its
electrochemical properties.
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Figure 27: a) EIS spectra for the mesoporous anatase beads and related fit of the first semi-
circles. The equivalent circuit used is on the right; b) Specific capacity at 1C for the doped
mesoporous anatase beads electrodes.

In addition to the DFT calculations, the electrochemical impedance spectroscopy (EIS) data
suggest an increase in conductivity, which could be connected to the shift of the Fermi level
into the conduction band. Figure 27a reports EIS of the Nb-doped anatase electrodes in two
electrodes configuration. On the right, the equivalent circuit has 3 main parameters: R, R
and CPEq. At high frequencies, the intercept at Z’ corresponds to Rs and represents a
combination of the electrolyte resistance, intrinsic resistance of substrate, and contact
resistance at the composite electrode/current collector interface. The CPEq (constant phase
element) is associated with the double-layer capacitance of the active material. All the
electrodes show similar values for both parameters. The differences appear in the semicircle
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in the high-frequency range, which corresponds to the charge-transfer resistance (Rect)
caused by the Faradaic reactions. As expected, the increase in doping amount is reflected in
a decrease of the semi-circle radius and the R decreases from 66 Q of the undoped material
to 58 Q, 53 Q and 23 Q for the 0.1 at.%, 1 at.% and 10 at.%, respectively. This suggests an
improvement in electronic conductivity.

Figure 27 reports also the specific discharge capacity vs. number of cycles for the three
doped samples at 330 mA g (1C). As already discussed, the initial irreversible capacity is
a drawback of this class of materials, and it is also affecting the Nb-doped anatase. However,
after the initial irreversibility, the electrodes show stable performance for 500 cycles with
0.1 at.% showing the highest discharge capacities. The coulombic efficiency is also very
high (> 99.5 %) during the entire cycling.

Figure 28 reports the galvanostatic charge/discharge curves at 1C rate for the Nb-doped
titania electrodes. The initial low coulombic efficiency is associated with the irreversible
phenomena happening at the electrode-electrolyte interface. The curves indicate that the
doping process does not only affect the conductivity but also the lithium insertion. Starting
from the 0.1 at.% doping, the Li insertion capacity is the highest and the voltage profile is
characterized by a very broad insertion plateau. The low doping concentration seems to have
no measurable effect on the reduction of the available Ti*" sites, necessary for the Li
insertion reaction, as already suggested by the DFT calculations. With increasing dopant
concentration, the specific capacity decreases and at 10 at.% a change in the potential profile
is also seen. We believe that the reduction in capacity can be explained by the substitution
of the available Ti*" reduction sites, in agreement with the calculations. The change in shape
for the 10 at.% sample, with less extended plateaus, might be caused by the significant
contribution of Nb atoms in terms of redox activity. Another explanation might be connected
to the high number of donor electronic states introduced with the increasing level of doping
and change in the Li accumulation at the surface
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Figure 28: Galvanostatic charge/discharge curves at 1C for 0.1 at.%, 1 at.%, and 10 at.%
niobium doping. Theoretical capacity: 335 mAh g”'.
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Finally, Figure 29 shows the rate capabilities for the three doping concentrations. The
0.1 at.% is the best performing, delivering 120 mAh g' at 10C (the undoped sample
delivered 100 mAh g') and 53 mAh g at 100C (the undoped delivered 25 mAh g™'). These
results confirm that a small doping level is a suitable strategy to increase the conductivity
of the active material without altering the Li insertion process and allow an improvement in
charge transfer kinetics in connection to the fast Li-ion diffusion into the mesoporous beads
morphology.
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Figure 29: Discharge rate performance of the niobium-doped mesoporous anatase beads from
0.5C to 100C and back to 0.5C.

4.3.4  Li-ion Insertion into Nb-doped TiO: Beads in an lonic Liquid Electrolyte

In the previous sections we approached the design of titania electrodes with the aim of
improving the electronic and ionic conductivities. As already reported, a drawback limiting
the final applicability of this material is the initial irreversible capacity loss. In the next two
paragraphs we aimed at overcoming this issue by following two different strategies.

One way to mitigate this problem is to develop different electrolyte formulation, with one
of the possibilities being the use of ionic liquid electrolyte. In Paper 1V, it is demonstrated
that the initial irreversibility is reduced when cycling the mesoporous anatase beads in 0.5 M
of lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) in 1-Ethyl-3-methylimidazolium
(EMIM) TFSI. The initial capacity loss is also affected by the Nb doping, with the loss
decreasing with increasing doping concentration. Therefore, it is interesting to investigate
through electrochemical impedance spectroscopy (EIS) the cycling effect on the electron
transfer processes when using an LP30 or an ionic liquid electrolyte.
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Figure 30: EIS spectra of: mesoporous anatase electrodes in a) LiPFs in EC:DMC (LP30) and
b) 0.5 M LiTFSI in EMIMTFSI, and of Nb-doped mesoporous anatase electrodes in c) 0.5 M
LiTFSI in EMIMTFSI'?°

As shown in Figure 30a, only a small change in the frequency response is visible for the
undoped material in LP30. Indeed, the SEI formed on this material is defined as apparent
because it does not show effects on the electroactivity of the material surface. In contrast,
when using an IL-based electrolyte, there is an increase in the semi-circle radius after four
cycles. This behaviour is common for materials forming an effective SEI, reflecting an
increase in the charge transfer resistance. The increase of niobium-doping results in a
decrease in the semi-circle radius, similarly to the results shown in the previous paragraph.
To investigate how the charge transfer resistance changes with cycling, EIS was performed
in situ at different potentials of charge-discharge vs. Ag/Ag”, as shown in Figure 31. The
charge transfer resistance is reduced when the potential is lowered, and the lithium is
inserted. When the electrode is delithiated to 0 V at the end of the first cycles, the charge
transfer resistance is higher compared to the pristine electrode. During the second cycle the
reduction of charge transfer resistance upon Li-ion insertion is smaller. At -0.9 V in the
second cycle, the semi-circle is almost the same as at 0 V, meaning that few Li ions have
been inserted. This effect can be explained by the peak shift on insertion peak visible in the
CV curves. In the 2™ cycle, a second smaller semicircle is appearing at the left of the main
one, which indicates the ongoing formation of a second phase with different charge transfer
resistance.
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Figure 31: EIS spectra of the undoped mesoporous anatase beads electrode at different
potentials in the I° (left) and 2" (right) cycles with 0.5 M LiTFSI in EMIMTFSI. Investigated
potentials are indicated in the CVs from the first and second cycles (bottom).'*°

To further investigate the second phase forming on the beads surface, XPS measurements
were performed on the 1 at.% Nb doped sample, in pristine and after cycling conditions. As
expected, Figure 32 shows a change of the XPS spectra with the cycling. In the pristine
electrode Ti, Nb, O and C can be detected. After cycling, surface groups containing oxygen,
sulfur and nitrogen appear. The presence of nitrogen is explained by the decomposition of
both TFSI anions and EMIM cations, while sulphur originates from the decomposition of
TFSI anions.'?"' The peaks are present from the first cycles, indicating the formation of a
interphase layer of decomposed electrolyte. The decrease in intensity of the Ti2p peaks
strengthens the hypothesis of a stable interphase layer covering the active material. The Ti2p
of the pristine electrode, assigned to Ti*" species, shows slightly higher binding energy,
which can be explained by the charge compensation induced by the Nb atoms
substitution.'?
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Figure 32: The XPS spectra of the Cls, Ti2p, Nls and S2p peaks of a 1 at.% Nb-doped
mesoporous anatase beads electrode, before and after cycling.'®

4.3.5 Mesoporous TiO: Beads as Negative Electrode for Li-ion Capacitor

When using commercial organic electrolytes, the initial capacity fade can be avoided by
limiting the cut-off voltage during charge. The voltage limiting reduces the risk of
irreversible side reactions and Li-ions accumulation/trapping. In Figure 33, the electrodes
were cycled to 1.6 V and show no initial capacity loss and good stability over 500 cycles.
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Figure 33: a) Galvanostatic charge/discharge curves for the 1%, 2" and 10" cycles at 0.5C and
b) discharge capacity as a function of the number of cycles for a mesoporous anatase beads
electrode cycled to 1.6 V.'1°
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To exploit this stability and efficiently use the cut-off potential effect, the mesoporous
anatase beads material was used as a negative electrode in a Li-ion capacitor configuration,
with commercial activated carbon as material for the positive electrode. Figure 34a reports
CV graphs conducted at different sweep rates, showing a mixed behaviour between faradic
and capacitive. The anatase titania electrode stores energy through Li" ions intercalation into
its structure. Whereas, the porous carbon stores charges through the adsorption of anions
(PF¢) on its high specific surface area (~1800 m?/g), forming a double layer of charges.'**
The formation of the double layer is shown as a linear plot of the voltage vs. time. To achieve
charge balance, the positive electrode had a mass 6 times bigger than the negative electrode.
To distinguish the contributions of the single electrodes to the overall cell voltage, a three-
electrode cell was built with Ag as reference electrode. A GCD measurement conducted at
2.5 A g and reporting the waveform for the cell and the electrodes contributions is
presented in Figure 34b.
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Figure 34: a) Cyclic voltammetry curves obtained using different sweep rates and b)
galvanostatic charge/discharge curve at 2.5 A g vs. Ag, for a Li-ion capacitor.""

The long-term cycling ability of the device is shown in Figure 35. In panel a, we can see an
initial decrease in capacity for the first 50 cycles, which can be associated with initial
irreversibility. This irreversibility does not affect the remarkable stability of the device that
shows 93% of capacity retention over 10000 cycles. Furthermore, as reported in panel b, an
average specific energy of ~27 mWh g is maintained without any loss over the 10000
cycles, with a gradually improving energy efficiency (~80%). This remarkable stability is
one of the best performances reported in literature for hybrid Li-ion capacitors.”'*'?”. The
high energy stability is connected to a gradual shift of the plateau to higher potentials during
cycling, as shown in Figure 35c. It seems that a balancing effect is taking place, where the
progressive reduction of the specific capacity, as electrode degradation proceeds, is
balanced by the translation of both cathodic and anodic plateaus to higher potentials. The
change was still present when the cell was tested after one month resting. It should be noted
that, to maintain stable performance, pre-lithiation of the negative electrode is typically
necessary.'?® Thanks to the balancing effect, our system does not need the pre-lithiation step.
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Further analysis with GCD in the three-electrode configuration, see Figure 35d, reveals that
both the carbon electrode and the titania electrode are characterized by higher overpotentials
during cycling. The TEM micrographs in Figure 36 helps elucidating the change happening
at the titania electrode. During cycling, cubic LiTiO2 nanocrystals form at the surface of the
mesoporous beads with dimension less than 5 nm. This phase is different from the tetragonal
LiTiO, formed during the reversible insertion of Li ions in titania. Rock salt LiTiO, has
been reported for amorphous, as in section 4.3.1, and for the rutile phase, but never for
anatase. The formation of the cubic lithium titanate seems to affect the kinetics of the
reversible lithium insertion, inducing a higher overpotential. This effect is similar to the
overpotential shift shown when charging titania at a high rate, due to the formation of the
tetragonal lithium titanate on the surface of the material and subsequent hindrance of the
lithium diffusion toward the inner parts of the material. Moreover, the onset of the lithium-
rich titanate is probably the main responsible for the capacity decrease during cycling, as
both titanium and lithium atoms become unavailable for the reversible redox processes. This
is in agreement with the synergic development of both the plateau shifts and capacity
decrease.
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Figure 36: TEM images of the titania electrodes in the Li-ion capacitor with the relevant lattice
fringes. The first row represents the TiO; material before cycling, while the second row shows
the formation of LiTiO; nanocrystals on the TiO; surface for the post-mortem electrode.'"°

The cycling at different rates and the energy density vs. the power density performance
(Ragone Plot) are shown in Figure 37. The plot reports the gravimetric densities, measured
with respect to the total mass of the electrodes. Our supercapacitor delivers 37 Wh kg™ at
0.5A g (100 W kg) and it is still providing ~10 Wh kg at the very high current of 20 A

gt (3 kW kg™h).
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5. Mesoporous Carbons for High Rate Energy Storage

5.1 Background

In this chapter, ordered mesoporous carbons are investigated as active materials for
electrochemical energy storage. The findings reported here are connected to Paper V and
Paper VI. The first paragraph introduces carbon and its peculiar properties, followed by a
brief account on the use of carbon materials for energy storage. In paragraph 5.2, the
synthesis, electrode and device preparations utilized in this work are presented. Finally,
paragraph 5.3 deals with experimental results and interpretations.

5.1.1 Carbon: a Unique Element

Carbon has been known to humanity since ancient times when it was used as charcoal to
produce heat. In modern times, scientists realized that carbon is the fundamental ingredient
of life, the main constituent of all living organisms. This incredible role comes from the
unique ability of this element to form bonds with itself and many other elements. Depending
on the type of bonding, different allotropes can be found, ranging from the friable opaque
graphite to the hard and transparent diamond. Because of the huge variety of binding
partners and interactions, researchers allocated an entire scientific branch to it, the organic
chemistry. Figure 38 shows some of the most famous carbon allotropes.'*’

e)

Figure 38: Carbon allotropes a) diamond, b) amorphous carbon, c) fullerene, d) carbon
nanotube, e) graphite (a single layer is called graphene).

Carbon can be bound to up to four other atoms. When it forms four single bonds (no electron
lone pairs), then it is said to be sp* hybridized, with tetrahedral symmetry. When the carbon
atom is bound to three atoms (two single bonds, one double bond), the hybridization is sp?,
with a flat trigonal or triangular arrangement with angles ~120° between the carbon atom
and two binding partners. Finally, the sp hybridization is obtained when a carbon atom is
bound to two atoms (two double bonds or one single bond + one triple bond). Six sp? carbon
atoms organized in a ring are so-called aromatic and have a very important role in both
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organic and inorganic matter. Carbon can form structures with sp® or a combination of sp’
and sp? hybridizations, showing electron delocalization. Thanks to the delocalization of the
electrons, honeycomb-like carbon structures are characterized by electrical conductivity.
For example, graphene, a single atom thick layer of sp? hybridized carbon atoms, shows a
crystal structure with the highest measured electrical conductivity and Young modulus.
Amorphous carbon, instead, is characterized by a mixture of sp? and sp® hybridized carbon
atoms, showing almost no crystal order and relatively lower electrical conductivity. Its
tunable properties make it a candidate for extensive research in the energy field.'*

5.1.2  Carbon Materials for Electrochemical Energy Storage (EES)

Carbon materials have attracted the interest of EES researchers due to the low cost, high
abundance, environmental friendliness, non-toxicity and relatively high -electronic
conductivity. As reported in section 2.2.1, graphite is the material of choice as anode for
lithium-ion batteries. It intercalates lithium-ions in between its graphitic planes to reach the
stoichiometry LiCs, corresponding to a theoretical capacity of 372 mAh g™.!3! To increase
the specific capacity and rate performance of the anodes, other allotropes of carbon have
been studied, like carbon nanofibers and nanotubes, graphene and carbon nanospheres. 3>
135 Functionalization/doping of carbon materials, like nitrogen doping, has been used to
improve their electrochemical performance. Specifically, nitrogen doping contributes with
electrons to the graphitic carbon layer, inducing donor states near the Fermi level.'*
Moreover, the nitrogen defects introduced with doping have low energy barrier for Li
insertion and adsorption, allowing for higher specific capacities.'*’

On the other hand, carbon materials in different forms have been used also for
supercapacitor applications. They are widely used because of their low cost and versatile
forms such as powders, fibres, foils, composites and monoliths. As described in section
2.3.1, to maximize the storable charge in the form of a double layer, the materials require
high surface areas and pore dimensions similar to the size of ions.'*® Activated carbons, with
high surface areas, are the most used electrode materials. In addition, the capacitance can be
enhanced by the presence of heteroatoms in the carbon network, most commonly oxygen
and nitrogen. It has been shown that they give rise to stable pseudo-Faradaic
reactions.*® Other interesting materials for supercapacitors are carbon nanotubes and
graphene.'*

5.1.3  Mesoporous Carbons and Their Use in Electrochemical Energy Storage

In the past 20 years, mesoporous carbon-based electrodes have gained interest as alternative
anodes in lithium-ion batteries. Among these materials, ordered mesoporous carbons
(OMCs), prepared via a hard-templating method, show high surface areas, large pore
volumes, uniform pore size distribution and ordered interconnections. Thanks to these
properties, OMCs, some of which are called CMK-n depending on the template used in the
synthesis, are characterized by short pathways for Li-ion diffusion, providing high
capacities and good rate performance.'*

CMK-3 carbons, synthesized from the hexagonal ordered SBA-15 silica, are the most
studied materials of this class. On the other hand, CMK-8 carbons, prepared from cubic
ordered KIT-6 silica, has received less attention, even though their interpenetrating 3D
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network of channels is a desirable feature for fast Li-ions diffusion.'*! Figure 39 reports the
voltage profile as a function of capacity for a CMK-8 carbon and the capacity stability with
cycling in half cell measurements vs. Li.
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Figure 39: a) Galvanostatic charging/discharging curves and b) specific capacity vs. number
of cycles for a CMK-8 (a) (see synthesis in section 5.2.1) electrode studied in half cell vs. Li.'*

Figure 39a depicts a very high irreversible charging capacity between the first and second
cycle. This irreversibility is connected to the extended plateau starting at around 1V in the
first cycle, which is associated to the electrolyte decomposition at the surface of the active
material and formation of a solid electrolyte interface (SEI). The presence of edges and
defects in high surface area materials provides many sites for the electrolyte decomposition,
which explains the large capacity loss. However, the surface defects act also as lithium
insertion sites, increasing the theoretical specific capacity to a higher value than the graphite
(372 mAh g'). In Figure 39b the increase in capacity, after the initial 10 cycles of
irreversibility, has been suggested to be related to the infiltration of electrolyte inside the
mesopores of the material as cycling proceeds. The use of mesoporous carbons as anode in
lithium ion batteries is the topic of Paper V.

Porous activated carbons are the most used materials in electrochemical capacitors. The pore
size of these carbon materials can be controlled, by changing the precursor
and activation method used during preparation. The parameters of the activation process
such as temperature, time, type of activating agent, affect significantly the microporosity of
the resulting carbons.'* However, the most suitable method for controlling the pore size
and porosity of the carbons is the template method."* Even though it is a relatively
expensive technique, it has resulted in great progress in the development of capacitor
performance. Notably, it confirms the role of small mesopores and their interconnectivity
for fast charge propagation, and also shows the significant effect of micropores for the
accumulation of charges.!*1*® Figure 40 shows the typical rectangular shape of a CV curve
for a CMK-8 carbon electrode in 0.5 M NaSQOys, similar to the ones used in Paper VI.
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Figure 40: Cyclic voltammetry curve for a CMK-8 electrode in 0.5 M Na>SOy at 5 mV s™.

When dealing with redox enhanced ECs, mesoporous carbons with high surface areas are
chosen because they provide a high number of active sites for the electron transfer reactions.
Moreover, by confining the redox species in their pores, the porous carbons can help
mitigate the self-discharge issues without using expensive ionic membranes. For example,
research has focused on the adsorption of halide ions like iodide and bromide inside the
micropores of activated carbons.®” Bromide-based electrolytes have been extensively
studied thanks to their low cost, high solubility and redox activity.®*'*’ Stucky et al. have
demonstrated a reduced self-discharge in devices based on the pentyl viologen (PV) and
bromide couple thanks to the reversible counterion-induced solid complexation inside the
pores of their activated carbon electrodes.!”'*® They proposed a reaction scheme for the
two redox species, also including the formation of adsorbed complexes. At the positive
electrode, the Br™ follows the scheme:

2Br Bn+2e¢

Br, + Br" <> Bry”

2Bry + PV* & [PV* - 2 Bryags

While at the negative electrode the pentyl viologen undergoes the reactions:
PV* +e < PV"

PV" +Br «> [PV" * Brus

The pentyl viologen / bromide system was studied more in depth with the use of ordered
mesoporous carbons in Paper VI
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5.2 Mesoporous Carbon Synthesis, Electrode Preparation and Use in Devices
5.2.1 Synthesis of Ordered Mesoporous Carbon via Hard-templating Method

In Paper V and VI, ordered mesoporous carbons of type CMK-8 were produced using
ordered mesoporous KIT-6 silica as a hard template. KIT-6 was produced in an acidic
aqueous solution using a mixture of the triblock copolymer Pluronic™ P123
(EO20PO70EO20, Mw: 5800 g/mol), butanol and tetraethoxysilane (TEOS). All chemicals
were purchased from Sigma Aldrich. P123 (36 g) was mixed in 1302 mL of MilliQ water
and 60 mL hydrochloric acid (HCl) under stirring at 35 °C. When the solution became
completely transparent, 44.4 mL of butanol was added. After 1 h, 77.4 g of TEOS was added
and the solution was first left under stirring for 24 h and subsequently in closed propylene
bottles at 35 °C or 100 °C for 24 h under static conditions. The temperature of the
hydrothermal step influences the pore size distribution, with the lower temperature resulting
in the smallest pores. After filtration, the product was calcined at 550 °C for 10 h to remove
organic compounds. The resulting materials were named KIT-6 35°C and KIT-6 100°C,
depending on the temperature of the hydrothermal step.

Furfuryl alcohol (Sigma Aldrich) was used as a carbon precursor for the synthesis of
CMK-8. Silica (KIT-6, 2g) was impregnated with 2 mL of precursor (the exact quantity
depends on the mesopore volume of the KIT-6 determined with the BJH (Barret-Joyner-
Halenda) method. First, a polymerization process was carried out in air atmosphere at
100 °C for 2 h. The resulting material was further impregnated with half the amount of
precursor and polymerized under air at 160 °C for 2 h. Pyrolysis was then performed under
N2 flow at 950 °C for 2 h. Finally, the silica template was removed by washing in 1:1 MilliQ
water and ethanol solution containing 2 M NaOH.

The different temperatures used in the production of the silica affect the mesophase order
of the final carbon material. In Figure 41, the SAXS pattern for a CMK-8 from KIT-6 35°C
(a) and a CMK-8 carbon from KIT-6 100°C (b) are presented. The CMK-8 (b) carbon shows
peaks indexed as reflections from (211), (220), (321), (400), (420) and (332) planes,
consistent with the cubic space group Ia-3d. The pattern confirms the formation of highly
ordered mesoporous carbon as a negative replica of cubic Ia-3d mesoporous silica
(KIT-6).'* The CMK-8 (a) carbon instead shows a somewhat different pattern, with peaks
indexed as reflections from (110), (211), (220), (222), (321) and (400) planes. The
appearance of the (110) and the small (222) peaks suggests the existence of a large fraction
of displaced or uncoupled gyroidal sub-frameworks, and a lower level of symmetry,
consistent with the tetragonal space group I41/a. This mesophase transition is associated
with a process of strain relaxation upon silica removal.'*~!*! The absence of a significant
(110) peak in the CMK-8 (b) pattern shows that the material is dominated by the undisplaced
double gyroidal frameworks with la-3d symmetry, but the minute (110) peak visible
indicates the presence of a small fraction of a lower symmetry mesophase. The CMK-8 (b)
keeps the Ia-3d symmetry thanks to the presence of complementary pores in the KIT-6 silica
produced at 373 K, which connect the enantiomeric pair of 3D mesoporous channel systems.
Upon pyrolysis of the carbon precursor, rigidly interconnecting carbon bridges avoid the
structure displacement during silica removal. For CMK-8 (a), the starting KIT-6 silica was
synthesized at 308 K, where no complementary pores are typically formed. For this reason,
the two carbon sub-frameworks produced during pyrolysis with this silica are displaced
upon silica removal and the structure transforms from the body-centered cubic Ia-3d to the
body-centered tetragonal 141/a.
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Figure 41: SAXS patterns and Miller indices for (a) CMK-8 from KIT-6 35 °C and (b) CMK-8
Sfrom KIT-6 100 °C.

5.2.2  Preparation of Electrodes and Devices for Li-ion Batteries

In Paper V, electrodes were prepared by mixing mesoporous CMK-8 or N-CMK-8 with
carbon black, Super P™ (Alfa Aesar), and Kynar® PVDF binder (Arkema) in NMP (N-
methyl-2-pyrrolidone, anhydrous, 99.5%, Sigma Aldrich). The mixture was transferred to a
glass vial and Super-P™ and Kynar® 5% (w/w) solution in NMP were added. The solution
was stirred overnight in a capped vial, forming a slurry having a weight ratio of (CMK-8/N-
CMK-8: Super-P: PVDF) of (8:1:1). The slurry was coated onto a copper foil with a TQC
AB3400 motorized automatic film applicator. A stainless-steel doctor blade (Wellcos Co.)
was used to obtain a 250 pm thick coating of the slurry. The electrode sheets were dried for
one day at ambient conditions in a fume hood, followed by drying in a vacuum oven at 80 °C
and 20 mbar for 2 h.

The electrochemical response of the CMK-8 and N-CMK-8 materials was tested as an anode
in a Li-ion half-cell. The electrodes (~10 mm diameter, 2.5 mg cm™ active material) were
transferred to a glove box (H>O and O; less than 1 ppm) and dried under vacuum at 80 °C
in a Buchi oven. Coin cells were assembled in an argon-filled glovebox using CR2032
housings. Glass microfiber (Sigma Aldrich) was used as the separator, soaked with 30 pL
of commercial electrolyte LP30 (Sigma Aldrich) while a lithium metal disc was used as
anode (diameter 11 mm, areal density 4 mg cm?). Galvanostatic charge-discharge tests were
performed between 0.01 V to 2.9 V using a Scribner 580 battery cycler. The full cells were
prepared using the N-CMK-8 anode with a commercial LFP (LiFePO4) cathode material.
The lithium-ion cell was assembled and properly balanced by a positive/negative capacity

ratio of 1:1. The mass loading of the carbon electrodes was about 1.5 mg cm™.

5.2.3 Preparation of Electrodes and Devices for Redox-enhanced Electrochemical
Capacitors

In Paper VI, free standing carbon electrodes were produced following a previously
published recipe.'” 56 mg of polytetrafluoroethylene (PTFE) binder (60 wt.% aqueous
dispersion), 33 mg of acetylene black conductive additive (Vulcan® XC72R), and 4 mL
isopropanol were mixed in a 10 mL cup for 2 minutes on a vortex mixer followed by 5
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minutes in a Silent Crusher mixer at 2000 rpm. Next, 600 mg of activated carbon was added
to the resulting slurry and the mixing steps were repeated. The resulting material was rolled
with a PTFE rolling pin and folded over itself 5-10 times until a single freestanding film
was formed. This film was dried overnight at 160 °C in air, ground into a powder through a
mesh sieve, and then dried again under high vacuum at room temperature. The resulting
electrode material contained activated carbon, carbon black conductive additive, and PTFE
binder in a 90:5:5 mass ratio, respectively. Freestanding 10 mg electrode pellets were
pressed from the powder in a die (MTI Corporation) on a hydraulic press (International
Crystal Laboratories) under an applied uniaxial force of 2 tons, applied 3 times. Electrodes
were 10 mm in diameter and 300 + 5 um thick and had an area mass loading of 12.7 mg/cm?.

Cell bodies were formed by boring out the centre of Swagelok PFA Unions. Current
collectors were formed by bonding 3-mm-thick type 1 glassy carbon discs (Alfa Aesar) to
the ends of 12 mm diameter stainless steel rods with silver epoxy (CW2400 - Chemtronics),
and encapsulating the sides of the disc and rod in electrically insulating and chemically
protective epoxy (Stycast 1266 — Emmerson and Cumming). For the two-electrode cells, the
cell-stack was placed between the two glassy-carbon capped current collectors inside the
cell body. To build each cell-stack, two carbon electrodes were placed in a glass cup and
immersed in 1.5 mL of electrolyte, composed of 1 M PVBr; and 3 M NaBr. To infiltrate the
electrodes with the electrolyte, first 30 minutes of vacuum in dry condition was applied,
then the electrolyte was added, and vacuum and nitrogen were alternately applied for 5
minutes intervals, several times. Electrodes were removed from the excess electrolyte and
assembled into a cell stack by placing them on either side of an electrolyte-wetted 12 mm
diameter filter paper (Whatman #1). For the three-electrode configuration tests, a T-shaped
Swagelok PFA union was used with an Ag/AgCl reference electrode (Metrohm) with excess
electrolyte added to submerge the reference electrode frit. Two different sets of three-
electrode tests were conducted. For the study regarding the performance of the cell with
half-cell contributions, the electrolyte used was 1 M PVBr; and 3 M NaBr. The cell-stack
was the same as in the two-electrode cells. For the fundamental studies on the viologen
reaction, the electrolyte was PVBr: in different concentrations (10 mM, 100 mM and 1 M)
with 0.5 M Na»SOs as supporting electrolyte. The cell-stack was composed of a working
electrode of 10 mm in diameter and an oversized counter electrode (12 mm diameter and 15
mg) to avoid charge limitations from this side of the cell.

5.3 CMK-8 Mesoporous Carbons for High Rate Energy Storage

In section 5.1.3, the charge storage mechanisms of mesoporous carbons of CMK-8 type in
both lithium-ion batteries and hybrid supercapacitors conditions were presented. Our
research interest focused on:

o Studying the effect of nitrogen doping of CMK-8 carbons on the lithium-ion storage
and the rate capability (Paper V).

e Using the ordered porous carbons as test materials to better understand the dual
redox processes in redox enhanced electrochemical capacitors (Paper VI).

53



5.3.1 Nitrogen-doped Ordered Mesoporous Carbons for Lithium-ion Storage

N-doped CMK-8 was synthesised via hard templating method using silica KIT-6 100 °C, as
described in section 5.2.1. Before testing the electrochemical performance, the material was
structurally investigated. Figure 42 reports the BJH pore size distribution, the SAXS pattern
and the XPS spectra. The carbon has a BET specific surface area of 970 m*/g and is
characterized by a trimodal porosity with three distribution peaks, the first at 4.2 nm, the
second at 6.2 nm and the third at 9.2 nm. The SAXS pattern shows the presence of the (110)
peak, suggesting the existence of a large fraction of displaced subdomains with a lower level
of symmetry (I41/a, with respect to the cubic Ia-3d), as explained in section 5.2.1. The
trimodal porosity seems to be associated with the symmetry modification. The first peak
(4.2 nm) is related to the undisplaced Ia-3d domain. The structural displacements upon silica
removal likely induce a distortion of the pores and the appearance of the second and third
peak (6.2 nm and 9.2 nm).

XPS was used to analyse the binding character of the nitrogen heteroatoms in the N-CMK-8
material and the XPS spectra for the N-CMK-8 are reported in Figure 42c¢ to f. The three
main peaks of the survey spectrum correspond to C 1s, O 1s and N 1s, with a relative surface
elemental composition of 81.2%, 12.2% and 6.4%, respectively. The C 1s peak can be
deconvoluted in three different components. The main peak at 284.4 eV is associated with
sp? hybridized carbon or graphitic carbon. The peak at 285.7 eV is related to the bonding
between carbon and nitrogen, indicating an N-sp? C bond. The third broad peak centred at
286.8 eV is not as readily identifiable, as it can have contributions from both N-sp* C bonds
and C-O bonds. Three sub-peaks for C-O can be suggested, one at 286.3 eV for C-OH, one
at 287.5 eV for C=0 and the last at 288.5 eV associated with carboxylic groups.'*
Therefore, the carbon atoms constitute a honeycomb structure, which is modified by the
nitrogen and oxygen incorporation. The high-resolution N 1s peak allows a better
understanding of how the nitrogen is incorporated into the structure. The peak can be
deconvoluted into three main sub-peaks at 398.4 eV, 399.4 eV and 400.8 eV.'>* The first
peak corresponds to pyridinic nitrogen, which substitutes a carbon atom on a C6 ring at the
edge of the layer and it is bound to two sp> carbons. The second peak is associated with
pyrrolic nitrogen, which substitutes a carbon atom on the C5 ring with more sp* character.
These two types of nitrogen contribute with electrons to the graphitic carbon layer, inducing
donor states near the Fermi level.'*® The last peak at 400.8 eV corresponds to graphitic
nitrogen, substituting a graphitic carbon and forming bonds with three sp carbons. The
high-resolution O 1s peak is more complicated to describe, considering all the different
contributions. We suggest a deconvolution with four sub-peaks: the first at 530.5 eV is
associated to C=0 in quinone; the second at 531.8 eV to oxygen in hydroxyls, ethers, C=0O
in esters, amides and anhydrides; the third at 533.4 eV to C-O in esters and anhydrides and
contributions from carboxylic groups; and the fourth at 535.6 eV is attributed to adsorbed
water.'>
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Figure 42: N-CMK-8 structural characterization: a) pore size distribution evaluated by BJH
method from N: sorption isotherms; b) SAXS pattern with Miller indexed peaks,; ¢) XPS full
spectrum with relative surface elemental composition, d) high resolution C s peak; e) high
resolution N 1s peak and f) high resolution O 1 s peak.'**

The ordered mesoporous carbons were studied in a half-cell configuration vs. Li metal.
Figure 43a reports the voltage profiles vs. the specific capacity of the N-CMK-8. The
material shows very high irreversible charging capacity associated with electrolyte
decomposition at the surface of the active material and formation of a solid electrolyte
interface (SEI)'*°. The presence of edges and defects in high surface area materials provides
many sites for the electrolyte decomposition, which explains the large irreversible capacity.
The introduction of nitrogen and formation of the pyridinic and pyrrolic sites further
increases the side reactions and Li-ion trapping, resulting in an even higher irreversible
capacity compared to the CMK-8 without nitrogen, see section 5.1.3. However, the presence
of nitrogen has also a very beneficial effect in terms of electrochemical performance. As
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seen in Figure 43a, the N-CMK-8 can reversibly store ~1000 mAh-g!, which is more than
double than the available reversible capacity of the CMK-8. The numerous nitrogen defects
at the high surface area act as Li insertion sites, enhancing the storage capability. Moreover,
the low energy barrier for Li insertion and adsorption to the pyridinic and pyrrolic defects
provides a higher specific capacity.'>

Figure 43b reports the charge and discharge capacities vs. cycle number at 0.1 A g™'. The N-
CMK-8 shows very good reversible performance and stability for 200 cycles. The charge-
discharge rate performance of the N-CMK-8 is reported in Figure 43c. The electrode shows
good behaviour at high-rate, delivering ~200 mAh-g' at 5 A g!' and showing a nearly
unaltered performance when cycled again at 0.1 A g''. The mesoporous structure provides
short diffusion paths for the Li ions penetration and a desirable high surface to volume ratio.
Besides, the low adsorption energies for Li of the nitrogen functionalities presumably
enhance the charge transfer reactions.

Finally, the N-CMK-8 anode was tested in combination with a LiFePO4 cathode in a full
cell. LiFePO4 is typically used in laboratory studies as a cathode because of its
environmental friendliness, but it has a lower specific capacity compared to NMC (Lithium
Nickel Manganese Cobalt Oxide) cathodes used nowadays in commercial applications
157158 Figure 43d shows that the Li-ion cell has stable performance over 100 cycles (> 90 %
capacity retention'>) with high coulombic efficiency, demonstrating the feasibility of using
nitrogen functionalized ordered mesoporous carbons as anodes for practical applications in
LIBs.
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Figure 43: N-CMK-8 electrochemical characterization: a) voltage profiles for the 1%, 2" and
3 cycles; b) stability of charge and discharge specific capacities during cycling; c) rate
capability and d) specific capacity stability over 100 cycles for a Li-ion battery.'*
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5.3.2 CMK-8 Carbon for Redox-enhanced Electrochemical Capacitors

CMK-8 carbon was used as active material for the conductive electrode in redox enhanced
ECs based on the pentyl viologen / bromide redox couple. The cubic 3D pore structure of
CMK-8 provides access from all orientations, which is desirable for efficient molecular
diffusion into its pores.

To better understand the dual redox processes taking place inside the pores and improve the
performance of the final device, three-electrode fundamental studies were performed at both
a glassy carbon electrode and the CMK-8 carbon electrode. While the bromine
electrochemistry is more known, understanding the pentyl viologen redox reaction require
more focus.'®!! Compton et al. studied the electrochemistry of methyl viologen and
described a two-peak process with three oxidation states MV?" <> MV <> MV’ and the
formation of a surface layer of MV'.!®? Besides, it is well established that viologen
molecules with large alkane groups from pentyl and upwards can produce stable films with
the participation of several anions including bromide and sulphate.'®* Three-electrode cyclic
voltammetry tests were performed at 5 mV s with 100 mM pentyl viologen in 0.5 M
NazSO4 on both the glassy carbon and CMK-8 carbon electrodes. Figure 44a reports the
sweep rate dependence on glassy carbon, which indicates that the electron transfer reaction
involves both dissolved and adsorbed species.
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Figure 44: Cyclic voltammetry curves in three-electrode configuration vs. Ag/AgCl: a) sweep
rate dependence; curves at 5 mV s with different switching potentials on b) a glassy carbon
electrode and c) CMK-8 carbon electrode. Electrolyte: 100 mM PVBr; and 0.5 M Na:SO..
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The cathodic scan shows two peaks, one at -0.5 V, resembling an adsorption peak, and the
second at -0.8 V. The anodic scan shows a stripping peak on the oxidation in the potential
range between -0.4 V and -0.39 V depending on sweep rate, and a shoulder peak. There is
also an adsorption peak at -0.7 V less dependent on sweep rate. Following the conclusions
from Compton, we propose that pentyl viologen also adsorbs on the glassy carbon surface
as both PV" and PVY, and the adsorbed, or deposited layer (i.e. more than a monolayer) is
electroactive together with the reduction of species in solution at yet uncovered surfaces. To
further understand the deposition process, Figure 44b reports CV curves at 5 mV s™'. As the
switching potential gets more negative, an electrodeposition process is clearly evident.
When the amount of deposited material increases, the sharp oxidation peak moves to less
negative potentials and the shoulder peak gets broader. This observation implies that it
becomes more difficult to strip the deposited layer from the electrode. In Figure 44c, the
pentyl viologen response on the CMK-8 carbon shows similar behaviour to the glassy
carbon, with a combination of faradaic and adsorption phenomena. The high surface area of
the material is responsible for the broad CV curve. The shape of the curve confirms that the
solution process gives the biggest contribution to the charge storage, however, there exists
also a contribution from adsorption. Specifically, the small peaks attached to the broad
reduction and oxidation peaks indicate the electrodeposition of PV* and PV?, but it seems
that only a small part of the surface is subject to the layer formation. Compton et al. also
observed that no extensive adsorption peaks were visible at gold electrodes when coated
with multi walled carbon nanotubes.!®* In accordance, we suggest that, in the case of the
CMK-8 highly porous carbon, the viologen adsorbs and forms a layer on the carbon particles
outer surface, while in the mesopores the layer formation is hindered and the solution
behaviour becomes dominant. The more negative switching potentials allow for an increase
in deposition and the reduction peaks over -0.8 V. The redox activity in this potential range
is probably related to electron transfer within the film. The curves show a high degree of
reversibility. Therefore, the extension of the voltage window allows for a large reduction
and subsequent oxidation of the pentyl viologen in PV" and PV°. It should be noted that the
presence of SO+ (of concentration higher than Br’), which can also act as counter-ion
together with Br’, can influence the positions of the peaks for the viologen film formation.

Following the investigation about the pentyl viologen electrochemistry, GCPL and CV
measurements were performed in a three-electrode configuration vs. Ag/AgCl, as reference
electrode and 1 M PVBr, /3 M NaBr electrolyte, in operating conditions resembling that of
aredox-enhanced ECs. The voltage was varied between the positive and negative electrodes
while the potential profiles were simultaneously recorded with respect to the reference
electrode. Figure 45 shows the GCPL curvesat 0.1 A g and 1 A g' and CV curves at 5 mV
s when different voltage limits are used (1.2 V, 1.5 V and 1.7 V).

It is clear from Figure 45a that the cell voltage limit of 1.2 V prevents the full reduction of
viologen as well as the full oxidation of bromine during charging and therefore the storable
charge is not fully utilized. In Figure 45d, the negative electrode shows a broad reduction
peak at around -0.5 V, which becomes fully developed when the cell voltage limit increases
further to 1.7 V, see Figure 45g. The anodic scan of this electrode is characterized by one
peak at approximately -0.3 V, which becomes broader as the cell voltage limit increases.
The positive electrode shows instead a reduction peak around 0.53 V and an oxidation peak
around 0.78 V, related to the bromine system. This peak is not fully developed when the cell
limit is 1.2 V, but a clear peak is observed at a cell limit of 1.5 V. Since the peak does not
develop further for the limit of 1.7 V, this suggests that the difference in cell performance
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between the 1.5 V and 1.7 V limits mostly relates to the negative electrode and the viologen
reactions. Similarly, in the GCPL curves, the positive electrode, involving the bromine
redox reaction, shows low polarization, whereas the polarization of the negative electrode
(viologen redox reaction) dictates the overall cell profile. At 0.1 A g (Figure 45b, ¢ and h)
the coulombic efficiency of the cells is lower than 50%, while it is much higher at 1 A g’
(Figure 45¢, fand 1).

30 16— — 16 - .
1Ag  ECell 1Ag o ECell
i 1(‘:”(1\ 4 + EPositive L4r
+ Positive
" 12F * E Negative 12
20+ Negative gativ
1 s
~ 10 o 08 < 08
< o L 4 +
£ z, 0.6 % 0.6
£ 0 S 04r Z 04
g = 02F > 02
“-10 of 0
02 02
-20 -04 04
-0.6 L —06 L . L . A
30 N N N N ! 0 50 100 150 200 250 0 20 40 60 80 100
A 0.5 0 0.5 1 1.5 Specific Capacity (mAh ¢') Specific Capacity (mAh g'')
d Voltage (V) e f
o Cell 18 — 18
30+ 16  Olag! E Cell 16 F

z < 06
g o0 o
o e
3 EI
=10 2F -02F
4k -04
-20 6F 0.6
8 =08
30 g . \ L L L iy L L L
1 . 0 50 100 150 200 250 0 50 100 150
-1 -05 0 0.5 1 15 Specific Capacity (mAh g') Specific Capacity (mAh g”')
g Voltage (V) h
30+ 2 3
18F  01Ag! * ECell sk
L6 F sk
20F Lo « ENegtive i
12F 2f
Z lof _OF _af
E s osf < o8k
0 g 06F 3 06
g 2 o04f g 04t
5 S 3 02f
S0 E e
H:

! | 0.5 0 0.5 1 1.5 0 100 200 300 0 50 100 150 200
Voltage (V) Specific Capacity (mAh g") Specific Capacity (mAh g'')

Figure 45: Three-electrode configuration curves vs. Ag/AgCl with single electrodes
contributions when different cell voltage limits are used.: cyclic voltammetry curves to a) 1.2V,
d) 1.5V and g) 1.7 V; galvanostatic charging/discharging curves at 0.1 Ag' tob) 1.2V, e) 1.5
Vand h) 1.7 V; galvanostatic charging/discharging curves at 1 A g’ toc) 1.2V, ) 1.5 V and i)
1.7 V. Electrolyte: IM PVBr; and 3M NaBr.

The low efficiency at low rate can be explained by the cross-diffusion of the redox species,
which becomes more relevant at low rates. Moreover, the excess volume of electrolyte used
for the three-electrode configuration seems likely to facilitate the cross-diffusion. The higher
reversibility of the cells at 1 A g, instead, suggests a hindrance for the cross-diffusion
probably due to the counterion-induced solid complexation. In addition, a second charging
plateau in the negative electrode profile is gradually appearing with increasing cut-off
voltage. The extent of the plateau is reduced at a higher rate due to the plateau displacement
originated by the increased ohmic drop. The appearance of the plateau is matched by an
increase of the discharge specific capacity at 1 A g from 49 mAh g4y (45 Wh kg'lary) at
1.2 Vto 70 mAh g4y (62 Wh kg 4y) at 1.5V and to 90 mAh g4y (75 Whkg'4y) at 1.7 V.
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To evaluate the pentyl viologen / bromide in a prototype full cell, without excess electrolyte
and reference electrode, GCPL tests in two-electrode configuration were performed at
different rates and are reported in Figure 46. Panel a depicts the potential profile with respect
to the gravimetric capacity at 0.5 A g and 5 A g!'. At 0.5 A g!, the cell voltage shows an
almost symmetric shape, suggesting a high degree of reversibility, with 99.9% coulombic
efficiency. The initial linear increase in voltage during charge, from 0 to 0.9 V, is associated
with the formation of a double layer. The subsequent plateau represents the redox reactions
of the redox-active molecules happening at the electrode/electrolyte interface. At the higher
rate of 5 A g test, the ohmic drop becomes more relevant and the plateaus for charging and
discharging are displaced to more positive and less positive potentials, respectively. Figure
46b shows that the cell can discharge 48 Wh kg'l4y at 0.5 A g!' with capacity retention
>93 % over 200 cycles and > 99.5 % coulombic efficiency. The rate performance of the
cell is reported in Figure 46¢c. Two different sets of data are presented, referring to the
charging current used. The orange points are correlated to the obtainable discharge energies
when the applied charge and discharge currents were the same, while for the blue points a
constant charging current of 0.5 A g' was used during the rate test. The plateaus’
displacements at high rates reduce the available discharge energy and energy efficiency. On
the other hand, by charging at lower rate, the system has enough time to overcome the
limitations for the oxidation and reduction reactions as well as for the transport to the
electrode of the electrolyte’s additives, resulting in improved discharge performance.
Finally, the cell retained around 75 % of its energy after 6h resting time at open circuit
conditions. The cell shows reasonably similar performance compared to the cells based on
activated carbon from DONA used in the study by Stucky et al.'®

As proved before, the extension of the voltage window affects the performance of a PV/Br
cell by allowing an increased use of the viologen redox activity. To quantify this effect,
Figure 46d, e and f report the discharge energy for 1000 cycles at the fast rate of 5 A g!,
which is a target rate for this type of device. With increasing potential window, the cell
delivers higher discharge energies, from about 12 Wh kg ™4y at 1.2 V to about 20 Wh kg 4y
at 1.5 V and to 23 Wh kg sy at 1.7 V. The energy efficiency of the cell is, however, reduced
along with the increase of the potential window. Moreover, the cell charged at 1.7 V shows
lower stability compared to the other two, suggesting the onset of some degradation
mechanism. The cell charged at 1.5 V, seems on the other hand, very stable as in the case
of the 1.2 V and delivers better performance with its 20 Wh kg4 and a peak power density
of 2.8 kW kg 4. If the cell would be charged at the lower current of 0.5 A g', the specific
discharge energy would reach > 50 Wh kg4 at similar peak power density.

60



a b
L5
s 05Ag! [T S— =100
e 5Ag! |- -
_ w80t R 80 c‘;
z = 0.5Ag"
i—jx‘ i 60 - =460 é
3 < ” 2
3 2 40+ 440 _g
3 :
E 420~
. L \ . \ \ . | [ . . . .
0 20 40 60 S0 100 120 [) 50 100 150 200
Specific Capacity (mAh g) Number of Cycles
100 100 100 100
o 12V e 15V
80 480 80 180
- 9 3
= S B =
g ol Jeo 2 2 6o} H60 &
2 5 o 2
4 g5 5 wf {402
PR 18 2 &
2 g ° 5
2, 20" 20+ 120"
2 20} 420 2 2
ol 1 1 1 1 ] - - 1 - - L
0 200 400 600 800 1000 0 200 400 600 800 1000

Number of Cycles

Number of Cycles

Specific Discharge Energy (Whkg™)

Discharge Energy

C

® Constant Charging Current
* Varying Charging Current

L s L L +

2 4 6 8 10
Discharge Current (A g, ")

Energy Efficiency (%)

L L L L L

200 400 600 800 1000
Number of Cycles
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6. Conclusions and Outlook

The charge storage mechanisms of ordered mesoporous titanium dioxide, mesoporous
anatase beads and ordered mesoporous carbon materials synthetized in-house have been
investigated in both lithium ion battery and hybrid supercapacitor conditions.

The ordered mesoporous titania stores a high initial capacity of 680 mAh g in the first
cycle at C/2, which quickly fades to ~170 mAh g™ after 50 cycles. The voltage profiles show
a quasi-linear relationship between potential and capacity, typical of pseudocapacitive
material. The material can deliver 83 mAh g™' at 10C. The large irreversibility of the material
was investigated by cyclic voltammetry, TEM and XAS. The CV revealed that the
irreversibility occurs already at 1.7 V due to the formation of crystalline lithium titanate
(LiTiO2). XAS measurements showed that irreversibly and reversibly inserted lithium affect
the scattering phenomena in the NEXAFS region. The material, being mainly amorphous
titania, contains a high number of defects near the surface. It is suggested that the presence
of such defects leads to the formation of irreversible lithium rich phases mainly located at
the surface of the material.

Mesoporous anatase bead electrodes, cycled in standard organic LP30 electrolyte, showed
extended plateaus in the voltage profiles, associated with the insertion of Li* ions and phase
separation. Analytical calculations reveal that a high percentage of charge is stored by an
extrinsic insertion pseudocapacitance. Half-cell measurements show that the electrodes
deliver high specific capacities (200 mAh g™ at C/2), with more than 90 % capacity retention
over 200 cycles and very good rate capabilities (100 mAh g™ at 10C). In addition, the
mesoporous beads electrode was investigated as negative electrode in a hybrid asymmetric
supercapacitor, with commercial activated carbon as positive electrode and LP30 as
electrolyte. This configuration allowed to modify the potential window of the titania
electrode to avoid a high initial capacity fade. The device delivered 37 Wh kg at 0.5 A g”!
(100 W kg') and ~10 Wh kg™ at the very high current of 20 A g (3 kW kg™). The device
showed no decrease in specific energy over 10000 cycles, involving a gradual shift to higher
potentials counterbalancing a gradual decrease in capacity. This effect was attributed to the
formation of cubic Li;TiO; at the surface of the material, as shown by TEM analysis.

Mesoporous anatase beads electrodes were doped with niobium at different concentrations
(0.1, 1 and 10 at.%) and the influence of niobium doping on high-rate Li-ion storage was
analysed. It is found that the Nb-doping is a substitutional process inducing donor-type
levels next to the conduction band, developing a metallic-like behaviour. Moreover,
computational and experimental data concluded that a 0.1 at.% doping level improves the
charge transfer kinetics without interfering with the Li" insertion/desertion mechanism. The
0.1 at.% Nb-doped TiO> electrodes deliver 180 mAh g at 1C after 500 cycles and 110 mAh
g at 10C after 1000 cycles. 10 at.% Nb-doping showed a deleterious effect in terms of
achievable capacities. In presence of an ionic liquid electrolyte, the Nb-doped TiO» forms
an SEI layer that stabilizes the performance and avoids initial capacity loss.

Nitrogen functionalized CMK-8 carbons were analysed in connection to their ability to
intercalate/de-intercalate Li" ions. N> sorption showed a trimodal pore size distribution,
likely a result of the structural relaxation upon silica removal during the synthesis of the
material. High resolution XPS analysis confirmed the doping of the carbon framework and
the presence of differently bound nitrogen atoms. These nitrogen defects have a low energy
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barrier for lithium adsorption, determining an improved Li storage capability. A nitrogen
doped CMK-8 electrode is able to deliver ~1000 mAh g at 0.1 A g"' and 200 mAh g at 5
Agl

A pentyl viologen (PV)/sodium bromide (NaBr) redox-enhanced electrochemical capacitor
based on ordered mesoporous carbons, of CMK-8 type, was investigated by electrochemical
methods. Three-electrodes cyclic voltammetry tests were performed at 100 mM pentyl
viologen in 0.5 M Na2SO4 on a glassy carbon electrode and on the CMK-8 porous carbon
electrode. It is suggested that pentyl viologen adsorbs on the outer surface of the carbon
particles as both PV" and PV?, and the adsorbed layer is electroactive together with the
reduction of solution-based species within the mesopores. Galvanostatic charging
discharging curves in a three-electrode setup vs. Ag/AgCl show that the cells can reversibly
store more charge by extending the voltage window to 1.5 V and 1.7 V. With increasing
potential window, a two-electrode cell charged at 5 A g™ delivers increasingly higher
discharge energies, from 12 Wh kg™ at 1.2 V to around 20 Wh kg™ at 1.5 V and to 23 Wh
kg at 1.7 V, but at the expense of reduced energy efficiencies. A two-electrode cell charged
to 1.5V at 0.5 A ¢! and discharged at 5 A g”', delivers > 50 Wh kg™ for 1000 cycles at the
peak power of 2.8 kW kg'!. Combining fundamental and applied studies allowed for a
significant improvement of the performance of prototype devices.
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