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Mesoporous Titania for high rate electrochemical energy storage

GIULIO CALCAGNO
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

ABSTRACT

Mesoporous titanium oxides are increasingly attracting interest as potential candidates for fast
electrochemical energy storage. In this thesis, mesoporous titania of different polymorphs have been
evaluated in relation to their ability to reversibly store Li* ions inside their structure. Mesoporous
anatase beads with high crystallinity and specific morphology show high electrochemical capacity
and high rate performance. The materials store charge through Li* ion insertion of both faradaic and
extrinsic pseudocapacitive nature. Moreover, the discharge capacity retention after 150 cycles is
>95%. On the other hand, ordered mesoporous titania, prepared via low-temperature spray
deposition and mainly amorphous, shows a linear correlation between voltage and capacity, typical
of an intrinsic pseudocapacitive material of insertion type. The material exhibits exceptionally high
electrochemical capacity of 680 mAh g* during the first cycle, which, however, rapidly decreases
over the following cycles. A combination of electrochemical and structural characterization
techniques is used to study the charge/discharge behavior of the material and the origin of the
irreversible capacity. X-ray absorption spectroscopy and energy-filtered TEM are carried out to
analyse pristine and cycled samples in charged and discharged state. The results suggest that the
irreversible loss in the capacity is due to the formation of electrochemically inactive phases mainly
located at the surface of the material. Additionally, electrodes based on mesoporous anatase beads
are paired with a commercial activated carbon electrode that presents a broad distribution of
mesopores and very high surface area to design a hybrid asymmetric supercapacitor. The device
shows extraordinary stable performance with energy densities of 27 Wh kg™ at the relatively fast

discharge current of 2.5 A g™* for 10 000 cycles and high power densities during fast cycling.
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1. INTRODUCTION

The growth of societal energy requirements, the depletion of resources and the increased pollution
require the transition to renewable energy alternatives. In 2018 the global electricity consumption
had reached ~23 000 TWh, of which only ~538 TWh was produced through solar and wind
technologies.!! To efficiently use these energy sources, which are inherently intermittent, and
increase their contribution to the total energy mix, advanced energy storage systems must be
developed.?*!

The increased interest in the large market of electrification foresees a huge challenge for
electrochemical energy storage development and especially from a materials perspective. It is
essential to consider the need for greener chemistry and the concern over long term abundance of
materials. When exploiting elements like nickel and cobalt, their shortage and possible geopolitical
issues must be taken into account. Therefore, research has focused on more abundant elements like
titanium, iron and manganese.[*®! Titanium oxide, for example, is one of the promising material
candidates because it is very abundant in Earth’s crust, it is chemically stable, it is characterized by
low toxicity and its production has typically a low cost. In addition, titanium oxide is a suitable
material for storing energy by inserting lithium ions in its structure, which is the basic storage
mechanism of Li-ion batteries (LiBs).[®!

Among the different energy storage systems, Li-ion batteries (LiBs) have attracted worldwide
attention due to their versatility and relatively low cost. They are used in a wide range of
applications, like portable electronics, electric vehicles and grid applications. This is due to their
ability to store energy with high gravimetric density (commercially between 150 to 300 Wh kg™)
through the intercalation/insertion of Li* ions in their electrodes. However, they are not suited for
applications requiring high power densities, due to their slow chemical processes, also called
faradaic processes.”®l On the other hand, supercapacitors (SCs) are devices showing high power
capability, great stability but low energy density, with commercial supercapacitors providing ~5
Wh kg™. They store energy through the physical separation of charges at the surface of electrodes,
forming an electrical double layer (EDL). This storage mechanism is typically called EDL
capacitance.®

In the last years, new applications requiring performance in between Li-ion batteries and
supercapacitors have arisen. One alternative to approach this challenge efficiently is by hybrid
asymmetric supercapacitor (HASC), combining battery and supercapacitor electrodes in tandem.
Li-ion HASCs aim at achieving both high power and energy densities by using a carbon EDL

material as positive electrode coupled with a Li ion intercalation negative electrode. A proper design



of the electrodes is necessary to balance the different charge storage mechanisms and optimize the
performances.%14

The technological frame is even more complex when you consider that new applications have
heavier energy demands, which means that new materials with improved electrochemical
performance are required. Nanomaterials chemistry can provide a solution by the development of
materials surpassing the limitation of the typical bulk materials. Nanosized materials have shown
to store a large amount of energy and enable its rapid and efficient release.? Among this class of
materials, mesoporous nanostructured materials are particularly interesting because of their high
surface area, offering more lithium insertion channels, pore pathways for fast diffusion of the Li
ions and good accommodation of strains.™®! The proper choice and design of nanostructured
materials represent a viable path towards a more sustainable and efficient electrochemical energy
storage.

In recent years, a peculiar electrochemical energy mechanism has attracted the researchers’ interest.
Pseudocapacitance, where pseudo- means “not actually but having the appearance of”, refers to fast
charge transfer faradaic reactions proceeding at the surface of some materials, like ruthenium oxide,
with an electrochemical signature similar to a capacitance.** This type of pseudocapacitance is
defined as intrinsic. In addition, it has been demonstrated that nanosizing transition metal oxides
with layered crystalline structure, like crystalline titanium oxide, can give rise to an extrinsic
pseudocapacitance of insertion type. This particular behavior 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.'>®1 Electroactive materials characterized by pseudocapacitive properties
constitute promising candidates as electrodes for Li-ion HASCs.

Mesostructured titanium oxide seems to possess the right set of properties to be one of the materials
for high power electrodes for future storage applications. Furthermore, different titania polymorphs
show different electrochemical mechanisms. For example, amorphous titania has recently

demonstrated intrinsic pseudocapacitive performance. 7181

The objective of this thesis is to study the lithium insertion/extraction mechanisms into two
mesoporous titania materials prepared in our laboratories and how different structures affect the
electrochemical signature. Specifically, we compare i) microsized mesoporous anatase beads and
i) ordered mesoporous titania composed of a mixture of anatase nanocrystals and amorphous
titania. We show that a combination of electrochemical and structural characterization is
fundamental to fully understand the storage mechanism. Moreover, the thesis presents also the
performance of a hybrid asymmetric supercapacitor comprising a negative electrode based on

mesoporous anatase beads and a commercial activated carbon as a positive electrode.



2. BACKGROUND

2.1 Electrochemical Energy Storage

Systems for electrochemical energy storage and conversion include batteries, fuel cells, and
supercapacitors. Although the energy-providing processes take place at the phase boundary of the
electrode/electrolyte interface in all of the three systems, they show different mechanisms and
therefore different performance. Fuel cells are promising devices for clean energy storage, because
they use hydrogen as energy source and are characterized by high energy densities. This thesis will
not cover these devices. In Figure 1 a Ragone plot is used to compare the performance of the three

different systems in terms of energy density and power density.
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Figure 1: Simplified Ragone plot representing the performance areas for the different energy storage systems in

comparison to combustion engines. Reproduced with permission from (8).

2.2 Batteries

Batteries have been in use for over two centuries, dating back to 1800 and Alessandro Volta in
Como, ltaly. 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
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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. 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 cutoff voltage V is reached,
the specific energy, expressed in mWh gt 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.2%!

2.2.1 Li-ion batteries (LiBs)

In the field of secondary batteries, lithium has long received much attention as a promising anode
material, due to its lowest electro-negativity (-3.0 V Vs standard calomel 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 the cathode material of choice for the LiBs
commercially available. 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 thus avoiding dendrite
formation. For their discoveries and the fundamental contribution to the development of lithium ion
batteries, the three scientists have been granted the Nobel Prize for Chemistry in 2019. Later on,
Dahn and co-workers published their report on the principle of lithium intercalation in graphitic
anodes and the fomation 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
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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 controlled 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.?22 |n general, the next generation anodes and cathodes require: i) to
effectively and reversibly host Li 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 in 450 Wh kg the energy
goal of next generation batteries for electric car, to be reached by 2030.5% In terms of power density,
Li ion batteries dominate the field of applications requiring more than 20 min charging/discharging

time.

um
@® Graphite/NCA Electrolyte
~~ Binder Separator
¢% Conductive carbon B Current collector

Figure 2: Schematic depiction of a typical 18650-type cell for an LIB system with an NCA cathode
(LiNi0.8C00.15A10.0502), a graphite anode, and an organic carbonate solvent-based electrolyte (LiPFg in EC:
DMC). Reproduced with permission from (47).



2.3 Supercapacitors

The discovery of the phenomenon of storing an electrical charge on surfaces arose from experiences
associated with the rubbing of amber already 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 =
Y CV?, 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 -g. 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 to
differentiate them from the 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.®

2.3.1 Electric double layer capacitors (EDLC)

EDLCs are the most common and commercially available supercapacitors, therefore many reviews
on EDLCs and materials can be found in literature.?l 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.33435 The double
layer in this model is described as composed of a diffuse layer, towards the solution, and a compact
layer, next to the surface, where partial desolvation of the 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 distribution of pore size.[*®1 The commercially available supercapacitors usually
comprise two electrodes both made of activated carbons and are defined symmetric for this reason.
Electrolytes can be agueous, 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 microporosity 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. EDLCs dominate the applications

requiring a charging/discharging time in the time scale of seconds.
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Figure 3: Schematic depiction of a typical symmetric supercapacitors and the formation of an electric double

layer of charges at the interface between of electrolyte and electrodes’ surface.

2.3.2 Pseudocapacitors

Pseudocapacitors (PSCs) represent the second class of supercapacitors. Pseudocapacitance refers to
fast charge transfer faradaic reactions happening at the surface of some materials, like ruthenium
oxide, with an electrochemical signature similar to a capacitance. In his influential book regarding
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”.BY To summarize, fast redox reactions exhibiting a linear
dependence of the charge stored with the width of the potential window. Pseudocapacitance holds
the promise of achieving battery level energy density, however typical pseudocapacitive materials
show limited cycling ability.

The electrode material for PSCs can be very diverse but two main classes can be defined: metal
oxides and conducting polymers. Metal oxides like RuO2, MnO2, V205 and Nb2Os have been
extensively studied.*#*4421 RyO, 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 in combination with a carbon matrix.

Conductive polymers, like polyaniline and polythiophene, generate capacitance by redox



reactions.[**#4 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.
Moreover, two types of this 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. TiO2, LiCoO; and LisTiO4 are very good

examples of this phenomenon. 541

2.4 Hybrid Supercapacitors

In the last 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 the 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, which are one of the
main topics of this work, and redox enhanced EDLCs, which contain additives in the electrolyte

that undergo surface redox reactions on the carbon electrode surface.?"*!

2.4.1 Asymmetric supercapacitors

Asymmetric refers to the use of different positive and negative electrodes, typically one battery-
type and the other supercapacitor-type. The use of two different electrode materials can extend their
operating voltage window beyond the thermodynamic decomposition voltage of electrolytes. This
is especially important for aqueous electrolyte, where the operating voltage has been extended
beyond 2.0 V.19



The extension of the operating voltage can improve substantially the specific energy because the
latter is proportional to voltage squared. It is also important to notice that to guarantee a charge
balance during operation and optimal performance, the mass ratio of the two electrodes should be
adjusted, considering the 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. 051

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.52%1 The first prototype of
this device was reported by Amatucci et al. in 2001, and it was combing an activated carbon
electrode with a lithium titanate electrode (nowadays used for power batteries as replacement of
graphite) both immersed in the standard Li-ion battery electrolyte.

In Paper 2, 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 reports a representation scheme of a SC, a Li-ion battery and a Li-ion HASC, which is a

direct combination of the first two devices.

SYMMETRIC HYBRID ASYMMETRIC
SUPERCAPACITOR SUPERCAPACITOR

Li-ION BATTERY

Figure 4: From left to right: Symmetric Supercapacitor (SC), Hybrid Asymmetric Supercapacitor (HASC) and
Li-lon Battery.



2.5 Titanium dioxide

Titanium dioxide, or titania, is in its crystalline form semi-conducting with a wide band gap
composed of two earth abundant elements, titanium and oxygen. More than 80% of the titania global
production is used as pigment in paint, plastics and paper and in form of thin films. Other
applications are in cosmetics, ceramics and textiles. Thanks to its peculiar electrochemistry,
nanostructured titania has been studied and applied in various energy and environmental
applications, including solar cells, water and air purifications, self-cleaning surfaces,
photoelectrochemical cells and electrochemical energy storage.™

2.5.1 Polymorph structures

Crystalline titania is naturally present in the form of three crystalline polymorphs: rutile
(tetragonal), anatase (tetragonal) and brookite (orthorhombic). Of these, rutile, the most common
in nature, is the thermodynamically stable phase under ambient conditions, with both anatase and
brookite being metastable with respect to rutile.

The basic unit-cell structures of these phases are shown in Figure 5.5

Rutile

Brookite

Figure 5: Crystal structures of rutile, anatase and brookite titanium dioxide.

Anatase is tetragonal containing 12 atoms per unit cell and each Ti atom is octahedrally coordinated
to six O atoms and each O atom is coordinated to three Ti atoms. In both cases, the TiOe octahedron
is slightly distorted, with two Ti-O bonds slightly greater than the other four, and with some of the
O-Ti-O bond angles deviating from 90°. This coordination leads to the presence of octahedral and
tetrahedral interstitial sites. Another phase called TiO2 (B) (monoclinic) is produced by hydrolysis
of KyTi4Og followed by heating. Low temperature production of titanium dioxide gives rise to an
amorphous polymorph. Previous studies of the amorphous polymorph have shown that its structure

is composed of an anatase core like with defects near the surface.[”5]
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2.5.2 TiO2 as anode in LiBs

Titanium dioxide is a valid alternative to graphite as anode material for LiBs. This is due to its high
abundance, low toxicity and cost and structural stability during Li ions insertion/extraction. The
electrochemical signature of TiO. depends on the polymorph, particle size and morphology.

[59.60.6162] Anatase and rutile insert Li ions reversibly according to the Equation (1),

TiO, + xLi* +xe~ o Li,TiO, (1)

where x ranges between 0 and 1. Following the insertion process of Li* into titania, three regions
can be described. In the first region, at low concentration of Li, a solid solution is formed. The
second region is associated to the redox process in (1) where half of the octahedral sites are filled
and TiO2 and LixTiO2 co-exist due to a phase separation. The theoretical specific capacity of lithium
insertion into anatase is 335 mAh g and it corresponds to the composition Li;TiO2 reached at the
end of the third region when the filling of the last octahedral sites is completed.®®! TiO, (B) and
amorphous titania instead are characterized by pseudocapacitive performance.

Unfortunately, titania electrodes are typically showing capacities between 150 to 200 mAh g due
to the slow Li diffusion and the effect of production parameters (like annealing, presence of water
and morphologies).’**! Nanostructuring the materials has been shown as one strategy to enable the
rapid and efficient storage and release of energy. One, two and three dimensional TiO; structures
have been extensively studied, showing that nanoengineering is an efficient way to improve the Li
storage properties into the titania structure.[667.686% Mesoporous morphologies in particular have
shown very high energy densities and the best rate performances reported. Mesoporous
nanostructured materials are interesting because of their high surface area, offering more lithium
insertion channels, structured pore pathways for fast diffusion of the Li* ions and good
accommodation of strain.

Doping of the structure and formation of composite with carbon are the other strategies followed

by researchers to improve the titanium dioxide electrochemical performance.™
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3. EXPERIMENTAL METHODS

3.1 Synthesis of the materials

3.1.1 Mesoporous anatase TiO2 beads

Titanium (1V) isopropoxide (TIP) (97+%), ammonium hydroxide solution (30—33%), Potassium
Cloride (KCI) (99.99%, trace metal basis) and 1- hexadecylamine (HDA) (technical, 90%) were
purchased from Sigma Aldrich. All the chemicals were used as received. Synthesis of mesoporous
anatase TiO2 microbeads were prepared by controlled hydrolysis of TIP in hydroalcoholic medium
for 18 h with HDA as a structure-directing agent and KCI to regulate ionic strength, followed by
autoclaving at 160 °C in hydroalcoholic ammonia for 16 h and calcining at 500 °C for 2 h in air of

the obtained solid.l"!

3.1.2 Mesoporous amorphous TiO;

Spray deposited ordered mesoporous titania was synthesized using a method previously reported.[’?
In short, a reaction solution was prepared by stirring 3 g ethanol (99.5%, Solveco), 2.25 g block co-
polymer Pluronic™ F127 (Sigma Aldrich) and 1.5 g 5 M HCI (Sigma Aldrich) in a closed
polypropylene bottle until the F127 was completely dissolved. Subsequently, 1.5 g titanium
butoxide (97%, Sigma Aldrich) was added to the solution and the solution was stirred for
approximately 10 minutes, until the titania precursor was dissolved. The final molar composition
of the reaction solution was (titanium butoxide:ethanol:HCl:water:F127) (1:14.8:1.57:15.7:0.041).
The solution was stored for three hours at 40 °C in the closed polypropylene bottle. The reaction
solution was spray deposited (15 second spray time) on glass slides (VWR 631-1551, 76x26 mm)
using an Aztek A470 Airbrush, with a 0.30 mm general purpose nozzle (Aztek 9305 CX). After
deposition, the film was aged for 72 hours in a closed climate chamber at 75 % relative humidity
(RH). Subsequently, the films were exposed to UV irradiation for 24 hours to photocatalytically
remove the F127 polymer template. The ordered mesoporous titania material was collected by
scraping the film of the glass slides. Titania anatase nanoparticles of ~15nm diameter (Alfa Aesar,

product number 45603) were used as a reference.
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3.2 Electrode fabrication

Electrodes were prepared by mixing the mesoporous titanias with carbon black, Super-P™ (Alfa
Aesar), and Kynar® PVDF binder (Arkema) in NMP (N-methyl-2-pyrrolydone, anhydrous, 99.5%,
Sigma Aldrich) and finally deposit the mixture on a copper current collector. First, mesoporous
anatase beads were mixed by ball milling at 10 Hz for 10 minutes in a ZrO> coated cup with ZrO>
balls in a Retsch MM400 ball mill. The ball milled mixture was transferred to a glass vial and Super-
P™ and Kynar® 5% (w/w) solution in NMP was added. The solution was stirred overnight in a
capped vial, forming a slurry having a weight ratio of (TiO2:Super-P:PVVDF) of (8:1:1). 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 coat a 150 pm thick coating of the slurry.
The as prepared electrode was let dry overnight at room temperature with further additional drying
at 80 °C for 2 hours to let the NMP completely evaporate.

In Paper 2, the activated carbon electrodes (~10 mm diameter, ~300 pm, ~12 mg/cm? active
material) were prepared following a procedure reported in literature.l”® In summary, PTFE binder
(60 weight % aqueous dispersion), acetylene black conductive additive (Vulcan® XC72R) and
Kuraray YP 50F activated carbon were mixed in ethanol. 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 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 1 cm die hydraulic press

under an applied uniaxial force of 2 tons.

3.3 Device fabrication

In both Paper 1 and Paper 2, the electrodes were studied as anode in half Li-ion cell. The electrodes
(~10 mm diameter, 2 mg cm active material) were transferred to a glove box (H20 and O less
than 1ppm) 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 was used as separator, soaked with
60 pL of electrolyte commercial LP30 solution while lithium metal disc was used as anode (~11
mm, 4 mg cm?). The hybrid asymmetric supercapacitors were built similarly as coin cells, using
the mesoporous anatase electrode as negative electrode (battery-type) and Kuraray YP 50F

activated carbon as positive electrodes (capacitor-type).
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4. ANALYTICAL TECHNIQUES

4.1 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.

4.1.1 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. In Paper 2, the morphology of the anatase

TiO, beads was investigated by JSM 7800F scanning electron microscope (SEM).

4.1.2 Transmission electron microscopy (TEM)

TEM is also a non-destructive microscopy technique. The electron beam, at high accelerating
voltages, interact with the sample and pass 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 1, 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 200kV and
on a FEI Titan operating at 300kV. Energy filtered EFTEM experiments were performed on the
Titan.

4.1.3 X-ray 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 the Bragg’s law: nA = 2dsin9, 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.
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In Paper 2, 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 = 0.154184 nm) equipped
with an X’Celerator ultrafast RTMS detector. The angular range was 10-90° (in 20) and the angular
resolution (in 20) 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 antiscatter slit and a 0.04 rad collimator were used
on the diffracted beam path. By using the MAUD software package, the Rietveld analysis of the

obtained patterns was performed.l’l

4.1.4 X-ray absorption spectroscopy (XAS)

When a sample is exposed to an 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 adsorption 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 be studied via diffractive
techniques. In Paper 1, 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 the samples that were
cycled to the previously defined cutoff 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 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.

4.1.5 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 teory

of Brunauer — Emmett — Teller (BET), to calculate the specific surface area. By increasing the
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nitrogen partial pressure inside the pores, the phenomenon of capillary condensation occurs which
leads to a rapid increase of 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 2, N2 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.

4.2 Electrochemical Characterization
4.2.1 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 to
study the redox processes of the electrodes in detail, being the current proportional to the different
kinetic parameters, like the diffusion coefficient and the charge transfer constant. In a typical setup,
the cell is composed of a working electrode, focus of the experiment, a counter electrode, to control
the current, and a reference electrode, which acts as voltage reference.

In this work, CV was used to determine the electrochemical signature of the mesoporous titania,
always acting as working electrodes. In Paper 1, 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 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 aluminum 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 29 V,
respectively, in a Bio-Logic VMP-3 potentiostat. In Paper 2, CV measurements were performed
on the half Li-ion cell in a Bio-Logic VMP-3 potentiostat at different scan rates. 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 5
reports the current vs voltage curves typical for the different types of electrochemical mechanisms

presented in the thesis: capacitive, pseudocapacitive and faradaic.
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4.2.2 Galvanostatic charge discharge (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, Galvanostatic charge discharge tests were performed between 0.7 V t0 2.9
V in a Scribner 580 battery cycler. In Paper 2, Galvanostatic charge discharge tests were performed
between 0 V to 2.9 V in a Scribner 580 battery cycler. Figure 6 reports the voltage vs. time curves

for the different types of electrochemical mechanisms presented in the thesis: capacitive,
pseudocapacitive and faradaic.
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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 (64)
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5. RESULTS AND DISCUSSION

5.1 Li-ion insertion mechanism in mesoporous titania

One of the main aims of this thesis is to present our understanding of the processes of Li* storage
into the mesoporous titania materials. The first part of Paper | deals with the Li* ion insertion into
the mesoporous anatase beads, while Paper 11 is focused on the lithiation of the ordered mesoporous
amorphous titania. Both the evaluations were conducted in a half cell configuration with Li* as
counter electrode, because in this configuration, the Li counter electrodes act as an infinite reservoir
of Li* ions, allowing for a more accurate and focused study of the titania electrodes. The two
materials store electrochemical energy storage through Li* ion insertion and extraction, however
the 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 is
important to combine electrochemical and structural characterization to gain a better picture of the
processes involved. In the next paragraphs, the electrochemical performance of the mesoporous
anatase beads is first reported, followed by the characterization of the mesoporous amorphous

titania.

5.1.1 Mesoporous anatase titania beads

The TiO; beads crystal structure, morphology and mesoporosity were studied through XRD, N2
adsorption and SEM, which is shown in Figure 7. The material is highly crystalline, showing only
the anatase polymorphs and ~25 nm crystallites. The material consists of hierarchically organized
micrometer sized beads with the mesopore dimension distributed around ~15 nm and a BET specific

surface area of ~90 m?/g.

Figure 7: SEM micrographs of the TiO beads in two magnifications. The 2" panel clearly shows the aggregation

of the nanoparticles in a spherical minimized surface energy structure.
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Figure 8: Cyclic voltammetry curves of the anatase beads vs. Li at the 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.

Figure 8 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.
Because of 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 a 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 measured current i and the scan rate v provides an understanding of the mechanisms
involved.

Following the treatment presented in Paper I, 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 9. At the
scan rate of 5 mV/s the capacitive current is more significant and contributes for 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 capacitive contribution.

19



It follows that most of the capacitive current is pseudocapacitive in nature. This result further proves
that the hierarchical structure allows for the mesoporous beads to be easily accessed by the

electrolyte and undergo fast surface redox reactions.
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Figure 9: 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 10 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 10: (a) GCD curves for the 1st, 2nd, 50th and 200th cycles at 0.5C. (b) discharge capacity and columbic
efficiency vs. number of cycles
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Figure 11 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 remarkable high rate storage is possible thanks to the high
pseudocapacitance shown by the material. Moreover, the high rate cycling is not damaging the
mesoporous beads and, therefore, has a limited effect on the electrochemical performance. When
the cycling rate step is reversed, the electrodes store a similar capacity when cycled at low rates.
Figure 11 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 optimal stability of the mesoporous
anatase beads morphology.
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Figure 11: Rate performance for a mesoporous anatase beads electrodes.

Figure 12: a) Pre-cycling TiO; electrode surface, b) post-cycling TiO; electrode surface.
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5.1.2 Mesoporous amorphous titania

In Paper 11, Mesoporous amorphous titania structure was characterized with X-ray absorption
spectroscopy (XAS), by studying the local environment of the titanium atom. To better understand
its special features, Figure 13 reports also the spectrum of an anatase reference. In the theory of
XAS the edge position is associated to the oxidation state of the element, which appears to be very
similar in the two titania polymorphs (Ti**). The pre-edge region gives important information about
the coordination and symmetry of the element. By studying the A1, A2 and A3 peaks position and
intensity, it was be concluded that the mesoporous amorphous titania contains a combination of
BITi and ©1Ti, similarly to the findings of previous studies.”®"°8% Amorphous titania nanoparticles
seems to be composed of an anatase-like core with defects near the surface of the particle.
Furthermore, the absence of a shoulder in the absorption edge of the mesoporous titania, further

depicts a difference in symmetry of the titanium atom with the anatase material.
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Figure 13: 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 amorphous titania electrodes were electrochemical characterized in a half cell
configuration and the GCD curves between 2.9 V and 0.7 V are shown in Figure 14. The lower
voltage limit was fixed to 0.7 V and not 1 V as in the anatase electrode because interesting
electrochemical phenomena are taking place in the region between 1 V and 0.7 V. The mesoporous
amorphous titania exhibits a quasi linear dependence of the stored charge with the potential through
the charge/discharge curve. A very high capacity of ~680 mAh g is observed for the first discharge
cycle, and then the capacity decreases rapidly in the subsequent cycles, with the second cycle
retaining only 40% of the initial capacity (~280 mAh g™). Figure 12b reports CV tests at the scan
rate of 0.3 mV/s. The mesoporous amorphous titania shows a pseudocapacitive behavior of insertion
type, extrinsically due to the mesoporous morphology and intrinsically due to the amorphous
structure. The apparently under-coordinated Ti atom in the mesoporous material may explain its

intrinsic pseudocapacitance.
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Figure 14. 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 the scan rate
of 0.3 mV/s.

Figure 15 presents further electrochemical characterization of the mesoporous amorphous titania.
The initial large irreversibility is concentrated during the first 20 cycles. The capacity fading after
the 20" cycle is slower and the electrode shows 80% capacity retention for almost 200 cycles, as
shown in Figure 13a. The Figure 13b presents a good rate capability, with 83 mAh g delivered at
10 C and high recovery of capacity when cycling the electrode again at lower rates.
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Figure 15. Charge and discharge capacity vs. number of cycles (a) and the performance at higher rates (b) of the

mesoporous titania electrodes.

The 10 C capacity value is smaller compared to the one shown by the mesoporous anatase beads
(100 mAh gt). However, the mesoporous amorphous titania could in theory 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 first cycles might be the reason for this lack in
performance. Therefore, 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.
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5.1.3 Origin of the irreversibility in the mesoporous amorphous titania

CV tests with cut-off voltages of 1.7, 1.3, 1.0 and 0.7 V were performed and are shown for

electrodes cycled for 50 cycles in Figure 16.
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Figure 16. Cyclic voltammetry scans performed with a three-electrode setup at 0.3 mV/sec between 2.9 V and 1.7
V(a),2.9and 1.3V (b),2.9and 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 already at 1.7 V, even though the concentration of Li ions inserted

in the titania structure is typically low with x < 0.5 in LixTiO.. Figure 16d shows the presence of

four different reduction peaks, which we believe are associated to the formation of stable and

electrochemically inactive phases. The peak at 0.7 V is believed to be originated from the formation

of a solid electrolyte interface (SEI). To investigate the structural changes associated to the other

peaks, XAS and TEM were used.
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XAS measurements were performed on the previously cycled samples, in both the intercalated (0.7

V) and deintercalated (2.9 V) states, as reported in Figure 17.
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Figure 17. 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.

The post-edge or NEXAFS region, containing spectral features associated to multiple scattering
phenomena, gives some interesting information on the structural changes during the lithiation
process.B1828 |n Figure 17c it is observed that the peak intensity C1/C2 increases with lower cutoff
potential and at cut-off potential 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 MS
processes, as seen in the shift in the ratio of the intensity of the C1/C2 peaks in Figure 17d. From
the graph it is observed that there is a linear correlation between the lithium concentration and the
intensity ratio of peak C1 to C2. This linear relationship is valid for electrodes in the deintercalated
state and in the intercalated state, containing also reversibly bound lithium. This shows that the local
environment of the titanium atom is affected in a similar way by the different lithium intercalation
phenomena occurring during cycling, further indicating that the distance between the inserted
lithium atoms and the titanium atom is very similar regardless if the lithium is reversibly or

irreversibly bound. Because of this indistinguishable effect on the multiple scattering, we conclude
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that lithium is always positioned in the close proximity of the titanium atom forming LixTiO>
species. This also implies that formation of lithium containing species outside the near environment
of the titania structure, such as lithium oxide, is improbable in our system.

TEM imaging was then used to verify the formation of LixTiO> species. In a previous publication,
it was shown that the titania material is mesoporous and contains small anatase crystallites.["
Bright field (BF) and high resolution (HR) TEM images of the electrode, composed of mesoporous
titania in a carbon matrix, cycled to 1.7 V and interrupted in the deintercalated state, are shown in
Figure 18a-d. The image in panel d shows a crystal of ~15nm, which was found to correspond to
the {400} planes of LiTiO2. The crystalline lithium titanate formation can be associated to the
reduction peak at 1.7 V, seen in the CV measurements (Figure 18a). Interestingly, it appears that
the formation of lithium titanate is caused by local crystallization phenomena at average Li
concentration below x = 1 in LixTiO, and partly responsible for the irreversible capacity.

5nm
——

Figure 18. 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 LiTiO2 (d). BFTEM images of the
electrode cycled to 1.0 V which consist 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).
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Figure 18e-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 with a combination of analysis of the lattice fringes and measurements based on the
reflections present in the FFT from the nanoparticle area. The phases investigated as possible
structures are anatase, lithium oxide (Li»O) and lithium titanate (LiTiO2). The observed linearity
between the shift of the C1/C2 intensity ratio and the lithium concentration (Figure 17d) supports
the hypothesis that more LixTiO, phases were formed in the electrode. It should be stated that the
mesoporous titania material contains a large amount of amorphous phase, which is not readily
detected in the TEM images, and the associated lithium containing phases are, presumably, partly
amorphous as well.

To further examine the electrode, including the amorphous phases, and 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 deintercalated 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 19, 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.
Furthermore, the composite elemental maps show that lithium is located in close proximity with
both titanium and oxygen, which is in line with our hypothesis that irreversible LixTiO> species are

formed during the cycling of the electrodes.

Figure 19: Unfiltered (BF), 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.

27



The formation of irreversibility on the surface of the material can be also the reason for the lower
rate capability of the mesoporous amorphous titania compared to the mesoporous anatase beads.
We believe that the irreversible phases possibly reduce the diffusion rate of Li ions inside the titania

structure. Further study needs to be done to verify this conclusion.

5.2 Mesoporous TiO2 beads as negative electrode for asymmetric supercapacitor

From the results reported in the previous section, the mesoporous anatase beads seems to be a
perfect candidate as a negative electrode in a hybrid asymmetric supercapacitor. Commercial
activated carbon was used as material for the positive electrode. As reported before, the anatase
titania electrode stores energy through Li* ions intercalation into its structure. Whereas, the porous
activated carbon stores charges through the adsorption of anions on its very high surface (~1.800
m?/g), forming a double layer of charges.[®Yl The formation of the double layer is associate to a
linear plot of the voltage vs. time. To achieve charge balance, the positive electrode must have a
mass 8 times bigger than the negative electrode. To distinguish and appreciate 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, the

titania and the carbon is presented in Figure 20.
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Figure 20: Galvanostatic charge/discharge curve at 2.5 A g** vs. Ag, for an asymmetric supercapacitor.

The long-term cycling ability of the device is shown in Figure 21. In panel a, we can see an initial
decrease in capacity for the first 50 cycles, which can be associated to the initial irreversibility of
the anatase beads. 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, the average

specific energy of ~27 mWh g is maintained stable along the 10000 cycles.
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To our knowledge this is one of the best performances ever reported in literature for hybrid
asymmetric supercapacitors,[10:8586.87]
The energy efficiency is also improving during the first 500 cycles and gradually stabilizing to 80%,

which means that continued cycling is not damaging the material by inducing a strain overpotential.
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Figure 21: Hybrid asymmetric supercapacitor’'s GCD performance: (a) capacity and columbic efficiency vs.
number of cycles; (b) energy and energy efficiency vs. number of cycles; (c) GCD potential vs. capacity reported
for the 1%, 50, 500™, 2500t", 5000™, 10000™" cycles.

The high energy stability is connected to a gradual shift of the potential along the cycling as shown
in Figure 21c. More interestingly, a balancing effect is taking place, where the progressive reduction
of the capacity, due to a reasonable electrode degradation, is balanced by the translation of both
cathodic and anodic plateaus to higher values.

A further analysis with GCD in the three-electrode configuration mentioned before, reveals that
both the electrodes have a change in their overpotential during the cycling, as can be seen in Figure
22 for the full cell charging process. Further combination of electrochemical and structural

characterization will be necessary to understand this curious phenomenon.
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Figure 22: GCD measurement at 2.5 Ag showing the overpotential shift of the electrodes and the total cell,

during charging of the device.

The cycling at different rates and the energy density vs the power density performance (Ragone
Plot) are shown in Figure 23. The plot reports the gravimetric densities, measured with respect to
the total mass of the electrodes, and the volumetric energy density, also considering the electrolyte
and the separator. 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 20A g* (3kW kg™).
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Figure 23: (a) Rate performance of the asymmetric supercapacitor and (b) Ragone plot reported in terms of mass

of the electrodes or volume of the full cell.
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6. CONCLUSION AND FUTURE WORK

The lithiation of ordered mesoporous titania and mesoporous anatase bead electrodes was
characterized and compared. We conclude that the difference in the polymorphs structure has a
pronounced effect on the electrochemical mechanisms and performance of the two materials.

The ordered mesoporous titania has a very high initial electrochemical capacity of 680 mAh g in
the first cycle, but the capacity quickly fades and is ~170 mAh g after 50 cycles. The mesoporous
titania performed well in the rate capability test, delivering 83 mAh g* at 10C. The large
irreversibility of the material was analyzed by cyclic voltammetry and structural characterization
was performed by TEM and XAS. The CV revealed that the irreversibility occurs already at 1.7 V,
at the position of the first peak which was found to be associated with the formation of crystalline
lithium titanate (LiTiO2). XAS measurements showed that irreversibly and reversibly intercalated
lithium affect the multiple scattering in the NEXAFS region. By comparing peak intensity ratios in
the NEXAFS region, we propose a method to differentiate between lithium bound in close
proximity and lithium located further away from the titanium atom. The mesoporous titania shows
many similarities to amorphous titania, which contains high amounts of defects near the surface.
We suggest that the presence of such defects leads to the formation of irreversible phases mainly
located at the surface of the material. The effect of these irreversible phases on the rate performance
of the material needs to be further study.

The mesoporous anatase bead electrodes showed the typical Li ion intercalation signature.
However, calculations reveal that a large contribution to the stored charge is of extrinsic
pseudocapacitive nature. The electrodes show high specific capacities of 200 mAh g-1, with more
than 90% capacity retention over 200 cycles and very good rate capabilities, retaining 100 mAh g*
at 10C rate. The mesoporous bead electrode was therefore used as negative electrode in a hybrid
asymmetric supercapacitor, with commercial activated carbon as positive electrode. The device
delivers 37 Wh kg™ at 0.5 A g* (100 W kg?) and almost 10 Wh kg™ at the very high current of
20 A g* (3 kW kg™?). The device showed very stable performance, with no decrease in specific
energy over 10000 cycles, involving a curious gradual shift to higher potentials counter balancing
a gradual decrease in capacity.

Further combination of electrochemical and structural characterization will be necessary to
understand this curious phenomenon. Moreover, to improve the rate performance of the mesoporous
anatase bead material, we are currently studying the effect of niobium doping. The high stability of
the system and the use of low cost and environmentally friendly materials are paving the way to a

possibly marketable system.
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