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Abstract

There is an on-growing demand for the next generation of energy storage mate-
rials, which have high specific capacity, excellent high-rate capabilities, and durability.
Transition metal coordination polymers with n-d conjugation have recently attracted
attention as candidates for the electrode materials in advanced batteries and superca-
pacitors. However, this class of materials remains poorly studied.

This Thesis is dedicated to Ni- and Cu-based coordination compounds derived
from 1,2,4,5-benzenetetraamine, a commercially available ligand. The materials were
synthesized, characterized using a set of physicochemical techniques, and tested in pos-
itive or negative electrodes for energy storage devices that use alkali metal ions as
charge carriers.

As the positive electrode materials, the compounds exhibited redox activity in
half-cells with lithium metal as the anode. For the copper-based material, higher spe-
cific capacities of up to 262 mA h g were demonstrated. However, the cycling stability
of the polymers was inferior. The charge storage mechanisms were studied using ex situ
X-ray photoelectron spectroscopy.

It was shown that the compounds might be used as anode materials for metal-
ion batteries. Particularly, the nickel-based coordination polymer exhibited a combina-
tion of attractive properties in Li-based, Na-based and K-based cells, such as high spe-
cific capacities (>200 mA h g1, high-rate capabilities and excellent cycling stability.
The material might be considered a promising alternative to lithium titanate. It has safe
operation potentials (>0.5 V vs. M*/M) while possessing higher capacities and being
compatible with various charge carriers. Basing on the electrochemical features of the
material, as well as data from ex situ X-ray photoelectron spectroscopy, operando and
ex situ X-ray diffraction, and operando Raman spectroscopy measurements, it was con-
cluded that the charge storage mechanism involved reversible two-electron reduction
of the polymer repeating units. In the partially reduced states of the Na- and K-based

systems, the Ni-based material showed features of intercalation pseudocapacitance.
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Chapter 1. Introduction

Electrochemical energy storage is one of the key topics of modern materials
science. Its development is important for many aspects of technological and societal
progress, such as transition from fossil fuels to sustainable energy sources, implemen-
tation of smart grids, electric vehicles, and useful portable electronics.?

There are various types of energy storage devices, each of which has a unique
set of advantages targeted for particular applications.*® However, among others, lith-
ium-ion batteries (LIBs) have become the most widespread kind, which is also the most
essential in everyday life.® 2% The popularity of Li-ion batteries arises from a combina-
tion of reasonably high energy and power densities, decent cycling stability and low
self-discharge rate.!° Significance of this technology was highlighted by awarding the
Nobel Prize in Chemistry in 2019 to M. Stanley Whittingham, John B. Goodenough
and Akira Yoshino.'! However, although lithium-ion batteries are in many aspects more
attractive than other types of energy storage devices, they have several drawbacks that
limit their applicability.

Modern lithium-ion batteries are still too expensive and bulky for electric vehi-
cles.*> 13 Over the past decades, performance of LIBs significantly improved, with the
volumetric energy increasing from ~200 to >700 W h L%, and their price dropped by
more than an order of magnitude.'® However, the batteries that are able to power up an
electric car (50-100 kW h) still take up to ~500 L of space and weigh more than half a
ton.'® Charge-discharge rates and cycle life of modern LIBs are also limited.1® At
high current rates, lithium dendrites form at graphite anode, causing severe safety issues
because a risk of battery short-circuiting appears.t” Improvements of the LIB perfor-

mance are becoming minor as the conventional technologies approach their
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fundamental limits.*® Tremendous effort is currently put into developing new chemis-
tries for fast-charging durable energy storage devices with high energy densities.18-2?

Furthermore, continuous growth of lithium consumption?® 24 raises concerns
about the scarcity of its resources, which questions the sustainability of LIBs. Lithium
is a rare element; its major feedstocks in the Earth’s crust are concentrated only in few
countries, making the industry generally dependent on the import.2® In some scenarios
of LIB market expansion, the lithium supply might become insufficient during the next
decades.?® In the short term, an even more serious issue is shortage of cobalt resources,
which are important for the most widespread cathode materials.*® %’ If cobalt-free bat-
teries remain underdeveloped, production of Co will have to increase up to an order of
magnitude to satisfy the future demand.?®> 28 This might lead to substantial price growth
for LIBs, as well as bottlenecks in the large-scale production.?” Developing cobalt-free
and lithium-free batteries should help to solve these sustainability issues.

Sodium- and potassium-ion batteries (SIBs and PI1Bs) are among the most prom-
ising alternatives to LIBs that are more sustainable. Although sodium and potassium
have smaller specific capacities than lithium (which decreases the energy density of
SIBs and PIBs), they have a strong advantage of being extremely widespread and cheap
elements. For both SIBs and PIBs, cheaper and lighter aluminum can be used as the
anode current collector instead of copper because sodium and potassium form no alloys
with Al.2>2% Each type of charge carriers (Na*, K*) has its own advantages. Sodium has
lower atomic weight, so its specific capacity is higher. On the other hand, standard re-
duction potential for K is —2.93 V, which is close to that for Li (-3.04 V) and lower
than for Na (-2.71 V); in propylene carbonate, the reduction potential for K is even

lower than that for Li and Na.*® 3! Both higher capacities and lower anode potentials
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help to enhance energy density of the batteries. Graphite, which is a standard anode for
LIBs, can be used in PIB anodes, which is in contrast with the SIBs.3!* Owing to a
weak Lewis acidity of potassium ions, diffusion coefficients of K* in electrolytes are
higher than for Li* or Na*, which is beneficial for fast charge-discharge.®* % At the
same time, radii of desolvated Na* ions are smaller compared to K* ions; consequently,
the amplitude of volume expansion-contraction of active battery materials is expected
to be smaller, potentially leading to longer cycle life of sodium-ion batteries.®® 3’ Since
each type of batteries has its unique set of advantages, it is reasonable to develop these
technologies simultaneously.

Metal-organic redox-active materials can be attractive as materials for the next
generation of batteries. Redox chemistry of organic-based compounds is generally
weakly dependent on the nature of counter-ions that balance excessive charges upon
reduction/oxidation.-3° This is in contrast to inorganic battery materials, which usually
rely on cation-specific complex intercalation mechanisms.3®%° Versatility of these com-
pounds should make the development of alternative battery technologies easier since
the same material can be successfully applied for lithium, sodium, potassium chemis-
tries and other. Recently, a new family of metal-organic compounds, namely n-d con-
jugated coordination polymers of transition metals, have attracted attention for energy
storage applications. The next chapter provides a literature review regarding this topic,

as well as briefly overviews metal-ion batteries and related technologies.
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Chapter 2. Literature review

2.1. Working principles and terminology for metal-ion batteries and re-

lated energy storage technologies

2.1.1. Definitions of metal-ion batteries, dual-ion batteries and pseudocapaci-
tors

Working principle of a metal-ion battery is schematically represented in Figure
1. The device contains two electrodes, positive and negative, separated by an ionically
conductive electrolyte, which is typically a liquid solution of an alkali metal salt immo-
bilized in a porous separator. In the charged state, the negative electrode (typically re-
ferred to as anode) contains extractable metal cations, which can be inserted into the
positive electrode (typically referred to as cathode) upon discharging. These reactions,
driven by a difference in electrochemical potentials, induce an electric current between
the electrodes. The reactions are reversible, and if an external current is applied in the
opposite direction, the metal cations migrate back from the cathode to the anode, and
energy is stored in this way. This type of energy storage devices, where one type of
charge carriers goes back and forth between the electrodes, is sometimes called “rock-
ing-chair batteries”.*® For lithium-ion batteries, commercial cathode materials are ex-
emplified by LiNixMnyCo,02 (NMC), LiNixCoyAl,02 (NCA), LiFePO or LiMn,04.4
The most popular commercial anode materials are graphite and lithium titanate
(LTO).* If alkali metals are used as the anodes, the devices should be called “metal
batteries”, e.g., “lithium metal batteries? or “sodium metal batteries”,*? rather than
“metal-ion batteries”. Certain types of batteries with conversion-type cathodes, such as

metal-air,?t %> 4 metal-sulfur'® 4 or metal-iodine*® batteries, are also considered
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distinct types of energy storage devices and represent a family of “post-lithium-ion bat-
teries”.

battery discharging (releasing energy)
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Figure 1. Schematic representation of the working principle of metal-ion batteries.

A related type of rechargeable batteries, which also utilizes reversible inser-
tion/extraction of ions, is dual-ion batteries.*® 47 Upon charging of dual-ion batteries,
cations from the electrolyte are inserted in the anode, while anions are inserted into the
cathode. In other words, the electrolyte salt is reversibly decomposed upon charging. A
classic example of a dual-ion battery is dual-graphite battery.*® These devices have an
advantage of high operating voltages (>4 V), but also have limited capacity because the
amount of electrolyte (electrolyte salt) has to be much larger than for metal-ion batter-

ies.
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Another related type of energy storage technology is supercapacitors. The main
types of supercapacitors are electric double layer capacitors (EDLCs) and pseudocapac-
itors. In EDLCs, the energy is stored via charge separation at the interfaces between
electrolyte and electrodes with high surface area (typically carbon-based), where elec-
trical double layers form.*°® For the energy storage, cations and anions from the electro-
lyte migrate to the electrode surfaces that become charged when a potential difference
is applied externally. The charge storage mechanism is somewhat similar to dual-ion
batteries, but for EDLCs its nature is non-Faradaic and occurring only near the electrode
surface. Cyclic voltammograms (CVs) for EDLCs have a nearly rectangular shape, and
galvanostatic charge-discharge (GCD) profiles are linear (Figure 2a, b). EDLCs can
deliver high power densities (~15 kW kg ™) and are extremely robust (stable up to mil-

lions of charge-discharge cycles), but have low energy densities (5-10 W h kg2).%°
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Figure 2. Features of materials for EDLCs, pseudocapacitors and batteries: CV pro-
files (a), GCD profiles (b) and dependencies of CV current on the scan rate (c). Re-

produced with permission from ref.>® Copyright 2019, Wiley-VCH.
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The energy density is higher for pseudocapacitors, which enable redox chemis-
try at the electrodes. Initially, pseudocapacitance was defined as Faradaic processes
taking place near the surface of electrodes.®® > Classic examples are MnO and RuO,.%%
%3 Their CV profiles are nearly rectangular, but also feature broad peaks (Figure 2a).
However, this definition of pseudocapacitance became ambiguous as nanosized mate-
rials for energy storage evolved.>® When the particle size of the battery materials is
reduced to nanoscale, fraction of the charge storage sites near the surface increases, and
their power density improves, which blurs the distinction between batteries and super-
capacitors.®* * Furthermore, some intercalation-type materials, such as Nb2Os, MoOs
or TiO,, were reported to have fast charge-discharge kinetics, sometimes even surpas-
sing traditional pseudocapacitive materials.®*® To rationalize their charge-discharge
mechanisms, Dunn et al.>* > proposed a term “intercalation pseudocapacitance”, which
is intercalation of ions into the layers or tunnels of the electrode materials, during which
no crystallographic phase change occurs. Pseudocapacitive mechanisms were then clas-
sified into three types (Figure 3):%° (1) underpotential deposition, which is an infrequent
phenomenon occurring when metal monolayers are electrodeposited at the surfaces of
foreign metals above their reduction potentials;*® (2) redox pseudocapacitance, which
is the most common type when ions are electrochemically adsorbed at the surfaces of
redox-active materials; (3) intercalation pseudocapacitance, when the intercalation of

ions into the host is fast and kinetically indistinguishable from capacitance.>®
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Figure 3. Types of pseudocapacitance. Reproduced with permission from ref.%°® Copy-

right 2014, Royal Society of Chemistry.

Dunn et al.>® proposed a new definition of pseudocapacitance basing on the
electrochemical features: (1) CV profiles that are nearly rectangular or featuring broad
peaks with small separation on the potential axis; (2) sloping GCD profiles; (3) electro-
chemical impedance Nyquist plot containing a nearly vertical line with a phase angle

of 90° or less (Figure 4).

a) ' b) c)

Current
Potential
ImaginaryZ

Potential Capacity - Real Z >
Figure 4. Electrochemical features of pseudocapacitive materials: CV profiles (a),
GCD proifiles (b) and Nyquist plots (c). Reproduced with permission from ref.>® Cop-

yright 2014, Royal Society of Chemistry.

An important experiment to understand if the redox reactions are controlled by
the solid-state diffusion is measuring CV profiles at various scan rates.>® At a given
potential E, current I is considered originating from a linear combination of diffusion-

controlled insertion (k1v®°) and capacitive processes (kzv) components:®*
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I(E) = ky(E)v*® + ky(E)v 1)

Here v stands for the scan rate, ki and k> are potential-dependent parameters.
Equation (1) can be linearized in coordinates v 22 vs, v0*:

I(E)v™%% = ky(E)v°° + Ky (E) (2)

This formula is sometimes simplified to:

I(E) = a(E)v?® 3)

where a and b are potential-dependent parameters, with the b value ranging from
0.5 to 1. It is proposed that b = 0.5 indicates a battery-related behavior, while b ~ 1 is
typical for capacitive or pseudocapacitive materials. However, it should be stressed that
b values close to 1 were reported for nanosized materials with battery-like electrochem-
ical features, such as obvious CV peaks with significant peak-to-peak separation (AE >
0.2 V). 62.63 |In other words, kinetics analysis might be useful for understanding the
charge-discharge mechanisms, but it cannot be used solely to determine if the materials
are pseudocapacitive because the electrochemical signatures (shown in Figure 4) have
to be firstly considered.*

An interesting type of energy storage devices are hybrid supercapacitors, where
one of the electrodes stores charge via a battery-type Faradaic process, while the second
electrode relies on the capacitive mechanism.® The concept of these devices is to in-
crease the energy density by using battery-type electrodes while retaining high power
densities of the supercapacitors. In terms of the specific energy, power and cycling sta-
bility, hybrid supercapacitors occupy a middle ground between metal-ion batteries and

classic supercapacitors.®*
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2.1.2. Key characteristics of energy storage devices

Important characteristics of energy storage devices are the amount of energy
that can be stored per mass of volume unit, charge-discharge rate (or power, which is a
related parameter) and cycling stability. If a device operates in a galvanostatic mode,

the energy W that is retrieved upon discharging can be calculated as follows:

T

Q
W= |V(gdg=1]|V()dt 4)
[rn=1

0

where 1 is current, t is discharge time, Q is capacity, i.e., charge that is trans-
ferred through an external circuit, and V is the voltage that is generally dependent on
the state of charge and is the potential difference between the positive and the negative

electrodes:

V(q) = E°(q) — E*(q) (5)

Equation (4) may be expressed in terms of average voltage Vavg:

W= QVavg (6)

L V@dg  [JEC(@dq [} E*(@)dq
wo Q B Q Q

= Egvg - Egvg (7)

For the cyclic voltammetry experiments, W can be calculated as follows:

V2
1

where V. and V1 are maximal and minimal operating voltages, v is scan rate.
This formula, however, should be applied when charge and discharge capacities of the

material are close, i.e., no obvious irreversible side reactions occur.
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For supercapacitors, a typically reported value is capacitance C, which reflects
what charge (capacity) AQ is stored under a given voltage change:

4

C=2y

(9)

The stored energy for supercapacitors can be calculated from the capacitance as

follows:

Power P is typically reported as the ratio between the energy and the discharge

time:

pP=

w
s (11)

This formula reflects the average power of a device. It should be noted, how-
ever, that if the voltage is dependent on the state of charge, the power is also not con-
stant. At each moment of time, power can be expressed as a product of voltage and
current.

Cycling stability for batteries and supercapacitors is typically studied using con-
tinuous cycling in the GCD mode. Capacity retention (in percent) is typically reported
after a certain number of charge-discharge cycles. If the capacity decays linearly, ca-
pacity decay per cycle (in percent, mA h g%, etc.) can be reported.

2.1.3. Requirements for the next generation of energy storage materials

For the new generation of energy storage devices, it is desirable to approach
high specific energy and power along with excellent cycling stability and safety. Two
ways to improve the energy density are to increase the voltage and to increase the ca-

pacity (or capacitance). To approach high voltages, a device should combine a positive
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electrode with high reduction potential and a negative electrode with a low oxidation
potential. To increase the capacity, cathode and anode materials must have high con-
centrations of redox-active sites. Theoretical specific capacity can be calculated as fol-
lows:

nF

Qtheor = ﬁ (12)

where n is the number of electrons that can be donated/accepted per formula
unit of the material, M is molar mass of the material formula unit, F is Faraday constant
(26 801 mA h mol ™).

To achieve high power densities, high charge transfer rates and fast ion diffusion
are required. This implies high electronic and ionic conductivities within the electrodes,
as well as high ionic conductivity of the electrolyte.®® Using conductive electrode ma-
terials with pseudocapacitive charge-discharge mechanisms is beneficial for designing
energy storage devices with high power.®

To ensure decent cycling stability, several conditions have to be fulfilled:

e Charge-discharge processes (either Faradaic or non-Faradaic) must be highly
reversible.

e Solubility of the electrode materials and their reduction/oxidation products in
the electrolytes should be negligible, so no shuttling of redox-active species to
counter-electrodes is occurring.%®

e Volumetric changes upon charging-discharging should be small, so that the
structural integrity of the electrodes can be retained, avoiding particle fracturing
and delamination. It should be noted, however, that even for materials with high

intrinsic volume expansion, e.g., silicon, structural stability of the electrodes can
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be approached by nanoengineering, tuning the binder or solid electrolyte inter-
phase (SEI) structure.” 6770

e No extensive continuous decomposition of the electrolyte should take place at
the electrodes upon charging-discharging. This condition becomes increasingly
difficult to fulfill (especially at elevated temperatures’ ’2) when electrode po-
tentials are high (>4.5 V vs. Li*/Li) or low (<0.5 V vs. Li*/Li), because liquid-
state electrolytes typically start to decompose. One of the main approaches to
overcome this issue is to create stable SEI layers that will prevent continuous
parasitic reactions.”>’® The second option is to use solid-state electrolytes,
which, however, have other issues, such as high interfacial resistance or low
conductivity.””"® The third option is to sacrifice the energy density by, for ex-

ample, using anode materials with higher redox potentials, such as LTO for Li-

ion batteries.® This strategy is useful not only for improving the stability, but

also for making fast charging of the batteries safe by eliminating the possibility
of metal dendrite deposition.’

Safety of energy storage devices is in a certain way conflicting with the require-
ments for higher energy and power. In terms of energy, the best anode materials are
alkali metals because they have the highest specific capacities and the lowest redox
potentials.?® 2 These anodes, however, are highly reactive and prone to the dendrite
growth. Other anodes with low redox potentials, such as graphite, are also reactive in
metalated states, and the dendrites might form at their surfaces upon fast charging-dis-
charging.!” High-voltage cathode materials also tend to have safety issues, which are

related to factors such as electrolyte decomposition or instability of the charged states.’?

81, 82
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It might be concluded that designing energy storage devices that have the high
energy density, excellent high-rate capabilities, decent cycling stability and safety at
the same time is extremely challenging, because some of these features have to be com-
promised in favor of others. One can suppose that no universal type of energy storage
devices will be developed in the observable future, and various electrode materials with

certain attractive features will be implemented instead.

2.2. Structural features of coordination polymers with z-d conjugation

Coordination polymers with n-d conjugation feature transition metal ions che-
lated by functional groups of n-conjugated ligands, e.g., ones derived from ortho-dia-
mines, dithiols or diols (Figure 5). These macromolecules can be one-dimensional (lin-
ear), two-dimensional (sheet-like) or three-dimensional, depending on the ligand ge-
ometry, the number or functional groups and nature of the transition metal ions. Exam-
ples of the organic linkers include dihydroxybenzoquinone,® chloroanilic acid,34-%
benzenetetraamine,®” 8 benzenetetrathiol,®® hexa-substituted benzenes®*® or tri-
phenylenes.7-106

extended conjugation pathway

e g
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Figure 5. Orbital representation of a potential charge transport pathway in a coordina-
tion polymer with n-d conjugation. Reproduced from ref.1®” under CC BY license.

Copyright 2020, American Chemical Society.
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Some of the 2D structures can be considered as metal-organic analogs of gra-
phene, owing to their extended conjugation within the ab plane.1% 17 Many r-d conju-
gated coordination polymers have high electron conductivity,% in some cases surpas-
sing 1000 S cm™t (in films).%2 % Charge transport in these polymers occurs mainly
within the n-d conjugated planes.%’

An important feature of these structures is reversible redox activity of the lig-
ands. Typically, structures with hydroquinoid (2—-), semiquioid (1-) and quinoid (0)
motifs can be stable (Figure 6).1%” The ligands are usually oxidized during synthesis,
which leads to deprotonation of amines, catecholates or dithiols.’®” Notably, partial ox-
idation might introduce charge carriers into the metal-organic frameworks, which re-
sults in the conductivity increase.%’

O = T = X
-« -«
Y X +e~ s X +e~ s X
X=0,S,NH
Figure 6. Hydroquinoid (2—), semiquioid (1-) and quinoid (0) motifs of ligands in n-d
conjugated coordination polymers. Reproduced from ref.2%” under CC BY license.

Copyright 2020, American Chemical Society.

Coordination polymers with n-d conjugation combine several features that are
attractive for energy storage purposes. Their frameworks remain stable upon reduction
or oxidation. High specific capacities might be approached for these structures, espe-
cially if low-molecular ligands with multiple functional groups are used. High elec-
tronic conductivity of many of these polymers should be helpful for developing high-
power devices on their basis. The next section reviews papers that reported n-d conju-

gated coordination polymers in supercapacitors and batteries.
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2.3. Applications of n-d conjugated coordination polymers as active mate-
rials in energy storage devices

2.3.1. Applications in supercapacitors

The first report dedicated to using n-d conjugated MOFs in electrical double
layer capacitors was made by Dinci et al. in 2016.1% The authors used neat NiHITP
(NisHITP2, HITP = 2,3,6,7,10,11-hexaiminotriphenylene, Figure 7a), a material with
high electron conductivity (>50 S cm™?), in EDLCs with [EtsN][BF4 ]/acetonitrile elec-
trolyte. Predominant double-layer capacitance mechanism originated from a large spe-
cific surface area (630 m? g %), and large pore size (Figure 7a, b) enabled the diffusion
of EtsN* and BF4™ ions and their solvates with acetonitrile. The electrodes demonstrated
high gravimetric and areal capacitances of 111 F g~* and 18 puF cm 2, respectively. The

cycling stability was also excellent, with 90% capacitance retention after 10 000 cycles.
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Figure 7. Structure of NiHITP (a), relative size of NiHITP pores, EtaN*, BF4™ ions

and acetonitrile from the electrolyte (b) and cyclic voltammograms of NiHITP meas-
ured at a scan rate of 10 mV s (c). Reproduced with permission from ref.2%® Copy-

right 2017, Springer Nature.

Later, Xu and co-authors'® reported a catecholate-based 2D MOF CuHHTP
(Cus(HHTP),, HHTP =2,3,6,7,10,11-hexahydroxytriphenylene) with a nanowire mor-

phology for direct use in solid-state supercapacitors. Because of the high porosity and
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electronic conductivity, high specific capacitance of 202 F g~* was achieved at a current
density of 0.5 A g 1. A symmetric solid-state supercapacitor delivered an areal capaci-
tance of 22 uF cm™2 and had decent high-rate capabilities.

In 2018, Bao et al.''? reported a further increase of the areal and volumetric
capacitance by introducing MOFs with a high density of redox-active centers, namely
CuHIB and NiHIB (HIB = hexaiminobenzene, Figure 8a, b). With 1M KOH solution
in water as the electrolyte, both MOFs exhibited obvious redox activity (Figure 8c, d),
and the charge storage mechanism was mainly pseudocapacitance with a relatively
small contribution from electric double-layer capacitance. Large gravimetric capaci-
tances of 215 and 420 F g~* were reported for CuHIB and NiHIB, respectively. More-
over, pellets of NiHIB with a thickness of 50 microns demonstrated exceptionally high
gravimetric and volumetric capacitances of 427 F gt and 760 F cm™3, respectively.
Even when the electrode thickness was 0.36 mm, the areal capacitance still approached
20 F cm 2. Excellent cycling stability was also shown, with 90% capacitance retention
after 12 000 cycles.

Lately, Bao et al.!'! studied the charge storage mechanism of NiHIB in super-
capacitors using a combination of operando Raman spectroscopy, operando XAS ex-
periments and XPS, as well as electrochemical methods. Operando Raman spectros-
copy revealed changes in the region from 1400 to 1600 cm™ upon charging-discharg-
ing, which indicates redox activity of the HIB ligands. However, no in-depth analysis
of these Raman spectra changes was carried out. From XAS and XPS studies, it was
concluded that nickel remained in divalent state during the charge-discharge. The au-
thors studied electrochemical properties of NiHIB using electrolytes with charge carri-

ers having different size, such as Li", Na", K", tetraethylammonium and
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tetrahexylammonium. The material behaved similarly with all electrolyte compositions,
from which it was concluded that the charge storage was predominantly surface-con-
trolled pseudocapacitance rather than bulk pseudocapacitance. It was also shown that
the charge-discharge mechanism was pH-dependent. Particularly, the redox features of
NiHIB were present only with strong alkaline solutions (such as 0.5-1 M KOH), while
rectangular-shaped CV profiles were observed with neutral or mildly basic electrolytes,

e.g., KF, KBr or KHCOO solutions.
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Figure 8. Synthetic scheme for CuHIB and NiHIB (a), structure of CuHIB (b) and
CV profiles of CuHIB (c) and NiHIB (d) measured at different scan rates. Repro-

duced with permission from ref.}° Copyright 2018, Springer Nature.

A different charge storage mechanism was observed for NiBHT (NizBHT, BHT

= benzenehexathiolate, Figure 9a) with LiPFe/acetonitrile as the electrolyte, as recently
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reported by Dinci et al.!'? In contrast to NiHIB, the specific capacitance of NiBHT
dropped from 227 F g% to ~30 F g ! at the scan rate of 5 mV s when LiPFs was
changed to NEt4PFs, NEtsBF4 or NBusBF4 (Figure 9b, ¢). Such behavior is an indicator
of intercalation pseudocapacitance for Li* ions and surface pseudocapacitance for the
large cations, which was relatively small because of the limited specific surface area of
NiBHT (=25 m? g%). The intercalation mechanism for Li* ions was confirmed using
’Li ssNMR and powder X-ray diffraction, and it was shown that Li* were desolvated
prior to the intercalation. According to XAS data, the BHT ligands were redox-active,

while nickel remained in the +2 state during the charge-discharge processes.
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Figure 9. Simulated structure of NiBHT (a), CV profiles of NiBHT measured at the
scan rate of 5 mV s with 1M LiPFs, NEtPFs, NEtsBF4 or NBusBF4 solutions in ace-
tonitrile as the electrolytes (b) and gravimetric capacitances for different electrolytes
(b). Reproduced with permission from ref.12 Copyright 2021, American Chemical

Society.
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Regarding other coordination polymers, a redox-active conductive metal-or-
ganic framework CuDBC, which is derived from dibenzo[g,p]chrysene-
2,3,6,7,10,11,14,15-octaol (8OH-DBC), has recently been reported to have a high grav-
imetric capacitance (up to 479 F g at 0.2 A g 1).113 In symmetrical solid-state super-
capacitors, CuDBC delivered high areal and volumetric capacitances of 879 mF cm2
and 22 F cm™3, respectively.

2.3.2. Applications in cathodes for metal-ion batteries and dual-ion batteries

The first example of using a n-d conjugation as a cathode material for batteries
was demonstrated in 2018 by Nishihara et al.,*** who used bis(diimino)nickel frame-
work NiHIB in lithium-based batteries. In the voltage range of 2.0—4.5 V vs Li*/Li, the
material showed a specific capacity of 155 mA h g! at a current rate of 10 mA g1,
which corresponded to a specific energy density of 434 W h kg™*. At a higher current
rate of 500 mA g2, the capacity dropped sharply to ~55 mA h g*. The capacity was
relatively stable over 300 cycles at 250 mA g 1. The charge-discharge curves were slop-
ing with some broad redox features appearing at >3 V vs. Li*/Li. Using X-ray photoe-
lectron spectroscopy (XPS), the authors showed that Li* ions acted as charge-carriers
at lower potentials, accompanied by NiHIB reduction (n-doping), and PFs~ anions were
inserted into the structure at higher potentials, accompanied by NiHIB oxidation (p-
doping) (Figure 10). In other words, the polymer behaved as a cathode material for

rocking-chair batteries or for dual-ion batteries, depending on the potential range.
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Figure 10. Schematic representation of charge-discharge mechanisms of NiHIB in Li-

based batteries. Reproduced with permission from ref.}4 Copyright 2018, Wiley-

VCH.

In a recent paper, Nishihara et al.'*® studied a series of similar MOFs where
nickel ions in NiHIB were partially or totally replaced by cobalt ions. The CV profiles
of all materials had broad features that were slightly different for NiHIB, CoHIB and
mixed CoxNii-xHIB compositions (Figure 11a). In the potential range of 1.0-3.5 V vs
Li*/Li, the charge-discharge curves were sloping, with the capacity approaching 248
mA h gt at 100 mA g for CoossNio.ssHIB (Figure 11d). The authors suggested that
for all materials Li* ions were inserted at lower potentials and PFs ions were inserted
at higher potentials. However, no detailed mechanistic studies were carried out. Ac-
cording to ex situ powder XRD, the authors observed negligible changes of the lattice

parameters after oxidation.
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Figure 11. CV profiles of CoxNii—HIB at the potential scan rate of 0.5 mV s ob-
tained after ten pre-conditioning cycles (a); proposed charge-discharge mechanisms
(b); structures of different motifs (c); charge-discharge curves of CoxNii—xHIB at 100
mA g~1. Reproduced with permission from ref.!'®> Copyright 2020, American Chemi-

cal Society.

A two-dimensional copper-benzoquinoid MOF CuTHQ was tested as a cathode
material for lithium-based batteries by Liu et al.'® The capacity for this material ap-
proached 387 mA h g in the potential range of 1.2—4.0 V vs Li*/Li, corresponding to
the specific energy density of 775 W h kg™. Using ex situ XPS, FTIR, ESR and XAS
techniques, the authors demonstrated that the redox process involved a reversible two-
electron reduction of ligands (n-doping) and an additional oxidation of Cu(l) to Cu(ll)
at the potentials above 3 V vs. Li*/Li (p-doping) (Figure 12). As reported by another

group of researchers, Wang et al.,**” the same material after particle exfoliation could
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deliver a stable capacity of ~120 mA h g ! in the potential range of 1.3—2.6 V vs Li*/Li,
and the capacities approached 300 and 400 mA h g ! when the potential ranges of
1.3-3.3 and 1.3-4.0 V vs Li*/Li were selected, respectively. However, the cycling sta-

bility was inferior when the wide potential ranges were applied.
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Figure 12. Charge-discharge voltage profiles of (a) and proposed charge-discharge
mechanism of CuTHQ (b). Reproduced with permission from ref.*'® Copyright 2020,

Wiley-VCH.

A similar catecholate-based MOF CuHHTP was tested as a cathode material
for aqueous Zn-ion batteries (Figure 13).1'8 In the potential range of 0.5-1.3 V vs.
Zn%*/Zn, the capacity reached 228 mA h gt at 50 mA g%, and 124 mA h g* retained
at 4 A g*. The capacity retention was 75% after 500 cycles. Insertion of Zn?* ions into

the structure upon discharging was confirmed using XPS and EDX mapping. XPS data
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and DFT calculations suggested that both Cu?* ions and the ligands were undergoing

reversible reduction upon discharging.
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Figure 13. Scheme of a Zn-ion battery with CUHHTP (a), structure of CUHHTP (b)
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and proposed charge-discharge mechanism (c). Reproduced from ref.!*® under CC BY

license. Copyright 2019, The Authors.

Several other catecholate-based MOFs were tested as cathode materials for Li-
based batteries. Chen et al.'° reported that a Cu-based coordination polymer derived
from dicyano-2,3,5,6-tetrahydroxybenzene could reach the capacity of 268 mA h g™ at
30 mA ¢! in the potential range of 1.5-3.5 V vs Li*/Li. Unfortunately, it possessed
inferior cycling stability due to the material dissolution. Both copper ions and organic
moieties were redox-active according to ex situ XPS and FTIR spectroscopy. Long et
al.*?° showed that an iron-based MOF derived from 2,5-dichloro-3,6-dihydroxybenzo-
quinone delivered the capacity of up to 195 mA h g™t at 20 mA g1 in the potential range
of 1.8—4.2 V vs Li*/Li, which corresponded to the energy density of 533 W h kg™*. The

capacity was relatively stable over 50 cycles. Similar electrochemical performance was
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achieved in sodium- and potassium-based batteries. Basing on Mdéssbauer and FTIR
spectroscopy data, the authors concluded that both iron cations and the ligands were
redox-active.

Another coordination polymer, nickel tetrathiooxalate NiTTO, was investi-
gated as a cathode material for non-aqueous sodium-based batteries.*?! Transition metal
polymers based on tetrathiooxalate (C2S4%") or ethenetetrathiolate (C2S4*") ligands are
compounds with high electrical conductivity (~1-100 S cm™?) that have been known for
decades.’?>124 |n the potential range of 1.2-3.2 V vs. Na*/Na, the capacity approached
140 mAhgtat0.1 Ag*tand changed only slightly when the current density increased
to 5 A g L. Stability of the material was demonstrated over 100 cycles at 0.1 A g~* (the
capacity retention was 83%). Charge-discharge curves had two plateaus located at ~2.5
and ~1.6 V vs. Na'/Na, which agreed with the cyclic voltammetry data showing two
groups of peaks (Figure 14b, c). From the electrochemical data, XPS and FTIR it was
concluded that C,Ss>~ species were reversibly reduced to C,Ss*", forming sodium-

nickel ethenetetrathiolate NaoNiETT (Figure 14a).
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Figure 14. Proposed charge-discharge mechanism of NiTTO in Na-based cells (a),
CV profiles of NiTTO measured at 0.5 mV s* for different cycle numbers (b) and
charge-discharge profiles of NiTTO at 0.1 A g* for different cycle numbers (c). Re-

produced with permission from ref.*?* Copyright 2019, Royal Society of Chemistry.

Lately, a benzenehexathiolate-based conductive MOF CuBHT has been pro-
posed as a cathode material for lithium-ion batteries.'?® The material was electrochem-
ically active in a similar potential range to NiTTO (~1.5-2.5 V vs. Li*/Li). Its reversible
specific capacity at 0.1 and 2 A gt was 174 and 100 mA h g%, respectively. At a low
current density of 50 mA g, the capacity reached 202 and 189 mA h g* when the
electrode loading was 2.52 and 3.06 mg cm 2, respectively. When the content of
CuBHT in the electrodes was increased from 70% to 90% wt., the discharge capacity
was still ~80 mA h gt at 1 A gt owing to high electron conductivity of the active
material. CuBHT also showed decent cycling stability, with 75% capacity retention

after 500 cycles at 0.3 A g~*. According to ex situ XPS, the redox-active moieties of the
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MOF were ligands, while the oxidation state of copper(ll) retained during the charge-
discharge processes.

2.3.3. Applications in anodes for metal-ion batteries

A hexaaminobenzene-derived conductive 2D MOF CoHIB was tested by Bao
et al.'?® as an anode material for sodium-ion batteries (Figure 15). In a potential range
of 0.5-3.0 V vs. Na*/Na, a high reversible capacity of 291 mA h g~ was shown at 50
mA g1. Moreover, the capacities were still 214 and 152 mA hgtat2and 12 AgY,
respectively (charge/discharge within ~7 minutes and ~45 seconds, respectively). Re-
markably, CoHIB content in the electrodes was 90% wt. The conductive MOF also
showed decent stability over >100 cycles at 4 A g1. Excellent high-rate capabilities of
the material originated from its electrical conductivity (1.57 S cm™). According to the
authors, the charge-discharge mechanism of CoHIB involved a reversible three-elec-
tron reduction of the ligands. Further sodiation (<0.5 V) led to irreversible destruction

of the material, which likely involved reduction of Co?*.
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Figure 15. Proposed charge-discharge mechanism for CoHIB as a Na-ion battery an-
ode (a) and discharge curve profiles for CoHIB at various current densities (b). Re-

produced with permission from ref.*?® Copyright 2018, American Chemical Society.

A similar structure, NiHIB, has been recently tested as an anode material for
sodium-ion batteries.*?” The electrochemical behavior of this material was similar to
CoHIB. In a voltage range of 0.5-3.0 V vs. Na*/Na, it delivered capacities of ~300 and
~100 mA h gt at 0.05 and 10 A g2, respectively, and had a decent capacity retention
of 84% after 500 cycles at 1 A g L. Broadening the voltage range to 0.01-3.0 V vs.
Na*/Na led to a capacity increase up to ~450 mA h gt at 50 mA g%, but the high-rate
performance and cycling stability significantly deteriorated at the same time. According
to XPS, only the ligands were electrochemically active at the potentials above 0.5 V vs.

Na*/Na, while Ni?* reduction took place at lower potentials.
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performance (c, f); proposed charge-discharge mechanism for NiTIB and NiDIBDT

(9). Reproduced with permission from ref.12 Copyright 2019, Wiley-VCH.

Xie et al.'?® reported one-dimensional nickel-based coordination polymers,
NiTIB (Ni[CeH2(NH)s], TIB = 1,2,45-tetraiminobenzene) and NiDIBDT
(Ni[CsH2(NH)2S], DIBDT = 1,4-diiminobenzene-2,5-dithiolate), as anode materials
for lithium-ion batteries. In the potential range of 0.005-3.0 V vs. Li*/Li, large reversi-
ble capacities were shown at 0.1 A g ! (1195 mA h g™* for NiTIB, 1164 mA h g* for
NiDIBDT, Figure 16a, d). For NiTIB, the capacity was unstable, decreasing to 273 mA
h g after 180 cycles, while the capacity for NiDIBDT stabilized at ~700 mA h g*
(Figure 16b, €). The authors proposed that the improved stability was associated with
stronger Ni-S bonding. NiDIBDT also showed better rate capabilities, delivering 292

and 185 mA hgtat5and 10 A g%, respectively. The authors supposed that the charge-
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discharge mechanisms involved two-electron reduction of ligands and reduction of Ni?*
to Ni® (Figure 16g). However, no studies were performed to support this hypothesis. It
should be stressed that theoretical capacities for the four-electron reduction of the re-
peating units are 556 and 472 mA h g~* for NiTIB and NiDIBDT, respectively, which
are much smaller than the reported experimental values.

NiTIB was later studied as an anode material for Na-ion batteries in the voltage
range of 0.01-2.5 V vs. Na*/Na.'?® The reported capacity at 0.1 A g~* reached 420 mA
h gt after subtracting contribution from Super P, and the capacity at 10 A g~ was up
to 330 mA h g1. The material was stable over 90 cycles at 0.1 A g* and over 400
cycles at 1 A g 1. Basing on the experimental specific capacity, the authors suggested
that the charge-discharge mechanism of NiTIB included two-electron reduction of lig-

ands and reduction of Ni(ll) to Ni(l) (Figure 17).
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Figure 17. Proposed charge-discharge mechanism for NiTIB as an anode material for
Na-ion batteries. Reproduced with permission from ref.1?® Copyright 2020, Wiley-

VCH.

However, data supporting the hypothesis about the nickel transition were am-
biguous. According to XPS, oxidation state of nickel remained as +2 in the sodiated

state. Almost no changes in EXAFS were observed as well. Some minor shifts in Ni K-
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edge XANES were reported, but it is challenging to say if they were certainly caused

by Ni(l) formation. Surprisingly, only minor changes in FTIR spectra or XRD patterns

were observed after the sodiation, which is untypical for the cases when major structural

rearrangements take place. Other experimental evidence is hardly useful for determin-

ing the nickel oxidation state in the sodiated NiTIB:

ESR signal increased for the discharged state, but it was unclear which radical
species caused this increase.

The authors indicated that when wet discharged electrodes were exposed in air,
white smoke was immediately observed; although the authors speculated that
the smoke was caused by oxidation of highly reactive Ni(l) species, this exper-
iment provides little information about the chemical structure.

The reduced NiTIB had catalytic activity in Negishi coupling reactions, which
are typically performed using Ni(0)-based catalysts and are believed to involve
Ni(1)-based intermediates.’*® At the same time, no catalysis occurred for the
pristine or charged NiTIB. However, as in the case with the “smoking” experi-
ment, conclusions about the nature and content of catalytically active species
are hard to make. Even if the catalytically active species were Ni(l), it is unclear
if they were present in sodiated NiTIB initially or if they formed after introduc-
ing the material to the reaction mixture, which contained substances such as zinc

chloride, phenylmagnesium chloride and p-iodoanisole.

51



Chapter 3. Research objectives

As follows from the literature review, although coordination polymers with r-d
conjugation show promising features as materials for energy storage, their electrochem-
ical properties and charge-discharge mechanisms remain poorly studied, and this area
of research has only started to emerge. Emphasis has been put on studying two-dimen-
sional materials, such as ones derived from benzenehexaamine, benzenehexathiolate or
hexasubstituted triphenylenes. Structures derived from hexasubstituted benzenes
showed higher capacities, which is expectable considering higher concentrations of re-
dox-active units. It should be stressed, however, that benzenehexathiolate and espe-
cially benzenehexaamine precursors are challenging to synthesize and handle because
they readily oxidize and decompose.t3" 132 While still having many functional groups
per mass unit, tetrasubstituted benzenes are much more stable and easily accessible
compounds, which makes them more suitable for practical applications.

This Thesis is dedicated to nickel- and copper-based coordination polymers de-
rived from 1,2,4,5-benzenetetraamine (NiTIB and CuTIB), which is a commercially
available ligand. Objectives of this work included:

e Synthesis and characterization of the coordination polymers.

e Studying electrochemical properties of the materials in non-aqueous energy
storage devices, which are based on alkali metal ions (Li*, Na* or K*) as charge
carriers. Applications as both positive or negative electrode materials are con-
sidered relevant.

e Studying the charge storage mechanisms of the materials.
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Chapter 4. Experimental section

4.1. Synthesis of NiTIB and CuTIB

In a typical synthesis, nickel(Il) chloride (1.36 mmol), copper(ll) sulfate (1.36
mmol) or copper(ll) chloride (1.36 mmol) was dissolved in 20 mL of water was added
to 1,2,4,5-benzenetetraamine tetrahydrochloride (1.36 mmol) solution in 200 mL of
water. Concentrated aqueous ammonia (4.5 mL) was added and the mixture was stirred
in air at 65-70 °C for 1.5 h. The solvent was removed in vacuum and the residue was
extensively washed with water and then with acetone using a Soxhlet extractor. The

resulting product was oven-dried at 100 °C for 1 h.

4.2. Ball-milling
Milling was performed using a Fritsch Pulverisette 7 premium line system
equipped with zirconia jars and 1 mm zirconia balls. The materials were milled with

isopropanol for 30 min at 2000 rpm. The solvent was then vacuum-evaporated.
4.3. Electrode preparation

4.3.1. Electrodes for testing cathode materials

To test the ball-milled polymers as cathode materials, active materials, Super P
carbon black and poly(vinylidene difluoride) (PVdF) with the mass ratio of 4:5:1 were
thoroughly mixed with N-methylpyrrolidone (NMP) to form a homogeneous slurry,
which was then tape-casted onto Al foil and dried in air at 70 °C. After that, the elec-
trodes were vacuum-dried at 110 °C for ~5 h, calendered at room temperature and vac-
uum-dried again at 110 °C for ~2 h. The composite mass loading was around 1.2 mg

cm 2 (active material loading of 0.5 mg cm™).
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4.3.2. Electrodes for testing anode materials

To test ball-milled CuTIB as an anode material, the electrode was prepared the
same way as for testing the polymers as cathode materials. To test pristine (non-ball-
milled) NiTIB as an anode material, the procedure was similar, but the mass ratio be-
tween NiTIB, Super P and PVdF was 70:15:15, the slurry was tape-casted onto carbon-
coated copper foil. The resulting composite mass loading was 1.3 mg cm2 for gal-
vanostatic experiments and 0.7 mg cm™2 for cyclic voltammetry experiments (the active
material mass loadings of 0.9 and 0.5 mg cm2, respectively). For testing in potassium-
based cells, electrodes with 80% wt. of NiTIB, 10% wt. of Super P and 10% wt. of
carboxymethylcellulose sodium salt (CMC) were also prepared, with deionized water
used instead of NMP for the slurry preparation; in this case, the slurry was tape-casted
onto carbon-coated Al foil. Electrodes with the composite mass loadings of 1.6, 5.0 and
15.3 mg cm 2 were prepared (NiTIB loadings were 1.3, 4.0 and 12.2 mg cm 2, respec-
tively). For control experiments for testing the anode materials, electrodes containing
70% wt. of Super P and 30% wt. of PVdF were prepared, with carbon-coated Cu foil
used as the current collector; the composite mass loading for these electrodes was 1.6
mg cm~2 (Super P mass loading of 1.1 mg cm™2).

4.3.3. Electrodes for ex situ and operando XRD measurements

For XRD measurements of NiTIB as the anode material, an NMP-based homo-
geneous slurry containing 70% wt. of NiTIB, 15% wt. of Super P and 15% wt. of PVdF
was tape-casted onto bare Al foil. Thickness of the slurry was set to 0.6 mm. The slurry
was dried in air at 70 °C, and the electrode was vacuum-dried at 110 °C overnight. The
electrode was calendered, after which it delaminated from the foil. Circle electrodes

with a diameter of 16 mm were prepared, and these free-standing electrodes were
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additionally dried at 110 °C overnight. The electrode composite loading was 10.5-11
mg cm 2 (NiTIB loading was 7.4-7.7 mg cm ).

4.3.4. Electrodes for operando Raman spectroscopy measurements

For operando Raman spectroscopy measurements of pristine (non-ball-milled)
NiTIB as the anode material, a water-based slurry containing 80% wt. of NiTIB, 10%
wt. of Super P and 10% wt. of CMC was deposited onto carbon-coated Cu foil, the
electrode was dried in air at 40 °C, vacuum-dried at 110 °C for ~5 h and calendered at
room temperature. The composite mass loading was ~1.2 mg cm 2. Rectangular elec-
trodes with length of ~10 mm and width of ~1 mm were prepared.

4.4. Assembling of the electrochemical cells

All electrochemical cells were assembled in an Ar-filled glovebox, where levels

of oxygen and moisture were below 1 ppm and 0.1 ppm, respectively.

4.4.1. Galvanostatic charge-discharge and cyclic voltammetry

For galvanostatic charge-discharge and cyclic voltammetry experiments,
CR2032-type coin cells were assembled using alkali metals as counter electrodes (lith-
ium for Li-based cells, sodium for Na-based cells, potassium for K-based cells). Glass
fiber was used for the separators. For testing NiTIB and CuTIB as cathode materials
in Li-based cells, the electrolyte was 1M LiPFg solution in an anhydrous mixture of
ethylene carbonate and dimethyl carbonate (EC:DMC, 1:1 v/v). The same electrolyte
was used for testing CuTIB as anode material in lithium-based cells. For NiTIB testing
as the anode material, the electrolyte was 1M LiPFs solution in EC:DMC (1:1 v/v) or
1M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) solution in an anhydrous mix-

ture of 1,2-dimethoxyethane and 1,3-dioxolane (DME:DOL, 1:1 v/v). For sodium- and
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potassium-based cells, the electrolytes were 1.5M NaPFs and 1.5M KPFg solutions in

anhydrous DME. Each cell contained 70-80 pL of the electrolyte.

4.4.2. Ex situ XRD measurements

For ex situ XRD measurements of NiTIB-based electrodes, disassemblable cells
(ECC-Ref, EL-CELL) were assembled in two-electrode configuration. Alkali metals
were used as counter-electrodes. Glass fiber was used for the separators, and additional
layer of porous polypropylene separator was placed on top of each working electrode
to avoid sticking of the glass fiber to the working electrode. The electrolytes were 1M
LiPFs solution in EC:DMC (1:1 v/v), 1.5M NaPFs in DME and 1.5M KPFg in DME for
Li-based, Na-based and K-based cells, respectively. Each cell contained 100 pL of the

electrolyte.

4.4.3. Operando XRD measurements

For operando XRD measurements of NiTIB-based electrodes, a Swagelok-type
cell with a beryllium window*3 was used. The working electrodes were placed next to
the beryllium window, followed by three layers of glass fiber separator to avoid prem-
ature short-circuiting due to the dendrite growth. Alkali metals deposited onto a copper
current collector were used as counter electrodes. The electrolytes were 1M LiPFs so-
lution in EC:DMC (1:1 v/v), 1.5M NaPFe in diglyme and 1.5M KPFg in diglyme for
Li-based, Na-based and K-based cells, respectively. The cells contained 240 uL of the
electrolyte.

4.4.4. Operando Raman spectroscopy measurements

For operando Raman spectroscopy measurements, a cell with an optically trans-
parent sapphire window (ECC-Opto-Std, EL-Cell)*3* was assembled in a two-electrode

configuration. The electrodes were placed in direct contact with the sapphire window,
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with the active material facing the window. Glass fiber was used for the separators, and
alkali metals were used as the counter electrodes. The electrolytes were 1M LiPFs so-
lution in EC:DMC (1:1 v/v), 1.5M NaPFe in diglyme and 1.5M KPFg in diglyme for
Li-based, Na-based and K-based cells, respectively.

4.5. Electrochemistry

4.5.1. Galvanostatic charge-discharge

Galvanostatic charge-discharge experiments were performed using Neware
BTS-4000 stations at various current densities. The potential ranges were 1.5-4.1V or
2.0-3.8 V vs. Li*/Li for testing the polymers as cathode materials, 0.8-2.0 V vs. Li*/Li
for testing CuTIB as anode material, and 0.5-2.0 V vs. M*/M (M = Li, Na or K) for
NiTIB as anode material. Current densities and specific capacities were calculated bas-
ing on the mass of NiTIB or CuTIB unless stated otherwise. Coulombic efficiency was
determined as the ratio between charge and discharge capacities of the half-cells for the
anode materials, and as the ratio between discharge and charge capacities for the cath-

ode materials.

4.5.2. Cyclic voltammetry

Cyclic voltammograms were measured with BioLogic VMP3 or Elins P-20X8
potentiostates at various scan rates. The potential ranges were the same as for the gal-
vanostatic cycling experiments. Current densities were calculated basing on the mass

of NiTIB or CuTIB.

4.6. Sample preparation for ex situ XRD measurements
The NiTIB-based electrodes were discharged in galvanostatic mode to 0.5 V
vs. M*/M (M = Li, Na or K) at a current density of 30 mA g. The cells were then

disassembled in an Ar-filled glovebox, the electrodes were washed with ~4-5 mL of
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anhydrous DME and dried in the glovebox environment at room temperature. In the
glovebox environment, the washed and dried electrodes were placed onto a Mylar film
in a sample holder for the Huber Guinier Camera 670 X-ray diffractometer, and the
holder was sealed using Kapton tape to prevent decomposition in air during the meas-
urements.

4.7. Operando XRD measurement conditions

The assembled electrochemical cell for XRD measurements was placed in a
Bruker D8 ADVANCE powder X-ray diffractometer operating with CuKa radiation.
The cell was connected to a Biologic SP-150 potentiostat/galvanostat. The XRD pat-
terns were collected during galvanostatic discharging to 0.5 V vs. M*/M (M = Li, Na
or K) and subsequent charging to 2.0 V M*/M. The current density was 30 mA g
basing on the mass of NiTIB. Single scans were measured each 0.1 h, the resolution
was 0.04°, the range of 20 was 12-32° for the lithium-based cell and 14-38° for sodium-

and potassium-based cells.

4.8. Operando Raman spectroscopy measurement conditions

The assembled cell for Raman spectroscopy measurements was placed in a
Thermo Scientific DXRxi Raman Imaging microscope equipped with lasers having ex-
citation wavelengths of 780 nm or 532 nm. The cell was connected to a Biologic SP-
150 potentiostat/galvanostat. Raman spectra were collected during two cyclic voltam-
metry scans performed at the scan rate of 0.047 mV s in the potential range of 0.5-2.0
V vs. M*/M (M = Li, Na or K). The spectra were collected in four points of the electrode
located at the edges of a 0.1 mm square, and the spectra were averaged during post-

processing. The laser power was 1 mW, exposure time was 0.5 s, and the number of
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scans for each point was set to 60. Single scans were measured every 7 minutes (~20
mV).
4.9. Sample preparation for UV-Vis-NIR spectra measurements

4.9.1. Film preparation

36 mg of NiTIB and 4 mg of CMC were dispersed in 4 mL of deionized water
via ultrasonication. The resulting suspension was deposited onto glass (~2x2 cm pieces,
0.6 mL of the suspension per piece) via spincoating. The rotation rate of the spincoater
was set to 2000 rpm.

4.9.2. Preparation of alkaliation solutions

The alkaliation solutions were prepared in an Ar-filled glovebox. Naphthalene
(0.8 mmol, 103 mg) was dissolved in anhydrous diglyme (8 mL). Metallic potassium
(~50-100 mg) was then introduced to the solution, and the mixture was stirred at room
temperature for 2 h, resulting in dark-green solution of naphthalenide. Excess of potas-
sium was then taken out from the mixtures.

4.9.3. Alkaliation of the films

The NiTIB-based films were introduced to the pre-alkaliation solution and kept

at room temperature for two days in an Ar-filled glovebox.

4.9.4. Washing and drying of the films
After the potassiation of NiTIB, the films were taken out from the solution,
washed with ~4 mL of anhydrous DME and dried in an Ar-filled glovebox at room

temperature.

4.10. Sample preparation for ex situ XPS measurements
For the ex situ measurements, the lithium-based coin cells were discharged to

1.5 V or 0.8 V vs. Li*/Li at 50 mA g L. For studying charged states of the cathode
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materials, discharging to 1.5 V was carried out before charging to 4.1 V at 50 mA g*.
For the potassium-based cells, the electrodes were discharged/charged to 0.5/2.0 V vs.
K*/K at 50 mA g . The cells were disassembled in an Ar-filled glove box, the elec-
trodes were extensively washed with anhydrous DMC (for the Li-based cells) or DME
(for the K-based cells) and dried in argon at room temperature.

4.11. Pellet preparation

Cylindrical pellets of NiTIB or CuTIB (d = 10 mm) were prepared by cold
pressing of the powders (70-150 mg) with commercial pressing equipment (Carver).
Applied load was 5 metric tons.

4.12. Deposition of conductive coating onto the pellets

Prior to the conductivity measurements, top and bottom of the pellets were
coated with 30-50 nm of gold using a Quorum Q150T ES magnetron. Sides of the pellet
were covered with an adhesive tape before the sputtering.

4.13. Characterization

4.13.1. FTIR spectroscopy

FTIR spectra were measured using a Perkin EImer Spectrum BX system in KBr-
based pellets.

4.13.2. Raman spectroscopy

Raman spectra were measured using Thermo Fischer DXRxi Raman Imaging
microscope equipped with 532 nm or a 780 nm laser.

4.13.3. UV-Vis-NIR spectroscopy

UV-Vis-NIR absorption spectra were recorded using an AvaSpec-2048-2 fiber-

optic spectrometer placed in a nitrogen-filled glovebox.
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4.13.4. Elemental analysis

Chemical composition (CHNS, halogens) was analyzed by express gravimetry
using Elementar vario MICRO cube.

4.13.5. ESR spectroscopy

ESR spectrum of CuTIB was recorded using Adani CMS8400 spectrometer.

4.13.6. Conductivity measurements

The coated pellets were placed in a symmetrical cell between two copper disks.
Direct-current polarization was applied using BioLogic VMP3. The voltage was
changed in 50 mV steps between —1 and 1 V for NiTIB and between —2 and 2 V for

CuTIB, the current was measured over 5 s at each step.

4.13.7. Scanning electron microscopy
SEM measurements were carried out using Hitachi SU8000 field-emission
scanning electron microscope (FE-SEM). Images were acquired in a secondary electron

mode at 20 kV accelerating voltage and at working distance of 8-10 mm.

4.13.8. Solid-state NMR spectroscopy

The ssNMR spectroscopy experiments were recorded on a Bruker AVANCE IlI
spectrometer operating at 101 MHz for *C nuclei, using a 3.2 mm MAS probe at 22+1
°C. The chemical shifts were referenced to tetramethylsilane (TMS) at 0 ppm by ad-
justing the CH> signal of solid adamantane spinning at 8 kHz to 38.48 ppm. Conven-
tional cross-polarization (CP) experiments were used for the 2*C NMR spectra acquisi-
tion with the spinning rate of 16 kHz. For the cross-polarization, a ramped RF field
from 70 to 100% was applied on H, and the *C channel RF field was matched to obtain
the optimal signal. The duration of *H n/2 pulse was 2.5 ps, contact time was 250 ps.

SPINAL-64 decoupling was applied during the 20 ms acquisition with a RF amplitude
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of 100 kHz. The delay between the scans was set to 5 s and the number of scans was
8192.

4.13.9. XPS measurements

XPS measurements were performed using a PHI XPS Versaprobe 5000 spec-
trometer (ULVAC Physical Electronics) or Phoibos 100 (Specs) hemispherical ana-
lyzer. Al or Mg sources were used, and the energy resolution was 0.5 or 0.8 eV. A dual-
channel neutralizer was used to compensate for the local charging of the sample under
study due to the loss of photoelectrons. Sampled showed varying degrees of charging,
which was compensated by calibrating the spectra to the C 1s peak at 284.8 eV. For ex
situ measurements of the potassium-based cells, all spectra were calibrated for external
reference Au 4f72 binding energies (84.1 eV); to study the active material itself rather
than the SEI layer, Ar* ions with 500 eV energy (3 min) were used to eliminate upper

SEI layers and reach the subsurface prior to the measurements.

4.13.10. X-ray diffraction

XRD patterns of the pristine materials were recorded using a Bruker D8
ADVANCE diffractometer with CuKo radiation.

To determine the content of Cu2O in CuTIB sample, fixed amounts of Cu,O
were added to the sample, and integral intensity of the most intensive Cu20 peak (hkI
= 111) was measured. The mass of CuTIB sample was fixed for all XRD measure-
ments, and the measurement conditions were constant. Cu,O content was calculated by
extrapolating the resulting linear dependence to zero signal (standard addition method).

For the ex situ measurements of the electrodes, Huber Guinier Camera 670 op-
erating with CoKal radiation was used. The measurements were performed directly

after the Kapton-sealed electrodes were taken out from the glovebox. Single XRD scans
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were measured in the 20 range of 4-100° each 10 minutes to monitor possible changes
in the XRD patterns caused by oxidation. The measurements continued overnight. The
scans that were measured before changes in the XRD patterns started to occur were then

averaged.
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Chapter 5. Results and Discussion

5.1. Synthesis and characterization

Synthesis of the coordination polymers was performed following the previously
reported routes®” and described in detail in Experimental section. Briefly, 1,2,4,5-ben-
zenetetraamine tetrahydrochloride (BTA*4HCI) and NiClz or CuSO4 aqueous solutions
were mixed, concentrated aqueous ammonia was added and the mixtures were heated
in air, which caused the formation of precipitates (Figure 18). The resulting substances,
denoted as NiTIB and CuTIB, were virtually insoluble in water and common organic
solvents. Densities of NiTIB and CuTIB at room temperature in pellets was 1.84 and

1.74 g cm3, respectively.

H  H
—_— =
M
, SN
H,N NH, NH,OH N° N
n

4HCI air H H
85-70°C.1.5h NiTIB: M = Ni
CuTIB: M = Cu

Figure 18. Synthesis of NiTIB and CuTIB.

Solid-state Magic Angle Spinning NMR (MAS ssNMR) spectrum of NiTIB
showed two major *3C signals at 93.70 and 168.81 ppm (Figure 19a), which correspond
to the CH- and CN-carbons in the molecular structure of the polymer, respectively. The
observed chemical shift values agreed well with those reported for the low molecular
weight analogs of NiTIB produced in the reactions of an oxidized form of BTA (3,6-

diimino-1,4-cyclohexadiene-1,4-diamine, DCD) and Ni(acac).:*®
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Figure 19. *C MAS ssNMR spectrum of NiTIB (a), FTIR spectra of the as-synthe-
sized NiTIB and CuTIB (b) and XRD patterns for the as-synthesized NiTIB and

CuTIB (c).

Free DCD ligand shows three signals at 99.35, 147.3 and 165.15 ppm in 3C
MAS ssNMR,*% indicating that the imino and amino groups are spectrally well distin-
guishable. In NiTIB, all NH-groups were equivalent, i.e., each NiTIB repeating unit
can be represented as a superposition of two resonance structures (Figure 20). The
chemical shift for the CN-carbons in NiTIB was larger compared to the CN-carbons of
the free DCD, which is expected for the ligand groups binding a cation. The chemical
shift for the CH-carbons of NiTIB was in the higher field compared to the correspond-

ing atoms of the free ligand, indicating the increase in the electron density at these sites.

H H
N N H H
N4 Wit
/NI\ -— Ni
N N \N/ \N
H H H H
n n

Figure 20. Resonance structures of NiTIB repeating unit.

The MAS ssNMR spectrum of CuTIB provided no useful information since it
appeared as a single broad line due to the presence of paramagnetic Cu?* ions. Indeed,

the electron spin resonance (ESR) spectrum revealed a broad signal with g-factor value
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of 2.0685 (Figure A1), which is matching that reported for similar Cu?*-based coordi-
nation complexes.!3¢ 13" FTIR spectra of NiTIB and CuTIB were similar (Figure 19b),
which indicates that these materials shared the same structural pattern. The FTIR peaks
at ~3300 cm™* correspond to NH-stretching vibrations, and the most intensive bands at
~1400-1500 cm™ should be attributed to vibrations associated with C=N and C=C
stretching.*?

NiTIB had an intensive well-structured Raman spectrum (Figure 21). The sig-
nals at ~1400-1500 cm* that were also intensive in the FTIR spectra should be associ-
ated with C=N and C=C bonds, while an intensive peak at ~635 cm™ should be at-
tributed to Ni—-N bond stretching.!* The signals appearing at ~2000-2100 cm™ are com-
binational bands of C=N/C=C and Ni—N vibrations. The Raman spectrum of CuTIB
(Figure 21) shared similar features, which is another indicator of similar structural pat-
terns for NiTIB and CuTIB. The bands associated with the M—N bond stretching had

lower frequency for CuTIB, which is likely associated with larger mass of Cu atoms.

NiTIB CuTIB
1464 cm™ 1470 cm™’

1506 cm™

636 cm™

Raman intensity
Raman intensity

1528 cm™!

1221 cm™
T T T T T T T T T T T T T T T T
3.2 2.8 24 20 1.6 1.2 0.8 04 3.2 28 24 20 16 1.2 0.8 0.4
Raman shift (10% ecm™) Raman shift (10% cm™)

Figure 21. Raman spectra of NiTIB and CuTIB measured using a laser with A = 532

nm.
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According to powder XRD, NiTIB formed a crystalline structure, whereas
CuTIB was amorphous (Figure 19c). The XRD pattern of NiTIB was in a good agree-
ment with the previously reported data.®” Small amount of Cu.O was observed in the
CuTIB sample, which indicates that Cu?* was partially reduced by BTA during the
synthesis. The content of Cu.O was 2% wt., as determined by the XRD method of
standard additions (Figure A2, see Experimental section for details). Almost no changes
in the XRD patten of CuTIB were observed when copper sulfate was replaced with
copper chloride (Figure A3), indicating that presence/absence of SO+~ or CI” ions did
not affect the crystallinity. The sample that was synthesized from copper sulfate was
used in the further studies.

It might be supposed that the copper-based material is disordered because, in
contrast to NiTIB, its formation involves reduction of metal ions by benzenetetramine.
This side reaction possibly results in a different structure of CuTIB intermediates, as
well as increased concentration of defects that prevents long-range ordering. Since a
part of Cu?* is consumed by Cu,O precipitation, it results in off-stoichiometry between
the ligands and the metal ions, which leads to decreased polymerization degree due to
chain termination by the ligand moieties. It was previously shown that such off-stoichi-
ometry leads to amorphization of similar coordination polymers.1?® Reduction of Cu(ll)
can be suppressed by increasing the redox potential of copper ions (via changing their
coordination environment). Alternatively, benzenetetramine can be oxidized into 2,5-
diamino-1,4-benzoquinonediimine®® before Cu?* ions are introduced into the reaction
mixture. Optimization of the synthetic conditions is a subject of future research.

The elemental analysis of both materials revealed the discrepancy with the the-

oretical composition of (MCsHeN4)«, which was more prominent in the case of CuTIB
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(Table 1). In particular, the nitrogen content was lower than expected, which was likely

due to the partial hydrolysis of NH-groups. The discrepancy might also be due to the

relatively low degree of polymerization, especially for CuTIB. No chlorine or sulfur

were found in the synthesized materials.

Table 1. Elemental composition of NiTIB and CuTIB.

Mate- | Theor/Exp.|H (wt. |C (wt. [N (wt. | C:H (at. ra- | C:N (at. ra-
rial %) %) %) tio) tio)
NiTIB | Theor. 3.14 37.37 29.05 1 1.5
NiTIB | Exp. 3.42 34.43 25.26 0.92 1.59
CuTIB | Theor. 3.06 36.46 28.34 1 1.5
CuTIB | Exp. 3.30 31.39 19.78 0.80 1.85

Scanning electron microscopy (SEM) was used to reveal the morphology of the

solid powders of both coordination polymers. The NiTIB particles appeared as ~200

nm long and 20-40 nm wide filaments, while CuTIB formed irregular agglomerates up

to 5 pum in size (Figure 22).

68



CuTIB

1pm 200 nm

Figure 22. SEM images of NiTIB and CuTIB.

The electron conductivity of NiTIB at room temperature measured for pressed
pellets was 2.0*10" S cm?, as determined by direct-current polarization (Figure 23).

For CuTIB, the conductivity was <103 S cm™ (direct current was <10 A cm ™ when

the voltage was set to 2 V).
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Figure 23. Direct-current polarization data for a NiTIB pellet at room temperature.

Conductance, diameter and height of the cylindrical pellet are given in the figure.

For n-d conjugated polymers, one would expect higher conductivities for such
coordination compounds considering the literature data. Metal complexes with BTA as
a ligand were shown to have efficient n-electron delocalization.*® On the one hand, low
conductivity of NiTIB and CuTIB might be explained by the presence of defects,
which are known to nullify the intrinsic properties of the materials: for example, disor-
dered HAB-derived MOFs show insulating behavior, although they are conductive in
high quality ctrystals.®* On the other hand, one-dimensional nature of the polymers re-
ported here can also impair the conductivity as compared to the 2D MOFs that were
shown to be highly conductive. The same trend was previously observed for thiolate-
based polymers: while two-dimensional frameworks derived from benzenehexathiolate
are highly conductive (>10 S cm™),%%" the electric conductivity of one-dimensional Ni-

based polymer derived from benzenetetrathiol is low (~107° S cm™).8
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5.2. Applications as cathode materials

5.2.1. Electrochemical properties

The materials were tested in lithium-based half-cells in the potential ranges of
1.5-4.1 V or 2.0-3.8 V vs. Li*/Li (see Experimental section for details). 1M LiPFg so-
lution in a mixture of ethylene carbonate and dimethyl carbonate (1:1 v/v) was used
because it is a commercially available electrolyte applied in the battery industry.**® To
increase the capacity, CuTIB and NiTIB were subjected to ball-milling, which led to a
decrease in the particle size, most notably for CuTIB (Figure A4). This strategy was
chosen because nanosizing is one of the main approaches for enhancing the electro-
chemical performance, which alleviates ion and electron transport and increases spe-
cific capacity and rate capability for the materials with low conductivity.**® No substan-
tial changes in the FTIR spectra of the ball-milled samples were observed compared to
the as-synthesized ones (Figure A5), which indicates that no considerable chemical de-
composition occurred under the ball-milling conditions.

The capacity of the ball-milled CuTIB in 1.5-4.1 V range was up to 262 mA h
gt at 50 mA gt (Figure 24a), which was higher than for the previously reported hex-
aaminobenzene-based MOF (155 mA h g tat 10 mA g1).1** At the same time, the ca-
pacity of the material dropped after 25 cycles in the galvanostatic mode to about 25 mA
h g (Figure 24b). Increasing the current rate while charging/discharging the battery
stabilized the electrochemical performance of the material. At 1 A g%, the maximal

capacity was 145 mA h g%, and 50 mA h g ! retained after 150 cycles (Figure 24b).
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Figure 24. Electrochemical behavior of ball-milled CuTIB as a cathode material:

charge-discharge curves for different cycles at 50 mA gt in 1.5-4.1 V range (a); spe-

cific discharge capacities in 1.5-4.1 V range (b); CVs for different cycles at 0.1 mV

s 1 scanning rate in 1.5-4.1 V range (c); the same set of plots for 2.0-3.8 V range (d-f).

To improve the cycling stability at lower current rates, the operating potential

range was narrowed to 2.0-3.8 VV vs. Li*/Li. It was supposed that narrowing the potential

range should help to suppress the irreversible structural transformations and parasitic

reactions occurring at low or high voltages. Indeed, the capacity after 150 cycles at 50

mA g !increased to 50 mA h g (Figure 5¢, d). The maximal capacity of 155 mA hg*

was observed at 50 mA gt

NiTIB demonstrated lower capacities in the cathode mode as compared to

CuTIB (Figure 25). At 50 mA gt in 1.5-4.1 V range, the capacity reached 155 mA h
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g L. Limiting the voltage range to 2.0-3.8 VV improved the NiT1B cycling stability. After
100 cycles at 200 mA g1, the capacity was 40 mA h g 1. The maximal capacity for

NiTIB-based cathodes at 50 mA g in the 2.0-3.8 V range was 98 mA h gL,
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Figure 25. Electrochemical behavior of ball-milled NiTIB as a cathode material:
charge-discharge curves for different cycles at 50 mA gt in 1.5-4.1 V range (a); spe-
cific discharge capacities in 1.5-4.1 V range (b); CVs for different cycles at 0.1 mV

s 1 scanning rate in 1.5-4.1 V range (c); the same set of plots for 2.0-3.8 V range (d-f).

The maximal energy densities of CuTIB and NiTIB calculated per mass of the
coordination polymers are depicted in Figure 26a. The highest value was 616 W h kg
for CuTIB in the 1.5-4.1 V range. However, it should be noted that in contrast to classic
cathode materials, such as LiCoO; or LiFePQO4, the studied polymers require equiva-
lents of additional counter-ions (Li* and PFe") for proper working, which limits the

energy density. To make the estimation of specific energy more balanced, masses of
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the counter-ions were considered. As discussed below in section 5.2.2, both rocking-
chair and dual-ion operation modes are possible for CuTIB and NiTIB. The practical
capacity proportion for these mechanisms is ambiguous at this point. For this reason,
two extreme cases were considered: (a) pure rocking-chair battery operation mode,
where the polymers act as n-type materials; (b) pure dual-ion battery operation mode,
where the polymers act as p-type materials. The energy per material corrected mass unit

(Weorr) was calculated as follows:

Weorr = # (13)
1+5 M

where W is energy per CuTIB/NIiTIB mass unit, Q is capacity per
CuTIB/NiTIB mass unit, F is Faraday constant (26 801 mA h mol™?), Mci is molar mass
of lithium (for the n-type mode) or LiPFe (for the p-type mode). Although LiPFs origi-
nated solely from the electrolyte in the experiments, it is principally possible to use
mixtures of solid salts and relatively small amounts of electrolyte.” For this reason, the

total mass of the electrolyte was not considered. The resulting ranges for specific energy

values are presented in Figure 26b.
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For both CuTIB and NiTIB, the cyclic voltammetry profiles and charge-dis-
charge curve profiles could generally be considered typical for pseudocapacitors (see
section 2.1.1). The GCD curves (Figure 24a, d and Figure 25a, d) were sloping, and the
CV profiles featured broad peaks, with the only exception of NiTIB at the first cycle in
the 1.5-4.1 V range. However, poor cycling stability of the materials made kinetic stud-
ies, i.e., defining the current-scan rate dependencies in CVs, problematic.

5.2.2. Charge-discharge mechanisms

To study the charge storage mechanisms of the cathode materials, ex situ XPS
measurements were carried out. For the CuTIB electrode charged to 4.1 V, the N1s
peak appeared at 400.3 eV (Figure 27a), which was higher than for the initial state. It
indicates that CuTIB underwent oxidation at high potentials and formed relatively sta-
ble cation species similar to the polymeric aromatic amines.'*° It might be supposed
that the positive charge on the polymer backbone was balanced by PFs~ anions. While

discharging from 4.1 V to 1.5V, the reduction of the positively charged backbone was
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followed by its lithiation at lower potentials (see section 5.3.2). In other words, CuTIB
polymer backbone was ambipolar and, therefore, could accommodate both negative and

positive charges at low and high cell potentials, respectively.
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Figure 27. X-ray photoelectron spectra regions of the cathode materials: N1s region

for CuTIB (a) and Ni2p region for NiTIB (b).

After charging to 4.1 V, the Ni binding energy of NiTIB increased as compared
to the initial state with the Ni2pz, peak shifting from 856.2 to 856.7 eV (Figure 27b).
This shift should be related to the positive charging of the polymer backbone compen-
sated by PFe~ anions, as revealed for CuTIB. Similar behavior was observed for the Ni
hexaaminobenzene-based MOF charged above 4 V vs. Li*/Li in a lithium-based battery
(see section 2.3.2).114

5.3. Applications as anode materials

5.3.1. Electrochemical properties

Electrochemical properties of the materials were studied in half cells with alkali
metals at lower potentials (0.8-2.0 V vs. Li*/Li or 0.5-2.0 V vs. M*/M, M = Li, Na or

K). Cycling at <0.5 V vs. M*/M was not applied to avoid irreversible structural
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transformations that lead to rapid capacity fading, as previously reported for similar
materials (see section 2.3.3).126: 127

For the ball-milled CuTIB in lithium-based cells, the reversible capacity was
up to 125 mA h g* at 50 mA g* in the potential range of 0.8-2.0 V vs. Li*/Li (Figure
284, ¢), basing on the mass of CuTIB. After subtracting the contribution from Super P,
which is also electrochemically active at low potentials, the capacity of CuTIB was
estimated as ~70 mA h g* (the capacity of Super P in the 0.8-2.0 V vs. Li*/Li range
was ~43 mA h g2, see Figure A6). The material showed moderate cycling stability at
50 mA g~ (Figure 28c). The charge-discharge curves were sloping, and the CV profiles
showed no distinct features (Figure 28a, b). Copper(l) oxide, which was detected as a
minor impurity in CuTIB samples by XRD, is known to be an anode material that
shows a plateau at 1.0-1.2 V vs. Li*/Li during the first discharge in galvanostatic mode,
and a sharp peak in the CV, which are attributed to Cu,O transformation into copper.*4*
142 Since the CV profiles showed no signatures of the Cu,O reduction, its presence

might be neglected when considering the electrochemical properties of CuTIB.
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Figure 28. Electrochemical behavior of CuTIB in lithium-based cells in the potential

range of 0.8-2.0 V vs. Li*/Li: charge-discharge curves for different cycles at 50 mA
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g ! (a); CVs for different cycles at 0.1 mV st scanning rate (b); cycling stability at 50

mA g (c).

Much more interesting results were obtained for NiTIB in the region of low
potentials. NiTIB was not ball-milled for these studies. In lithium-based cells, the ma-
terial was tested with two electrolyte systems: a carbonate-based electrolyte, 1M LiPFg
in EC:DMC (1:1 v/v), and an ether-based electrolyte, 1M LiTFSI in DME:DOL (1:1
v/v), which is widely applied for some battery chemistries, e.g., Li-S cells.'*® At low
current densities, the material behaved similarly with both electrolytes (Figure 29). The
reversible capacity approached 280 mA h g™t at 100 mA g* (calculated per NiT1B mass
unit) in the potential range of 0.5-2.0 V vs. Li*/Li. The average delithiation potential
was 1.35 V vs. Li*/Li.

NiTIB demonstrated excellent high-rate capabilities, especially in the ether-
based electrolyte. At 5 A g (charging in <2 minutes), the capacity reached up to 152
and 108 mA h g* with the ether-based and carbonate-based electrolytes, respectively.
It could be supposed that faster charge-discharge kinetics with the ether-based electro-
lyte was associated with its lower viscosity and higher ionic conductivity.4414¢ How-
ever, the electrolyte conductivity unlikely plays and important role for thin electrodes
(NiTIB loading of 0.9 mg cm™2) at moderate charge-discharge rates. Another reason
could be the difference in the conductivities of the SEI layers that form during the initial
cycles. This hypothesis can be probed using electrochemical impedance spectroscopy,

which is a subject of future studies.
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Figure 29. Charge-discharge curves of NiTIB-based electrodes in lithium-based cells
with the ether-based (a) and carbonate-based (b) electrolytes at 0.1, 0.2, 0.5, 1, 2 and 5
A g1; dependencies of charge and discharge capacities on the cycle number at vary-
ing current densities for the cells with ether-based (c) and carbonate-based (d) electro-
Iytes. The electrodes contained 75% wt. of NiTIB. Decent performance was shown

for diluted electrodes (40% wt. of NiTIB) as well.*#

Moreover, the material showed impressive performance in sodium- and potas-
sium-based cells (Figure 30). 1.5M NaPFe or KPFs solutions in DME were used be-
cause decent electrochemical performance was previously achieved with these electro-
lytes for organic-based materials.'#® 14° The reversible capacities at 0.1 A g~* were 225
and 280 mA h g* for Na-based and K-based systems, respectively, and the capacity

decreased only slightly even when the current density was increased to 5 A g 1. The
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average desodiation and depotassiation potentials at 0.1 A g* were 1.1 V vs. Na*/Na

and 1.35 V vs. K'/K, respectively.
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Figure 30. Charge-discharge curves of NiTIB-based electrodes in sodium (a) and po-
tassium (b) cells at 0.1, 0.2, 0.5, 1, 2 and 5 A g™*; dependencies of charge and dis-
charge capacities on the cycle number at varying current densities for the sodium (c)

and potassium (d) cells.

The specific capacities per NiTIB mass unit for different cell types and current
densities are summarized in Figure 31a. The capacities after subtracting the contribu-
tion of Super P (Figure 31b, the data for Super P can be found in Figure A6 and Figure

A7) were up to 265 mA h g for Li-based and K-based cells, and up to 215 mA hg*

for Na-based cells.
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cells (a) and NiTIB capacity after subtracting the contribution from Super P (b).

For the potassium-based cells, electrodes with different compositions and mass
loadings were tested (see Experimental section for details). The data for different elec-
trodes are summarized in Figure 32. By increasing the electrode mass loading to 15.3
mg cm 2, the areal capacity could be increased up to 2.73 mA h cm2. According to the
recent literature analysis carried out by myself,**° this areal capacity is one of the high-
est for potassium-ion battery anodes, with only one report on graphite®™! showing higher
values. Increasing the areal capacity helps to improve the overall energy density of the
devices by decreasing the mass fraction of electrochemically inactive components, such

as current collectors, sealing cases, separators, etc.®? Additionally, it helps to decrease
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the battery cost per kWh and therefore make the production economically viable.*® It
should be noted that performance of the electrodes with high material loadings can be
further improved by optimizing the electrode morphology and composition, e.g., by
making it more porous or introducing other types of conductive fillers. %% 1%

Cycling stability of NiTIB was studied in different types of cells at the current
density of 2 A g1. Before cycling at the higher currents, the cells were subjected to five
cyclesat 0.1 A g* to eliminate irreversible processes and suppress the activation effects
when the initial capacity is very low and then steadily increases upon cycling.#” 1% As
shown in Figure 33, excellent cycling stability could be reached for NiTIB in Li-based,
Na-based and K-based systems. For the lithium-based cells, the capacity fading rate
was much slower for the carbonate-based electrolyte (Figure 33a). The capacity fading
rate was 0.005% per cycle (0.009 mA h gt cycle™), 0.011% per cycle (0.024 mA hg
cycle™) and 0.028% per cycle (0.069 mA h g cycle™) for the Li-based, Na-based and

K-based cells, respectively.
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Figure 33. Cycling stability of NiTIB in Li-based (a), Na-based (b) and K-based (c)

cellsat2 Ag™.

In contrast to CuTIB, NiTIB exhibited distinct features in the charge-discharge
profiles. In the Li-based cells, the charge-discharge curves had a sloping plateau at ~1.2-

1.4V vs. Li*/Li (Figure 29). The curves for the Na-based and K-based cells had well-
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defined plateaus at higher potentials and sloping regions at lower potentials (Figure 30).
These data are in agreement with the cyclic voltammetry profiles shown in Figure 34.
In the lithium-based cells, two sets of closely located peaks at ~1.2-1.4 V vs. Li*/Li
(O1/R1 and O2/R2) could be observed. For the sodium-based cells, two sets of peaks
were also present, but they were more separated; the peaks at higher potentials (O1/R1)
were sharp and the other peaks (O2/R2) were much broader. A similar pattern was ob-
served for the potassium-based cells, but in this case, several sets of peaks were ob-
served in the region of lower potentials (<1.3 V vs. K'/K).

CV peak profiles for the Li-based cell are typical for diffusion-controlled inter-
calation.’” For Na- and K-based systems, the features at higher potentials (O1/R1) are
sharp and have a pronounced voltage gap, indicating nucleation control.*>” At the same
time, the features at lower potentials (O2/R2 for the Na-based cells and O3/R3 for the
K-based cells) have small peak-to-peak separations (<30 mV at 0.2 mV s?, see Figure
35) and broad profiles, which are attributes of pseudocapacitive processes.>® Another
indicator of pseudocapacitance is almost linear dependence of the peak current on the
potential scan rate (Figure 34h, i).%®

As discussed in section 2.1.1, there are two main types of pseudocapacitance for
energy storage materials, namely redox pseudocapacitance (surface pseudocapacitance)
and intercalation pseudocapacitance (Figure 3b, c). If the pseudocapacitance of the low-
potential features was surface-confined, the O1/R1 features would be pseudocapacitive
or would have much higher integral intensities. However, the O1/R1 peaks have a sig-
nature of “battery-like” bulk processes, and the capacities of the high- and low-potential
regions are comparable. Therefore, it appears that there is intercalation pseudocapaci-

tance at low potentials in the Na- and K-based systems. It might be supposed that the
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initial portions of the Na* or K™ ions that intercalated into NiTIB served as “pillars”,

expanding the structure and creating void channels where the rest of the ions could

move freely without affecting the framework.
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Figure 34. CV profiles for NiTIB in Li-based (a), Na-based (b) and K-based (c) cells,

measured at scan rates of 0.2, 0.4, 0.6, 0.8 and 1 mV s%; Ig|l| vs. lg(v) dependencies

for the CV peaks (d-f); b values of the CV peaks estimated from the linear fit (equa-

tion Ig|l| = b*lg(v) + Ig(a)) (g-i). Ten CV cycles at 1 mV s in the potential ranges of

0.5-2.0 V vs. M*/M were performed prior to the measurements to eliminate irreversi-
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ble processes, after which the cells were resting for 10 minutes.
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Figure 35. Potential differences for oxidation and reduction CV peaks of NiTIB at a

scan rate of 0.2 mV s L.

NiTIB might be considered a promising alternative to widely popular lithium
titanate® as the anode material. While sharing the safe operation potentials, which pre-
vent alkali metal plating, it has a ~1.5 times higher specific capacity (>250 mA h g’?,
compared to the theoretical capacity of 175 mA h g~* for LTO). Considering the densi-
ties of LTO (2.8-2.9 g cm %)% and NiTIB (1.84 g cm™3), it might be concluded that
their volumetric capacities should be comparable. A major advantage of NiTIB is that
it is universally applicable for lithium-, sodium- and potassium-ion batteries. It is cur-
rently the most advanced anode material for K-ion batteries that shares similar electro-

chemical properties with LTO in Li-ion cells.*>

5.3.2. Charge-discharge mechanisms

Charge storage mechanism of CuTIB as the anode material was studied using
ex situ XPS. In the initial state, CuTIB electrode showed a set of peaks typical for
Cu(ll), with Cu2psi2 signal at 934.4 eV and strong satellites at 938-948 eV (Figure
36a).1%° An additional peak at 932.3 eV corresponds to Cu(l),**° which is attributed to
Cu20 impurity detected by XRD (Figure 19c, section 5.1).

The content of Cu(ll) decreased during lithiation, which is evident from the

spectra of the electrodes discharged to 1.5V and 0.8 V vs. Li*/Li (Figure 36a). For the
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electrode discharged to 0.8 V, a single peak with no apparent satellites was observed,
which indicates that reduction of Cu(ll) to Cu(l) was virtually complete. The N1s peak
of CuTIB shifted from 399.6 eV in the initial state to 399.2 eV for the electrode dis-
charged to 0.8 V; the same shift was observed for the sample discharged to 1.5 V
(Figure 36b). Hence, it might be supposed that both copper and the ligand participate

in the electrochemical processes during the lithiation.
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88



For NiTIB as the anode material, the experimental capacities in all types of cells
were close to the theoretical capacity for two-electron reduction of the ligands (278 mA
h g1). As discussed in section 5.1, the structure of NiTIB can be considered as a su-
perposition of quinoid structures. It is known that the charge-discharge mechanism for
organic quinoid compounds involves two-electron reduction to hydroquinone deriva-
tives (Figure 37a), and the charge-discharge process often appears as two sets of peaks
in the CV profiles.’™183 Basing on the structural features of NiTIB (quinoid nature of
the ligands), its electrochemical properties (specific capacities, CV profiles) and the
literature data, it could be proposed that the charge-discharge mechanism of NiTIB was
similar to quinones (Figure 37b). Oxidation state of nickel was likely intact within the
applied potential ranges (>0.5 V vs. M*/M), following the previous reports on two-
dimensional analogs of NiTIB (see section 2.3.3).126: 127

However, several points were unclear about the charge-discharge mechanisms
of NiTIB from the experimental data. Firstly, it was unclear why additional peaks ap-
peared in the CV profiles for the potassium-based cells, while two sets of peaks were
present for Li-based and Na-based cells (Figure 34). Was the mechanism different for
the K-based system on the molecular level or was the additional peak related to an extra

phase transition that was not present for other types of charge carriers?
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Figure 37. Redox reaction scheme for 1,4-quinones (a) and proposed overall redox re-

action scheme for NiTIB as the anode material (b).

Secondly, it was unclear if irreversible transformations of NiTIB were taking
place during the first cycle, which exhibited irreversible capacity losses (Figure 29c, d
and Figure 30c, d), as well as distinct discharge curve profiles. Such behavior is typical
for anode materials and is associated with factors such as SEI formation or macroscopic
structural rearrangements,'®* 1% put it can also indicate irreversible reduction of the
electrode material itself.*® 1% |n NiTIB, for example, the NH-protons should be acidic
to some extent, %’ so these protons could be substituted by alkali metal cations, accom-
panied by irreversible H, evolution.'®”: 188 The question about the origin of the irreversi-
ble capacity is extremely important from the point of practical applications. It is crucial
to understand what should be done do increase the initial Coulombic efficiency (ICE).

If the low ICE originates from the SEI formation, the strategies to solve this issue
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include optimizing the electrolyte composition or the binder structure, creating artificial
SEI layers, or modulating the material particle size and specific surface area.'®* 16 |f
the inferior ICE is caused by the transformations of the active material, this problem
should be solved via molecular design, e.g., substituting the acidic protons with methyl
groups.

The charge-discharge mechanism of NiTIB in the K-based cells was studied
using ex situ XPS. For C1s spectra, contributions from C=N and C-N of the polymer!%
could be distinguished along with C—O/CO- groups of sodium carboxymethyl cellulose
binder and C-C/C—H groups of the carbon and binder additives'®®-1"? (Figure 38a). In
the discharged state, the contribution from C=N groups was lower compared to the dis-
charged state, which suggests the reduction of the ligand upon potassiation.?°

In the Ni2p spectra regions (Figure 38b), a shift to lower binding energies was
observed upon discharge, which was due to the increased negative charge on the poly-
mer backbone. However, there was no evidence of Ni(ll) transition to lower oxidation
states. In the discharged state, the binding energy for Ni2pz. was 854.2 eV, which is
characteristic for Ni(11).1"2 In the charged state, satellite structure giving signals at ~863
and ~880 eV was observed in Ni2p spectrum (Figure 38b). These features were previ-
ously reported for pristine NiTIB*?® and might arise from a charge transfer between

nickel and the ligand.1"2
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To study the structural transformations of NiTIB during charging-discharging,
operando and ex situ powder XRD measurements were carried out. As shown in Figure
39, the XRD profiles of NiTIB changed only slightly upon lithiation/delithiation. The
most prominent shift was observed for the peak at 26 of ~24° (d~3.7 A). Two regions
of XRD pattern evolution might be observed during the charge-discharge processes.
For the first region, almost no changes occurred, with the intensity of the ~24° signal
slightly decreasing. For the second region, the peaks at 26 of ~20.7° (d~4.3 A) and
~29.3° (d~3.0 A) shifted slightly, the signal at ~24° shifted to ~24.5° and became sig-

nificantly less intensive. The second step took place when NiTIB was roughly halfway
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lithiated (~1 Li* ion per repeating unit). Because the XRD peaks of NiTIB were wide
and the peak positions shifted slightly, it is hard to determine at this point if the second

stage occurred via a solid solution mechanism or if it was a two-phase transition.

a b c

Intensity (a.u.)

20 (%)
20 (%)
20 ()

- S -

$20 <20 S20

215 L1s 3;‘15

-

% 1.0 Z10 g 10

Luo'sl T T | GO S SO - K | l:lo'sl T : B S0 SR TR TR R L uJo'sl']']']'l'l'l']'l'l'l'
2 4 6 8 10 12 14 16 0 2 46 81012 14 16 18 02 4 6 8101214 16 18 20

Time (h) Time (h) Time (h)

Figure 39. Intensity maps for operando XRD patterns of NiTIB during galvanostatic
charge-discharge in Li-based (a), Na-based (b) and K-based (c) cells, measured with

CuKa radiation. Charge-discharge profiles of the cells are plotted below.

In contrast, it is clearly seen that a two-phase transition took place in the sodium-
based system. When NiTIB was half-discharged (~1 Na* ion per repeating unit), the
peaks of the initial phase disappeared completely, and a peak at 26 of ~19.3° (d~4.6 A)
appeared. Upon further sodiation, the position of this peak was almost constant. For the
potassium-based cell, two two-phase transitions were observed, occurring when the

number of K* per repeating unit was ~0.7 or ~1.4. During the first transition, a peak at

93



~18.5° (d~4.8 A) appeared, and after the second transition a signal at ~26.5° (d~3.4 A)
emerged. A narrow peak observed at 26 of ~29° (d~3.1 A) corresponds to potassium
fluoride forming upon the SEI formation.

Ex situ XRD patterns measured over a wide range of 20 (Figure 40) showed that
structure of the lithiated NiTIB was similar to the pristine material, while the changes
that occurred after sodiation and potassiation were significant. This is in agreement with
the operando experiments and is expectable because larger cations generally lead to
more substantial structural rearrangements. For the sodiated and potassiated samples,
the peaks of metal fluorides were observed, which should be originating from the SEI

layers.

*KF
potassiated (0.5 V vs. K */K)

* NaF
sodiated (0.5 V vs. Na */Na)

Intensity

—— lithiated (0.5 V vs. Li"/Li)

pristine

10 ‘ 1‘5 ‘ 2I0 2I5 BIO I 3I5 I 4IU l 4I5 5IO ‘ 5‘5 ‘ 6I0 6I5 TIO I 7I5 I BIU BI5 9I0 ‘ 9‘5 ‘100
20(7)
Figure 40. Ex situ XRD patterns for discharged and pristine NiTIB, measured with

CoKal radiation (A=1.78892 A).
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The cyclic voltammetry features of NiTIB (discussed in section 5.3.1) can be
explained using the data from the operando XRD. Additional peaks in the CV profiles
for the K-based cells were related to an extra phase transition, which was not observed
for the Li-based and Na-based cells. On the molecular level, the charge storage mech-
anisms of NiTIB with different charge carriers (Li*, Na", K*) might be considered sim-
ilar, which is typical for compounds with redox-active organic moieties.®

From the operando XRD data, it is seen that the structural rearrangements of
NiTIB are reversible, with signals of the initial phase reappearing upon reoxidation.
Therefore, it might be supposed no irreversible reactions, such as NH-proton substitu-
tion, took place on the molecular level. To confirm reversibility of the NiTIB reduction,
operando Raman spectroscopy measurements were performed. Initially, an infrared la-
ser (A = 780 nm) was selected to reduce the intensity of fluorescence and signals from
the electrolyte, carbon black and SEI components. The intensity of NiTIB spectra
dropped approximately by an order of magnitude upon reduction and restored after re-
oxidation (Figure 41a, c, e). Importantly, spectra of the reoxidized material after the
first and the second cycles were nearly identical to the initial one (Figure 41b, d, f).
Relative intensities of the peaks varied only slightly, and changes of the Raman shifts

were below 2 cm™.

95



E'vs. Li*ILi (V)
2,00 1.25 0.50 1.25 2.00 1.25 0.50 1.25 2.00

20

Ry
N o

Raman shift (10% cm
S o
> @

N
o

o
Raman intensity (a.u.)

-
o

Current (uA)
s
o o

w
o

5 10

T T T T T T T
15 20 25 30 35
Time (h)

[=R=

c E vs. Na*/Na (V)
2.00 1.25 0.50 1.25 2.00 1.25 0.50 1.25 2.00

e 20
o
16
=12
s
0.8
£
0.4
20
10
0
-10
-20
-30

Raman intensity (a.u.)

Current (pA

T LA
0 5

T
10 15 20
Time (h)

25 30 35

e Evs. K*K (V)
2.00 1.25 0.50 1.25 2,00 1.25 0.50 1.25 2.00

Raman intensity (a.u.)

10

T T T T T T T T T
15 20 25 30 35
Time (h)

10

o

Normalized Raman intensity (a.u.)

o

Normalized Raman intensity (a.u.)

-

Normalized Raman intensity (a.u.)

1 1 1 1 | 1 1 1 1
1.0 1 initial 1464 em™'
after cycle 1
—— after cycle 2 636 cm™
0.8 1433 ¢cm™'
0.6 4
Vil
T T T T T = T T T T T T "
14 12 10 08 06 04 02
Raman shift (10° cm™)
1 1 1 1 1 1 1
1.0+ —— initial
after cycle 1
08 — after cycle 2
0.6
0.4
0.2 k‘ IJ J
UD T T T T T T T T T T T T T T k T T T T
22 20 18 16 14 12 10 08 06 04 02
Raman shift (10% cm™)
1 1 1 1 1 1 1 1
104 initial
after cycle 1
084 — after cycle 2
0.6
0.4
0.0 — T T 1 LI I B
22 20 18 16 14 12 10 08 06 04 02

Raman shift (10% cm™)

Figure 41. Evolution of Raman spectra of NiTIB measured with an infrared laser (A =

780 nm) for Li-based (a, b), Na-based (c, d) and K-based (e, f) cells: Raman intensity

maps and current vs. time (vs. potential) profiles (a, c, €); normalized initial spectrum

compared to the spectra after the 1%t and the 2" cycles (b, d, f).

According to these data, no irreversible transformations took place for NiTIB

in Li-, Na- or K-ion batteries in the potential range 0.5-2.0 V vs. M*/M, which
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disproves the initial hypothesis about irreversible NH-proton substitution. Irreversible
capacity losses should be originating from the SEI formation, and this issue can be
solved by tuning the electrolyte or electrode composition, creating artificial SEI layers,
or modulating the particle size of NiTIB.164 165

Raman intensity is a function of difference between the energy of the laser pho-
tons and the energy of electronic transitions.'”® If this difference is small or zero, the
intensity might increase dramatically, which is the basis for resonance Raman spectros-
copy.1”® Since NiTIB is a narrow-gap semiconductor that absorbs near-infrared light,®
it can be concluded that its resonance Raman spectra were measured when the infrared
laser (A = 780 nm) was selected.

To better understand the electronic structure evolution, UV-Vis-NIR spectra
were acquired. While there were no issues with measuring the pristine NiTIB, studying
the reduced states was more challenging. Measurements of the discharged electrodes
could give ambiguous results because of absorption by carbon black,’* 1> and sepa-
rating contributions from the two materials correctly would be difficult. Electrochemi-
cal reduction of NiTIB without conductive fillers was problematic because of its low
electronic conductivity.**” For this reason, chemical reduction of NiTIB films was car-
ried out using excessive amount of potassium naphthalenide (see Experimental section).
Naphthalenides have low oxidation potentials (~0.5 V vs. Li*/Li),'’® which makes them
suitable for complete reduction of NiTIB. This approach has recently been shown ap-
plicable for a wide range of materials.}’’-1"® Successful chemical reduction was con-
firmed by Raman spectroscopy (Figure A8).

As shown in Figure 42, pristine NiTIB had a broad absorption feature with the

onset at ~600 nm and maximum at ~950 nm. Substantial absorption was observed at
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780 nm, which should induce resonance Raman effect at this wavelength. After the
reduction, this broad peak disappeared, and the spectrum showed a sloping absorption
feature at shorter wavelengths (<800 nm). This change is an indicator of the bandgap
increase, which explains why the infrared Raman intensities decreased by an order of
magnitude upon reduction. Similar trends in the UV-Vis spectra were previously re-

ported for a low-molecular analog of NiTIB.°
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Figure 42. UV-Vis-NIR spectra of NiTIB before and after chemical reduction.

To gain more information about the structure evolution upon charging-discharg-
ing, the laser wavelength was switched to 532 nm. As shown in Figure 43, Raman in-

tensity of the reduced states increased dramatically with the green laser.
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Figure 43. Evolution of Raman spectra of NiTIB measured with a green laser (A =

532 nm) for Li-based (a, b), Na-based (c, d) and K-based (e, f) cells: Raman intensity

maps and current vs. time (vs. potential) profiles (a, c, €); averaged Raman spectra for

selected potential ranges during the initial discharge (b, d, f).

Spectra of the fully lithiated, sodiated and potassiated states had similar patterns,

with characteristic peaks at 1563-1565 cm™?, 1317-1330 cm™%, 752-759 cm™, 597—
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603 cm™%, and 527-530 cm* (Figure 43b, d, f). Similarities of these spectra (especially
pronounced for the Na- and K-based systems) indicate that the charge storage mecha-
nisms were similar on the molecular level. This confirms that appearance of the third
set of peaks for the K-based cells (Figure 34c) was caused by an additional phase tran-
sition rather than some unusual reduction of Ni?* or the ligands which was not occurring
in the Li- and Na-based batteries.

Although the spectra of fully lithiated, sodiated and potassiated materials were
similar, certain variability of both Raman shifts and intensities was present. The most
obvious difference was observed for the Li-based cells, where the spectra were less
structured and intensive compared to the Na- and K-based systems. The distinctions

should be associated with the differences of local environments of the macromolecules.
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Chapter 6. Conclusions

In this work, nickel- and copper-based coordination compounds derived from

1,2,4,5-benzenetetraamine were synthesized, characterized using a set of physicochem-

ical methods, and studied as active electrode materials for non-aqueous energy storage

devices that use alkali metal ions as charge carriers. The main conclusions are the fol-

lowing:

While the Ni-based material has a well-defined structure and was crystalline,
the Cu-based material is disordered, contains impurities, and apparently has
lower degree of polymerization and higher concentration of defects. The possi-
ble reason for this is partial reduction of Cu?* by benzenetetraamine, which
takes place during the synthesis.

The materials are redox-active in lithium-based cells in the potential ranges of
1.5-4.1 or 2.0-3.8 V vs. Li*/Li. Higher specific capacities are observed for the
ball-milled copper-based material (up to 262 mA h g™1). According to XPS, it
can accommodate negative and positive charges at low and high cell potentials,
respectively. However, the compounds exhibit inferior cycling stability, which
limits their applicability as materials for positive electrodes.

In the potential range of 0.8-2.0 V vs. Li*/Li, the Cu-based material shows mod-
erate specific capacity (70 mA h g after subtracting the contribution from car-
bon black) and moderate cycling stability at low current density (50 mA g™).
Upon lithiation, Cu(ll) reduces to Cu(l), and the ligands are redox-active as
well.

The Ni-based compound shows impressive performance in the potential ranges

of 0.5-2.0 V vs. M*/M (M = Li, Na, K), making it a promising material for
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lithium-ion, sodium-ion and potassium-ion batteries. The material exhibits high
specific capacities (up to 265 mA h g after subtracting the contribution from
carbon black), high-rate capabilities (up to 5 A g2, charging or discharging in
<2 min) and cycling stability (capacity fading rate of <0.03% per cycle). High
areal capacities (up to 2.73 mA h cm2) are demonstrated. The average delithi-
ation, desodiation and depotassiation potentials are ~1.35 V vs. Li*/Li, ~1.1 V
vs. Na*/Na and ~1.35 V vs. K*/K, respectively. The material might be consid-
ered an attractive alternative to lithium titanate, which has higher capacity and
is compatible with various charge carriers.

On the molecular level, the charge storage mechanism of the Ni-based polymer
is similar for Li-based, Na-based and K-based systems, involving reversible
two-electron reduction of the ligands. Theoretical capacity of the material is 278
mAhg?

Differences in the charge-discharge curve profiles and CV profiles of the Ni-
based material in Li-, Na- and K-based cells are associated with different crystal
structure rearrangements during the charge-discharge processes.

When partially reduced, the Ni-based material exhibits intercalation pseudo-

capacitance, i.e., fast bulk faradaic reactions, in the Na- and K-based batteries.
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Appendix A. Supplementary materials
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Figure Al. ESR spectrum of CuTIB.
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Equation y=a+b'x
B

Plot
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Figure A2. Intensity of Cu20 peak (hkl = 111) in CuTIB sample depending on the

amount of Cu,0 added.
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Figure A4. SEM images of NiTIB and CuTIB before/after ball-milling.
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Figure A5. FTIR spectra of as-synthesized (black lines) and ball-milled (red lines)
NIiTIB and CuTIB.
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Figure A6. Charge-discharge curves of Super P in lithium-based cells with the ether-
based (a) and carbonate-based (b) electrolytes at 0.1, 0.2, 0.5, 1, 2and 5 A g %; de-
pendencies of charge and discharge capacities on the cycle number at varying current

densities for the cells with ether-based (c) and carbonate-based (d) electrolytes.
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Figure A7. Charge-discharge curves of Super P in sodium-based (a) and potassium-
based cells (b) at 0.1, 0.2, 0.5, 1, 2 and 5 A g 1; dependencies of charge and discharge
capacities on the cycle number at varying current densities for sodium-based (c) and

potassium-based cells (d).
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Figure A8. Raman spectra of NiBTA-based films before and after chemical reduction

measured with the green (left) and infrared (right) lasers.
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