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Abstract

There is an oigrowing demand for the next generation of energy storage mate-
rials, which have higBpecificcapacity excellent higkrate capabilities, and durability.
Transition metal coordination polymers witkd conjugation have recently attracted
attention as candidates for the electrode materials in advanced batteries and superca-
pacitors.However, this class of matels remains poorly studied.

This Thesis is dedicated Mi- andCu-based coordinatiooompoundslerived
from 1,2,4,5benzenetetraamine, a commercially available ligand.matkerialswere
synthesizedcharacterized using a set of physicochemical teclesigndtestedn pos-
itive or negative electrodegor 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 tlopeerbased material, higher spe-
cific capacities of up to 262 mA h'gvere demonstratetiowever, the cycling stability
of the polymers was inferiof.he darge storage mechanisms were studied wesirgitu
X-ray photoelectron spectroscopy.

It was shownhat the compounds might be used as anode materials for metal
ion batteries. Particularly, the nickehdsedcoordinationpolymer exhibited a combina-
tion of attractive properties in based, N@ased and ¥ased cells, such as high spe-
cific capacities (>200nA h d 1), highrate capabilities anexcellentcycling stability.

The material might be consideregmmisingalternative to lithium titanatét hassafe
operation potentials (>0.5 V vs. W) while possessingligher capaciés and being
compatible wih various charge carrieBasing on the electrochemical features of the
material, as well as data froex situX-ray photoelectron spectroscomperandoand

ex situX-ray diffraction, aneperanddRaman spectroscopgeasurements was con-
cluded thathe charge storage mechanism involved reversibleetetron reduction

of the polymerrepeating unitsin the partially reduced state$ the Na and K-based

systemstheNi-based materiadhowed featuresf intercalation pseudocapitance.
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Chapter 1. Introduction

Electrochemical energy storage is onetle# key topics of modern materials
sciencelts development is important for many aspects of technological and societal
progress, such as transition from fossil fuels to sustainable energy sources, implemen-
tation ofsmart gridselectric vehiclesand usail portable electroni!3

There are various types of energy storage devices, each of which has a unique
set of advantages targeted for particular applicafi@rtdowever, among others, lith-
ium-ion batteriegLIBs) have become the mostdespread kind, which is also the most
essentialn everyday life> 1°The popularity of Liion batteriesarisesfrom a combina-
tion of reasonably high energy and power densities, decent cycling stahbitgw
self-discharge raté ° Significance of this technology was highlighted by awarding the
Nobel Prize in Chemistry in 2019 to M. Stanley Whittingham, John B. Goodenough
and Akira Yoshinot However, although lithiusion batteries are in many aspects more
attractive than other types of energy storage devices, theyshagmldrawbackshat
limit theirapplicability.

Modern lithiumion batteries are still too expensive and butkyelectric vehi-
cles!? 130ver the past decadgsgrformance ofIBs significantly improved, with the
volumetric energy increasing from ~200 to >700 W'h land thé& price dropped by
more than an order of magnitutfddowever the batteries that are able to power up an
electric car (56L00 kW h) stilltake up to ~50Q of space and weigh more than half a
ton1® Chargedischarge rateand cycle lifeof modern LIBsare also limited*® At
high current rates, lithium dendrites form at graphite anode, causing severe saégy is
because a risk of battery shaoitcuiting appears! Improvementf the LIB perfor-

mance are becomingminor as the conventional technologies approach their
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fundamental limit$2 Tremendous effort is currently put into developimeyv chemis-
triesfor fastcharging durablenergy storage devicesth high energy densitie§:22
Furthermore continuous growth of lithium consumpti&h?* raises concerns
about the scarcity of its resources, which questions the sustainability of LIBs. Lithium
is a rare el ement; I ts major feedstocks i
countries, making the industry generally dependent on the ifdarsome scenarios
of LIB market expansion, the lithium supply might become insufficient during the next
decadeg® In theshort term, an even more serious issighitage otobalt resources,
which are important for the most widespread cathode matétidisf cobaltfree bat-
teries remain underdeveloped, production of Co will have to inctgasean order of
magnitude to satisfy the future dem&nd®This might lead to substantial price growth
for LIBs, as well as bottlenecks in the larggale productiod’ Developing cobalfree
and lithiumfree batteries should help to solve these sustainability issues.
Sodium and potassiuApn batteries (SIBs and PIBs) are among the most prom-
ising alternatives to LIBghat are more sustainablalthoughsodium 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
elementsFor both SIBs and PIBgheaper and lighter aluminum can be used as the
anode current collector instead of copper becaodeim angotassium form no alloys
with Al.2>2°Each type otharge carrierfNa*, K*) has its own advantages. Sodibas
lower atomic weight, so its specific capacity is higher. Orother hand, sindard re-
duction potenti al for K is i3.@V)9aBdower whi ch
than for Na (2.71 V); in propylene carbonate, the reduction potential for K is even

lower than that for Li and N&: 3! Both higher capacities arldwer anode potential
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help to enhance energy density of the batteries. Graphite, which is a dtandde for

LIBs, can be used iRIB anodes, which is in contrastth the SIBs3*32 Owing to a

weak Lewis acidity of potassium ions, diffusion coefficients ofiflKelectrolytes are

higher than for Li or Na', which is beneficial for fast charglischarge’* 3 At the

same time, radii of desolvated Nans are smallecompare toK™* ions consequently,

the amplitude ofvolume expansiowontraction of active battery materiagdsexpected

to be smaller, potentially leading langercyclelife of sodiumion batteries® 3’ Since

each type of batteries has its unique set of advantages, it is reasonable to develop these
technologiesimultaneously.

Metalorganic redoxactive material€an be attractive as materials for the next
generation of batteriefedox chemistry obrganicbasedcompounds is generally
weakly dependent on the nature of coumas that balance excessive chargpsn
reduction/oxidatiorf® *°This is in contrast to inorganic battery materials, which usually
rely on cationspecific complex intercalation mechanisths®Versatility ofthesecom-
pounds should makiae development of alternative battery technologies easier since
the same material can be successfully applied for lithium, sodium, potassium chemis-
tries and otherRRecently, a new family of metalrganic compounds, namelyd con-
jugated coordination polyers of transition metals, have attracted attention for energy
storage applicationd he next chapter provides a literature review regarding this topic,

as well as brieflyoverviewsmetation 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 netakion batteries, dualon batteries and pseudocapaci-
tors

Working principle of ametalion battery is schematically representedigure
1. The device contains two electrogpssitive and negativeseparated bgn ionically
conductve electrolyte, which is typically a liquid solution of an alkali metal salt immo-
bilized in a porous separator. In the charged stataebative electrode (typically re-
ferred to as anode&ontains extractable metal cations, which can be inserted into the
positive electrode (typically referred to as cathag@)n discharging. These reactions,
driven by a difference in electrochemical potentials, induce an electric chetergen
the electrodes. The reactions are reversible, and if an external curnepliesl & the
opposite direction, the metal cations migrate back from the cathode to the anode, and
energy is stored in this wayhis type of energy storage devicegere one type of
charge carriers goes back and forth between the electiedesnetime cal | ed fAr ock
ing-c hai r B°Forititeiumiioa Batieriescommercialcathode materials are ex-
emplified by LiNkMnyCo,0, (NMC), LiNixCo,Al O, (NCA), LiFePQ or LiMn,04.%*
The most popularommercialanode materials are graphite and lithium titanate
(LTO).* If alkali metals are used as the anodes, the devices should befcatiedt a |
bat t eergifisuin metal batteri@g® or fisodium metal batteriég? rather than
A me-t ah b aCertanrtyipes of batteriegith conversiortype cahodes such as

metatair,?t %% 43 metatsulfur® 44 or metatiodine™ batteries, are also considered
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Figurel. Schematigepresentationf the working principle of metabn batteries.

A related type ofrechargeabldatteries, which also utilizes reversible inser-
tion/extraction of ions, isluakion bateries?*® 4" Upon charging of duabn 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 decomppsedchargg. A
classic example of a duin battery is duafjraphite 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-imetadtter-

ies.
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Another related type of energy storage technology is supercapathersain
types of supercapacitors are electric double layer capacitors (EDLCs) and pseudocapac-
itors. In EDLCs, the energy is storeda charge separaticat the interfaces between
electrolyte and electrodes with high surface dtgpically carborbased) whereelec-
trical double layers forrf For the energy storageations and aniorfsom the electro-
lyte migrate to the electrode surfaces that become charged when a pdtteateice
is applied externallyThe charge storage mechanism is somewhat similar teiafual
batteries, but for EDLCs its nature is ABaradaic and occurring bnnearthe electrode
surface Cyclic voltammograms (CVs) for EDLCs have a nearly rectanghkgpe, and
galvanostatic chargdischarge (GCD) profiles are linedfigure 2a, j. EDLCs can
deliver high power densities (~15 kW'kpand are extremely robust (stable up to mil-

lions of chargedischarge cyclesjut have low energy denisis (5-10 W h kg?).>°

(a) EDLC . Pseudocapacitive . Battery-type
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Figure2. 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 fronef.>° Copyright 2019, WileyVCH.
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The energy density is higher for pseudocapacitehsch enable redox chemis-
try at the electrodes. Initially, pseudocapacitance was defined as Faradaicgsocess
taking place near the sarde of electrode¥" ' Classic examples aMnO, andRuG,.>*
°3 Their CV profiles are nearly rectangular, but also feature broad pE@kse 2a).
However, this definitiorof pseudocapacitandecame ambiguous as nanosized mate-
rials for energy storagevolved>® When the particle size of the battery materials is
reduced to nanoscale, fractiof the charge storage sites near the surface increases, and
their power densitymproves which blurs the distinction between batteries and super-
capacitors? *°Furthermore, @me intercalatiofype materials, such as s, MoOs
or TiO,, were reported to have fast chadjscharge kinetics, sometimes even surpas-
sing traditional pseudocapacitive materidi$ To rationalizetheir chargedischarge
mechanisms, Dunetal®*pr oposed a term Aintercal ati on
is intercalation of ions into the layers or tunnels of the electrode materials, during which
no crystallographic phase change occBsgudocapdttve mechanisms weltbenclas-
sifiedinto three typegFigure3):>° (1) underpotentiatieposition, which is an infrequent
phenomenon occurring when metal monolayers are electrodeposited at the surfaces of
foreign metals above their reduction potent?l€2) redox pseudocapacitance, which
is the most common type when ions are electrochemically adsorbed at the surfaces of
redoxactive materials; (3) intercalation pseudocapacitamtenthe intercalation of

ions into the host ifast andkinetically indistinguishable from capacitari®e
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Figure3. Types of pseudocapacitance. Reproduced with permission fréfQey-

right 2014, Royal Society of Chemistry.

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

of 90° or less Figure4).

a) ' b) c)

Current
Potential
ImaginaryZ

Potential - Capacity - Real Z >
Figure4. Electrochemical features of pseudocapacitive materials: CV profiles (a),
GCD proifiles (b) and Nyquist plots (c). Repragd with permission from réf.Cop-

yright 2014, Royal Society of Chemistry.

An importar experiment to understand if the redox reactions are controlled by
the solidstate diffusion is measuring CV profiles at various scan Pat&sa given
potentialE, currentl is considered originating from lanear combinationof diffusion-

controlled insertionki\*°) and capacitive processésy) component$?!
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0 Q0oue QOU (1)

Herev stands for the scan rate, andk. are potentiabependent parameters.
Equation (1) can be linearized in coordindié§°vs. >

‘cov 8 QO0® QO )

This formula is sometimes simplified to:

‘00 wOovu (3)

wherea andb are potentiadependent parameters, with thealue ranging from
0.5 to 1. It isproposedhatb = 0.5 indicates a batterglated behavior, whilb ~ 1 is
typical for capacitive or pseudocapacitivaterialsHowever, it should be stressed that
b values close to 1 were reported for nanosized materials with bhlkislectrochem-
ical features, such as obvious CV peaks wigimificantpeakto-peak separatiorgqf >
0.2 V)30.62.83|n other words, kinetics analysis might be useful for understanding the
chargedischarge mech@ms, 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 consideredf.

An interesting type of energy storage deviaeshybrid supercapacitors, where
one of the electrodes stores charge via a batype/Faradaic process, while the second
electrode relies on the capacitive mecharfisSthe concept of these deviésto in-
crease the energy density by using battgpe 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 +oetahtteries and

classic supercapacitofs.
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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, chdiggharge rate (or power, which is a
related parameter) and cycling stability. If a device operates in a galvanostatic mode,

theenergyW thatis retrieved upon discharging can be calculated as follows:

® WA QR O woQo (4)

wherel is current,Uis discharge timeQ is capacity, i.e., charge that is trans-
ferred through an external circuit, awWds the voltage that igenerally dependent on
the state of charge and is the potential difference between the positive and the negative
electrodes:
wn ©On ©On (5)
Equation (4) may be expressed in terms of average voltage

© U (6)

wnQn . 0nQnR, 0 n/an
0 0 0

(0] (7)
For the cyclic voltammetry experiment,can be calculated as follows:

P

— OwQw (8)
WWw

whereV2 andV: are maximal and minimal operating voltagess scan rate.
This formula, however, should be applieden charge and discharge capacities of the

material are close, i.e., mbvious irreversible side reactions occur.
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For supercapacitors, a typically reported value is capacit@natich reflects

what chargécapacity)q is stored under a given voltage change:
Y0

6 o=
Yw

(9)

The stored enerdypr supercapacitorsan be calculated from the capacitance as

follows:

o — (10)

PowerP is typicallyreportedas the ratio betwedhe energy andhedischarge

time;

(11

.
V) -
(¢}

This formula reflects the average power of a device. It should teel ,noow-
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 stabilityfor batteries and supercapact is typically studied using con-
tinuous cycling inthe GCD mode Capacity retention (in percent) is typically reported
after a certain number of chardescharge cycles. If the capacity decays lineardy,
pacity decay penycle (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 excellentingcstability 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 cangmagive
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electrode with high reduction potential and a negaéilectrode with a low oxidation
potential. To increase the capacitgthode and anode materials must have high con-
centratiors of redoxactive sites. Theoretical specific capacity can be calculated as fol-

lows:

INO)
) — 12
0 5 (12

wheren is the number of electrons that can be donated/acceptddrparia
unit of the materiallV is molar mass of the materfarmulaunit, F is Faraday constant
(26 801 mA h mdl%).

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 tiedectrolyte®® Using conductive electrodaa-
terials with pseudocapacitive chardgischarge mechanisms is beneficial for designing
energy storage devices with high poWer.

To ensuraedecentcycling stability,severalkconditions hae to befulfilled:

1 Chargedischarge processes (either Faradaic orFemadaic)mustbe highly
reversible

1 Solubility of the electrode materials and their reduction/oxidation products in
the electrolytes should be negligib® no shuttling of redeactive species to
counterelectrodes i®ccurring®®

1 Volumetric changes upon chargidgscharging should be small, so that the
structural integrity of the electrodes can be retained, avoiding particle fracturing
and delaminationit should benoted, 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 nanoengineerituming the binder or solid electrolyte inter-
phase (SEI) structuré 6770

No extensive continuous decomposition of the electrolyte should take place at
the electrodes upon chargidgscharging. This condition becomes increasingly
difficult to fulfill (especially at elevated tematures: 3 when electrode po-
tentials are high (>4.5 V vs. 1/Li) or low (<0.5 V vs. Li/Li), becausdiquid-

state electrolytetypically start to decompos®ne of the main approaches to
overcome this issus to createstable SEI layers that will prevent continuous
parasitic reaction&’® The second option is to use sedithte 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 potensatsh as LTO for Li

ion batteries® This strategy is useful not only for improvingetstability, 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 higheenergy and poweln terms of energy, the best anode male are

alkali metals because they have the highest specific capacities and the lowest redox

potentials?® 4> These anodes, however, aighly reactive ancgrone to the dendrite

growth. Other anodes with low redox potentials, such as graphéelso reactive in

metalated states, and the dendrites might form at their surfaces upon fast etisrging

charging!’ High-voltage cathode materials also tend to have safety issues, which are

related to factors such as electrolyte decomposition or instability of the chargedstates.
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It might be concluded that designing energy storage devices that have the high
energy density, excellent highte capabilities, decent cycling stability and safety at
the same time is extremely challenging, because somes# thatures have to be com-
promised in favor of other©ne can suppose thad universal type of energy storage
devices will be developed in the observable future, and various electrode materials with

certain attractive features will be implemented ingtea

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

Coordination polymers with-d conjugation feature transition metal icige-
lated by functional groupsf “-conjugated ligandse.g., ones derived from ortiuia-
mines,dithiols or diols Figure5). Thesenacromoleculesan be ongimensional (lin-
ear) two-dimensional(sheetlike) or threedimensional depending on the ligange-
ometry, the number or functional groupsdnatureof thetransitionmetal ions Exam-
ples of the organic linkers includdihydroxybenzoquinon® chloroanilic acigf+8®
benzenetetraamirfé, 8 benzenetetrathiéf hexasubstituted benzen&$® or tri-
phenylene$§’1%

extended conjugation pathway

50? (QOO \ 9"') ;O%

X/ \\X O / \X

A
Y

charge transport

Figure5. Orbital representation of a potential charge transport pathway in a coordina-
tion polymer wth “-d conjugation. Reproduced from Péf.underCC BY license

Copyright 2020, American Chemical Society.
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Some of the 2Btructures can be considered as metghnic analogs of gra-
phene, owing to their extended conjugation withinabelane!® °’Many “ -d conju-
gated coordinatiopolymers have high electron conductivifyyin some cases surpas-
sing 1000 S cmi? (in films).%2 % Charge transporin these polymers occurs mainly
within the " -d conjugated plaes®’

An important feature of these structuresasersibleredox activity of the lig-
ands Typically, structures withhydroquinoid (2), semiquioid (1) and quinoid (0)
motifs can bestable(Figure 6).1°” The ligands areisually oxidized during synthesis,
which leads to deprotonation of amines, catecholates or ditfidlatably, partial ox-
idation might introduce charge carriers into the metghnic frameworkswhich re-
sultsin the conductivity increas®’

O = T = X
L = L, == L
X=0,S,NH
Figure6. Hydroquinoid (2), semiquioid (1) and quinoid (0) motifs of ligands ind
conjugated coordination polymers. Reproduced frem® underCC BY license

Copyright 2020, American Chemical Society.

Coordination polymers with-d conjugationcombineseveral features that are
attractive for energy storage purposEseir frameworks remain stable upon reduction
or oxidation. High specific capacities might be approached for these struespes
cially if low-molecular ligands with multiple functionataups are useddligh elec-
tronic conductivity of many of these polymers should be helpful for developing high
power devices on their basis. The next section reviews papers thaedeépadrtonju-

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

2.3.1. Applications in supercapacitors

The first report dedicated tasing “-d conjugatedMOFs in electrical double
layer capacitorsvas made byp i net dl. in 2016.1° The authors used neltHITP
(NisHITP2, HITP = 2,3,6,7,10,1dhexaiminotriphenyleneFigure 7a), a material with
high electron conductivity (>50 S éR), in EDLCs with [EuN][BF4' J/acetonitrile elec-
trolyte. Predominant doublayer capacitance mechanigmginated from a large spe-
cific surface area (630%g'Y), and hrge pore sizeFjgure7a, b) enabled the diffusion
of EuN* andBF,4' ionsand their solvates with acetonitrilEhe electrodes demonstrated
high gravimetric and areal capacitances of 111'Rugd18 uF cni?, respedvely. The

cycling stability was also excellent, with 90% capacitance retention aft@@d@ycles.

Current density (A g™")
o
)

T T T
-06 -04 -02 0.0 0.2 04 0.6
Potential (V) versus Ag/AgCl

Figure7. Sructure ofNiHITP (a), relative size oNiHITP pores, EiN*, BF' ions

and acetonitrildrom the electrolyte (b) and cyclic voltammogramsNafliITP meas-
ured at a scan rate of 10 m\* éc). Reproduced with permission from féf.Copy-

right 2017, Springer Nature.

Later, Xu and ceauthors® reported acatecholatdbased2D MOF CuHHTP
(Cw(HHTPR, HHT P = 2, Bexdhydibxyttighengns with a nanowire mor-

phology for direct use in solistate supercapacitorBecause of the high porosity and
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electroric conductivity, high specific capacitance of 202' Ewgas achieved at a current
density of 0.5 A §. A symmetric soligstate supercapacitor delivered an areal capaci-
tance of 22uF cni? and had decent higtate capabilities.

In 2018, Bacet al!® reported a further increase of the areal and volumetric
capacitance byntroducingMOFs with a high density of redeactive centers, namely
CuHIB andNiHIB (HIB = hexaiminobenzendéigure8a, b). With 1M KOH solution
in wateras the electrolyte, both MOFs exhibited obvious redoxiagtiFigure8c, d),
and the charge storage mechanism was mainly pseudocapacitancereldhivaly
small contribution from electric doubliayer capacitanceLarge gravimetric capaci-
tancesof 215and420F ¢ * were reported foCuHIB andNiHIB , respectivelyMore-
over, pellets oNiHIB with a thickness of 50 micrommemonstrateéxceptionally high
gravimetricand volumetric capacitances of 427 B gnd 760 F ch¥, respectively.
Even when the electrode thickness was 0.36 mm, the areal capacitance still approached
20 F cm?. Excellent cycling stability was also showmith 90% capacitance retention
after 12000cycles.

Lately, Baoet all! studied the charge storage mechanismiefiB in super-
capacitors using a combination @perandoRaman spectroscopgperandoXAS ex-
periments and XPS, as well as electeroical methodsOperandoRaman spectros-
copy revealed changes in the region from 1400 to 1606 wpon charginglischarg-
ing, which indicates redox activity of the HIB ligands. However, rddpth 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 cliisgkarge. The au-
thors studied electrochemical propertieNdfiiB using electrolytes with charge carri-

ers having different size, such as”LiNd, K% tetraesthylammonium and
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tetrahexylammonium. The material behaved similarly with all electrolyte congrsit

from which it was concluded that the charge storage was predominantly stoface
trolled pseudocapacitance rather than bulk pseudocapacitance. It was also shown that
the chargalischarge mechanism was fgldpendent. Particularly, the redox featoe

NiHIB were present only witetrong alkalinesolutions(such a®$).51 1 M KOH), while
rectangulasshaped CV profiles were observed with neutrahildly basicelectrolytes,

e.g., KF, KBr or KHCOO solutions.
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Figure8. Synthetic sheme forCuHIB andNiHIB (a), structure oCuHIB (b) and
CV profiles of CuHIB (c) andNiHIB (d) measured at different scan rates. Repro-

duced with permission from rét® Copyright 2018, Springer Nature.

A different charge storage mechanism was observadiB T (NisBHT, BHT

= benzenehexathiolgtEigure9a) with LiPFe/acetonitrile as the electrolytas recently
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reported byD i net &ll'? In contrast toNiHIB , the specific capacitance BiBHT
dropped from 227 F'§to ~30 F ¢! at the scan rate of 5 mVlswhen LiPk was
changed to N&EPFs, NEuBF4 or NBwBF4 (Figure9b, c).Such behavior is an indicator
of intercalation pseudocapacitarfoe Li* ions and surface pseudocaipance for the
large cations, which was relatively small becaustelimited spediic surface area of
NiBHT (=25 n? g'1). The intercalation mechanism for‘Lions was confirmed using
Li ssNMR and powder Xray diffraction, and it was shown that‘lwere desolvated
prior to the intercalatiarAccording to XAS data, the BHT ligands wesslpxactive,

while nickel remaiedin the +2 state during the chargischarge processes.
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Figure9. Simulated structure MiBHT (a), CV profiles oNiBHT measured at the
scan rate of 5 mV $with 1M LiPFs, NE4PFs, NE4BF4 or NBwBF; solutions in ace-
tonitrile as the electrolytes (b) and gravimetric capacitances for different electrolytes
(b). Reproduced with permission from &t Copyright 2021, American Chemical

Society.
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Regarding other coordination polymers, @doxactive conductive metar-
ganic framework CuDBC, which is derived from dibenzo[g,p]chrysene
2,3,6,7,10,11,14,16ctaol(80OH-DBC), has recentlypeenreported to have a high grav-
imetric capacitance (up to 479 Fr@t 0.2 Ag'1).113 In symmetrical soliestate super-
capacitorsCuDBC delivered high areal and volumetric capacitarafe®79 mF crh?
and 22 F ci?, respectively

2.3.2. Applications incathodes fometation battefresand dualion batteres

The first exampl®f using a -d conjugatioras a cathode material for batteries
was demonstrated in 2018 biyshiharaet al.,'** who usedis(diimino)nickel frame-
work NiHI B in lithium-based batteries. Inthe voltagem ge of 2 ."Rijthe. 5 V v s
material showed a specific capacity of 155 mA"hag a current rate 010 mA d1,
which correspondetb a specific energy density of 434 W HkgAt a higher current
rate of 500 mA Y, the capacitydroppedsharplyto D55 mA h gl. The capacity was
relatively stable over 300 cycles at 250 mMA Fhe chargalischarge curves were slop-
ing with some broad redox features appearing at >3 V VA.iLUsing X-ray photoe-
lectron spectroscopfXPS), the authors showdethat Li" ions acéd as chargearriers
at lower potentials, accompaniedMiH! B reduction (rdoping), and P& anionswere
inserted into the structure at higher potentials, accompani@tiHiyB oxidation (p
doping) (Figure 10). In other words, the polymer behaved as a cathode material for

rocking-chair batteries or for du@n batteries, depending on the potential range.
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Figure10. Schematic representation of chadiecharge mechanisms WfHI B in Li-
based batteries. Reproduced with permission frorh*t€fopyright 2018, Wiley

VCH.

In a recent papelishiharaet al!'® studied a series of sitar MOFs where
nickel ions inNiHI B were partially or totally replaced by cobalt iofifie CV profiles
of all materials had broad features that were slightly differeniiidit B, CoHIB and
mixed CoxNi1 1 HIB compositionsfigurella).l n t he potenti al range
Li*/Li, the chargadischarge curves were sloping, with the capacity approaching 248
mA h d!at 100 mA ¢ for CoosNiosHIB (Figure11d). The authorsuggested that
for all materials Li ions were inserted at lower potentials and' Rénswere inserted
at higher potentials. However, no detailed mechanistic studies were carrigkt-out.
cording toex situpowder XRD, he author®bserved negligible changes of the lattice

parameters after oxidation.
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A two-dimensionatopperbenzoquinoid MOCUTHQ was tested as a cathode

material for lithiumbased battergby Liu et al'!® The capacity for this material ap-

proached 387 mAg'ti

n

t

he

potent.i

al

/i, @arrggondiogto 1 .

the specific energy density of 775 W h kdJsingex situXPS, FTIR, ESR and XAS

techniquesthe authorglemonstrated thahe redox process involved a reversible-two

electron reduction of ligands{@oping) and an additional oxidation of Cuto Cu(ll)

at the potentials above 3 V vs. i (p-doping) (Figure 12). As reported by another

group of researchergyanget al,!!” the samenaterial afteparticle exfoliation could

42

« nPFg

n+
H
_N
M/
Y
H

21 4.



deliver a stable capacity of ~120mAHgn t he potenti al *liiange

and the capacities approached 308 400 mA h &' when the potential ranges of
1. 31 3. 3 and "/Li wed sdlected, réspectsrelyLHowever, the cycling sta-

bility was inferior when the wide potential ranges were applied.

Charge Discharge

—_
()
-~

&

@

o

Voltage (V vs. Li"/Li)

Figure12. Chargedischarge voltagprofiles of (a) and proposed chardischarge
mechanism oCuTHQ (b). Reproduced with permission from t&f Copyright 2020,

Wiley-VCH.

A similar catecholatbasedMOF CuHHTP was tested as a cathode material
for aqueous Z4ion batteries(Figure 13).118 In the potential range of 053 V vs.
Zn?*/Zn, the capacity reached 228 mA ™t gt 50 mA ¢, and 124 mA h'g retained
at 4 A dg1. The capacity retention was 75% after 500 cydtesertion of Zr?* ions into

the structure upon discharging was confirmed using XPS and EDX mappiSgiata
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and DFT calculations suggested that both*@ns and the ligands were undergoing

reversible reduction upon discharging.
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Figure13. Scheme o& Zn-ion battery withCuHHTP (a), structure ofCUHHTP (b)

and proposed charghischarge mechanism (c). Reproduced front¥fainderCC BY

license Copyright 2019, The Authors.

Several other catecholabased MOFsvere tested as cathode materials for Li
based batteries. Chan al!!® repored that a Cibased coordination polymelerived
from dicyane2,3,5,6tetrahydroxybenzeneould reach the capacity of 268 mA'H gt
30mAdlin the potenti al *Hiaunipraunawlf, it dosséssed. 5 V v
inferior cycling stability due to thenaterial dissolution. Both copper ions and organic
moieties were redoeactive according tex situXPS and FTIR spectroscoplyong et
al.1?® showed that an irehased MOF derived from 2dichloro-3,6-dihydroxybenzo-
quinone delivered the capacity of up to 195 mAe20 mA ¢t in the potential range
of 1. 871 4/Li,2vhish correspohded to the energy density of 533 W' Kdhe

capaciy was relatively stable over 50 cycl&milar electrochemical performance was

44



achieved in sodiumand potassiudbased batteries. Basing diossbaueand FTIR
spectroscopy data, the authors concluded that both iron cations and the ligands were
redoxactve.

Another coordination polymer, nickéétrathiooxalateNiTTO, was investi-
gated as a cathode material for rampueous sodiurhased batterie'$! Transition metal
polymers based on tetrathiooxal&@Ss”' ) or ethenetetrathiolate §6*) ligands are
compounds with high electrical conductivity (200 S crh?!) that have been known for
decaded??'?*|n the potential range of 22 V vs. N&/Na, the capacity approached
140mA h d!at 0.1 A g*and changed only slightly when the current density increased
to 5 A d?1. Stability of the material was demonstrated over 100 cycles at 0'1 (g
capacity retention we83%). Chargedischarge curves had two plateaus located at ~2.5
and ~1.6 V vs. NdNa, which agreed with the cyclic voltammetry data showing two
groups of peak@Figurel4b, c) From the electrochemical data, XPS and FTIR it was
concluded that €42 species were reversibly reduced teSg¥', forming sodium

nickel ethenetetrathiolatdaNiETT (Figurel4a).
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Figure14. Proposed charggischarge mechanism biiTTO in Nabased cells (a),
CV profiles ofNiTTO measured at 0.5 mVsfor different cycle numbers (b) and
chargedischarge profiles dfliTTO at 0.1 A ¢* for different cycle numbers (c). Re-

produced with permissiofrom ref!? Copyright 2019, Royal Society of Chemistry.

Lately, a benzenehexathioldtesedconductiveMOF CuBHT has been pro-
posed as a cathode material for lithion batteries?® The material was electrochem-
ically activein a similar potential range tiTTO (~1.52.5 V vs. Li/Li). Its reversible
specific capacity at 0.1 and 2 Algvas 174 and 100 mA HY respectivelyAt a low
current density of 50 mA'g the capacity reached 202 and 189 mA hvghen the
electrode loading was 2.52 and 3.06 mg ‘cmespectively. When the content of
CuBHT in the electrodes was increased from 70% to 90% wt., the discharge capacity
was still ~80 mA h ¢t at 1 A g2, owingto high electron conductivity of thactive
material. CUBHT also showed decent cycling stability, with 75% capacity retention

after 500 cycles at 0.3 Ay According toex situXPS, the redoactive moieties of the
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MOF were ligands, while the oxidatiotage of copper(ll) retained during the charge
discharge processes.

2.3.3. Applications in anodes for metah batteries

A hexaaminobenzerderived conductive 2IMOF CoHIB was testedby Bao
et al1?® as an anode materifdlr sodiumion batteriegFigure15). In a potential range
of 0.5-3.0 V vs. N&/Na, ahigh reversible capacity of 291 mA h'gvas shown at 50
mA d' . Moreover, the cagzities were still 214 and 158A hdltat2 and 12 A,
respectively (charge/discharge within ~7 minutes and ~45 seconds, respectively). Re-
markably,CoHIB content in the electrodes was 90% wt. The conductive MOF also
showeddecent stability over >100 cles at 4 A §*. Excellent highrate capabilities of
the material originated from itlectrical conductivity (1.57 S ¢it). According to the
authors, the charggdischarge mechanism QfoHIB involved a reversible threglec-
tron reduction of the ligand&urther sodiation (<0.5 V) led to irreversible destruction

of the material, which likely involved reduction of €o
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Figure15. Proposed chargdischarge mechanism f@oHIB as a Naon battery an-
ode (a) and discharge curve profiles@wHIB at various current densities (b). Re-

produced with permission from r&€ Copyright 2018, American Chemical Society.

A similar structureNiHIB , has been recently tested as an amodterial for

sodiumion batteried?’ The electrochemical behavior of this material was similar to

CoHIB. In a voltage range @.5-3.0 Vvs. Nd/Na, it delivered capaaitsof ~300and

~100mA h gtat0.05 and 1A ¢'?, respectivelyand hada decentcapacity retention

of 84% after 500 cycles at 1 A'd. Broadening the voltage range to GR0 V vs.
a'/Na led to a capacity increase up to ~450 mAtay50 mAg'!, but thehigh-rate

performance andycling stability significantly deteriorated at the same tikezording

to XPS, only the ligands were electrochemically active at the potentials above$.5 V

Na'/Na, while Nf* reductiontook place at lower potentials.
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performance (c, f); proposed chamjscharge mechanism foliTI B andNiDIBDT

(9). Reproduceavith permission from ref?® Copyright 2019, WileyWCH.

Xie et all?® reported onalimensional nickebased coordination polymers,
NiTIB  (Ni[CeH2(NH)4], TIB = 1,2,4,5tetraiminobenzene) andNiDIBDT
(Ni[CsH2(NH)2S;], DIBDT = 1,4diiminobenzene,5-dithiolate) as anodenaterials
for lithium-ion batteries. In the potential range of 0.€B6 V vs. Li"/Li, large reversi-
ble capacities were shown at 0.1 & (1195 mA h §* for NiTIB, 1164mA h d* for
NiDIBDT, Figure 16a, d. ForNiTIB , the capacity was unstable, decreasing to 273 mA
h g ! after 180 cycles, while the capacity fdiDIBDT stabilized at ~700 mA h'§
(Figure 16b, e) The authors proposed that the improved stability was associated with
stronger NiS bondingNiDIBDT also showed better rate capabilities, delivering 292

and 185 mA h'¢ at 5 and 10 A'¢, respedvely. The authors supposed that the charge

49



discharge mechanisms involved tel@ctron reduction of ligands and reduction ofNi
to Ni° (Figure 16g). However,no studies were performed sapport this hypothesi#.
should be stressed that theoretical capsdior the fourelectron reduction of the re-
peating unitare556 and 472 mA k' ! for NiTIB andNiDIBDT, respectively, which
aremuch smaller than theportedexperimental values.

NiTIB waslaterstudied as an anode material forida batteries in the voltage
range 0f0.01-2.5 V vs. N&/Nal?® The reported capacitgt 0.1 A ¢* reached420 mA
h g ! after subtracting contribution from Superdnd the capacitsit 10 A g* wasup
to 330 mA h §'. The material was stable over 90 cycles at 0.1 'Aagd over 400
cycles at 1 A bt. Basing on the experimental specific capacity, the authors suggested
thatthe chargedischarge mechanism biiTIB included tweelectron reduction of lig-

ands and reduction of Ni(ll) to Ni({Figurel17).

2+

H H 0 H H 1
NN ,N:- 2 =N, "NT |
gusce BN ewne
Ni-BTA Ni-BTA-_C_)_1

Ni-BTA Ni-BTA-R1 Ni-BTA-R2 Ni-BTA-R3 Ni-BTA-R4
Figurel7. Proposed chargdischarge mechanism fbliTIB as an anode material for

Na-ion batteries. Reproduced with permission from‘f&€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 +Hharsodiated

state. AlImost no changes in EXAFSre@bserved as well. Some mirshiftsin 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, whis untypical for the cases when major structural
rearrangements take pla€ather experimental evidence is hardly useful for determin-
ing the nickel oxidation state in the sodiaid 1B :

1 ESR signal increased for the discharged state, but it was undiedr nadical
species caused this increase.

1 The authors indicated that wheset dischargecelectrodes were exposed in air,
white smoke was immediately observed; although the authors speculated that
the smoke was caused byidation of highly reactiv&i(l) speciesthis exper-
iment provides little information about the chemical structure.

1 The reducedNiTIB had catalytic activity in Negishi couplimgactionswhich
are typically performed using Ni(@ased catalysts and are believed to involve
Ni(l)-based irgrmediates3® At the same timeno catalysis occurred for the
pristine or chargedlliTIB. However,as n t he camekiwngd ¢Xmgemis
ment, conclusions about the natuaed contenbf catalytically active species
are hard tanake Even if the catalytically active species were Ni(l), it is unclear
if they were present in sodiat®lTIB initially or if they formed after introduc-
ing the material to the reaction mixture, which contained substances such as zinc

chloride, phenylmagnesiunhloride ando-iodoanisole.
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Chapter 3. Research objectives

As follows from the literature review, although coordination polymers wih
conjugation show promising features as materials for energy storage)eb#inchem-
ical propertiesand chargalischarge mechanisms remain poorly studied, and this area
of research hagnly started to emerge. Emphasis has been put on studyindjitwemn-
sional materials, such as ones derived from benzenehexaamine, benzenehexathiolate or
hexasubstituted ipghenylenes. Structures derived from hexasubstituted benzenes
showed higher capacities, which is expectable considargigerconcentrationsf re-
dox-active units. It should be stressed, however, flesmizenehexathiolate and espe-
cially benzenehexaamirgecursorsare challenging to synthesize and handle because
they readilyoxidize anddecomposé®" *2While 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 tickel and coppebased coordination polymers de-
rived from 1,2,4,%enzenetetraamin@iTIB and CuTIB), which is a commercially
available ligand. Objectives of this work included:

1 Synthesis and characterization of the coordbmgbolymers.

1 Studying electrochemical properties of the materials in-agpreous energy
storage devices, which are based on alkali metal iohsNEai or K*) as charge
carriers.Applications as both positive or negative electrode materials are con-
sideredrelevant.

1 Studyingthe charge storagaeechanismsf the materials.
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Chapter 4. Experimental section

4.1. Synthesif NiTIB and CuTIB

In a typical synthesis, nick#l) chloride (1.36 mmol)coppe(ll) sulfate (1.36
mmol) or copper(ll) chloridg1.36 mmol)wasdissolved in 20 mL of water was added
to 1,2,4,5benzenetetraamineetrahydrochloride (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 6570 °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 oveiried at 100C for 1 h.

4.2. Ball-milling

Milling was performed using &ritsch Pulverisette 7 premium line system
equipped with zirconia jars and 1 mm zirconia balls. The materials were milled with

isopropanol for 30 min at 1000 rpm. The solvent was then va@awamporated.
4.3. Electrode preparation

4.3.1.Electrodes for tegtg cathode materials

To test the balimilled polymers as cathode materiastive materials, Super P
carbon blackand poly(vinylidene difluoride) (PVdF) with the mass ratio of 4:5:1 were
thoroughly mixed with Nmethylpyrrolidone (NMP) to form a homogenesoslurry,
which was then tapeasted onto Al foiend dried in air at 70C. After that, he elec-
trodes werezacuumdried at 110C for ~5 h,calendered at room temperatared vac-
uumdried again at 110C for ~2 h The composite mass loading was arouriing

cm' 2 (active material loadingf 0.5mg cni?).
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4.3.2.Electrodes for testingreode materials

To test balmilled CuTIB as an anode material, the electrode was prepared the
same way as for testing the polymers as cathode materials. To test [nistHiall-
milled) NiTIB as an anode material, the procedure was similar, but the mass ratio be-
tweenNiTIB, Super P and PVdF was 70:15:15, the slurry wasdapecbnto carbon
coated copper failThe resulting composite mass loading a8 mg cni? for gal-
vanostatic experiments and @ig cm? for cyclic voltammetry experiments (the active
material mass loadings of 0.9 and M§ cm 2, respectively)For testing in potassium
based cellselectrodesvith 80% wt. ofNiTIB, 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 preparatimonthis case, the slurry was tapasted
onto carborcoated Al foil Electrodes with the composite mass loadings of 1.6, 5.0 and
15.3mg cm? were prepared\[iTIB loadings were 1,34.0 and 12.2ng cni?, respec-
tively). For control experimerstfor testing the anode materials, electrodes containing
70% wt. of Super P and 309@. of PVdF were prepared, with carbooated 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 Indg cni?).

4.3.3. Electrodes foex situand operandoXRD measurements

For XRD measurements BiiTIB as the anode material, an NNd&sed homo-
geneous slurry containing 70% wt.NifTIB , 15% wt. of Super P and 15% wt. of PVdF
was tapecasted onto bare Al foil. Thickness of the slurry was set to 0.6 mm. The slurry
was dried in & at 70°C, and the electrode was vacwalmed at 110C overnight.The
electrode was calendered, after which it delaminated from the foil. Circle electrodes

with a diameter of 16 mm wengrepared and these frestanding electrodes were
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additionally driel at 110°C overnight.The electrode composite loading was 1015
mgcm 2 (NiTIB loading was 7.4.7 mgcm ?).

4.3.4. Electrodes faoperandoRaman spectroscopyeasurements

For operandoRaman spectroscopy measurements of prigtina-ball-milled)
NIiTIB as the anode material, a wabarsed slurry containing 80% wt. NfTIB , 10%
wt. of Super P and 10% wt. of CMC was deposited onto cacbated Cu foil the
electrode was dried in air at 4Q, vacuumdried at 110C for ~5 h and calendered at
room temperature. The composite mass loading was ~1.2 ffgRattangular elec-
trodes with length of ~10 mm and width of ~1 mm were prepared.

4.4. Assembling ofthe electrochemical cells

All electrochemical cells were assembiedn Arfilled glovebox, where levels

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

4.4.1. Galvanostatic chargdischarge and cyclic voltammetry

For galvanostatic chargiischarge and cyclic voltammetry experiments,
CR2032type coin ells were assembled using alkali metals as counter electrodes (lith-
ium for Li-based cells, sodium for Nzased cells, potassium fortkased cells)Glass
fiber was used for the separatdfer testingNiTIB andCuTIB as cathode materials
in Li-based cellsthe electrolytevas 1M LiPFs solutionin an anhydrousnixture of
ethylene carbonate and dimethyl carbonate (EC:DMC, 1:1 v/v). The same electrolyte
was used for testinGuTIB asanodematerial in lithiumbased cells. FAXITIB testing
as the anode materjdahe electrolyte was 1M LiRFsolutionin EC:DMC (1:1 v/v) or
1M lithium bis(trifluoromethanesulfonyl)imid@.iTFSI) solution in an anhydrous mix-

ture of 1,2dimethoxyethane and @oxolane (DME:DOL, 1:1 v/v). For sodiunand
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potassiurdbased cells, thelectrolytes were 1.5M NaRFnd 1.5MKPFs solutions in

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

4.4.2.Ex situXRD measurements

Forex situXRD measurements dfiTIB -based electrodedisassemblable cells
(ECCREef, EL-CELL) wereassembled in twelectrode configuration. Alkali metals
were used as counteftectrodes. 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 giss fiber to the working electrode. The electrolytes were 1M
LiPFe solution in EC:DMC (1:1 v/v), 1.5M NaRk DME and 1.5MKPFsin DME for
Li-based, N@ased and Kased cells, respectively. Each cell contained lOdf the

electrolyte.

4.43. OperandoXRD measurements

ForoperandaXRD measurements i TIB -based electrodes, a Swagetgge
cell with a beryllium window?® was used. The working electrodes were placed next to
the beryllium window, followed by three layers of glass fiber separator to avoid prem-
ature shoktircuiting due to the dendrite growthlkali metalsdeposited onto a copper
current collectowere useds counter electrode$he electrolytes weréM LiPFs so-
lution in EC:DMC (1:1 v/v), 1.5M NaRHfn diglyme and 1.5MKPFs in diglyme for
Li-based, N@ased and Koased cells, respectively. The cells contained #240f the
electrolyte.

4.4 4. OperandoRaman spectroscopy measurements

Foroperanddraman spectroscopy measurememtgll with an optically trans-
parentsapphire windowECG-Opto-Std, EL-Cell)!**wasassembled in a twelectrode

configuration The electrodewereplaced in dect 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 B\d-iPF
lution in EC:DMC (1:1 v/v), 1.5MNaPF in diglyme and 1.5MKPFs in diglyme for
Li-based, N@ased and Kased cells, respectively.

4.5. Electrochemistry

4.5.1. Galvanostatic chargdischarge

Galvanostaticchargedischarge experiment&ere performed using Neware
BTS-4000stationsat variouscurrent densities. The potential ranges weré4lBV or
2.0i 3.8 V vs. Li/Li for testing the polymers as cathode materials, D@V vs. Li*/Li
for testingCuTIB as anode material, and 050 V vs.M*/M (M = Li, Na or K) for
NiTIB as anode material. @ent densities and specific capacities were calculated bas-
ing on the mass MliTIB or CuTIB unless stated otherwisegoulombic efficiency was
determined as the ratio between charge and discharge capacities of-teih&ir the
anode materials, and #ee ratio between discharge and charge capacities for the cath-

ode materials.

4.5.2. Cyclic voltammetry

Cyclic voltammogramsvere measured with BioLogic VMP3 or Elins20X8
potentiostateat various scan rate§he potential ranges were the same as fergt-
vanostatic cycling experiment€urrent densities were calculated basing on the mass
of NiTIB or CuTIB.

4.6. Sample preparation forex situXRD 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 mAlgThe cells were then

disassembled in an Ailled glovebox, the electrodes were washed withi5-fL of
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anhydrous DME and dried ithe glovebox environment at room temperatimethe
glovebox environmenthewashed and drieelectrodes were plac&ohto a Mylar film
in a sample holder fothe Huber Guinier Camer&70 X-ray diffractometerandthe
holder wassealed using Kapton tape prevent decomposition in air during the meas-
urements.

4.7.0perandoXRD measurementconditions

The assemblecklectrochemical cell for XRD measurements was placed in a
Bruker D8 ADVANCE powder Xray diffractometer operating with Cukradiation.
The cell vas connected to a Biologic 9B0 potentiostat/galvanostat. The XRD pat-
terns were collected durirgalvanostatidischarging to 0.5 V vs. MM (M = Li, Na
or K) and subsequent charging to 2.0M//M. The current density was 30 mAlg
basing on the mass bfiTIB . Single scans were measured each 0.1 h, the resolution
was 0.04, the range of @was 1232° for thelithium-based cell andl4-38° for sodium

and potassiurbased cells.

4.8.0OperandoRaman spectroscopy measuremertonditions

The assembled cefbr Raman spectroscopy measurements was placed in a
Thermo Scientific DXRxi Raman Imaging microscope equipped lastérs having ex-
citation wavelengths of80 nmor 532 nm The cell was connected to a Biologic-SP
150 potentiostat/galvanostat. Raman speuateae collected during two cyclic voltam-
metry scans performed at the scan rate of 0.047'mivf the potential range of &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 nsgquae, 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 6ihgle 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 ofNiTIB 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 pigg& spincoatingThe rotation rate of the spincoater
was set to 2000 rpm.

4.9.2. Preparation of alkaliation solutions

The alkaliation solutions were prepared in arfiled glovebox. Naphthalene
(0.8 mmol, 103 mg) was dissolved in anhydrous diglyme (8 mL). Metallic potas
(~50-100 mg) vasthen introduced to the solution, and the mixtweesstirred at room
temperature for 2,lresulting in darigreen solution of naphthalenidexcess opotas-
siumwasthen taken out from the mixtures.

4.9.3.Alkaliation of thefilms

TheNiITIB -based films were introduced to the qal&aliation solution anéept
at room temperature for two days in anfilled glovebox.

4.9.4. Washing and drying of the films

After the potassiation oNIiTIB, the films were taken out from the soéuj
washed with ~4 mL of anhydrous DME and dried in arfiked glovebox at room
temperature.

4.10. Sample preparation forex situXPS measurements

For theex situmeasurementshe lithium-based coin cellsvere discharged to

1.5 V or 0.8 V vs. Li/Li at 50 mA g'. 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 5§ fnA
For the potassiurbased cells, the electrodes were discharged/charged to 0.5/2.0 V vs.
K*/K at 50 mA gL The cells were disassembled in anfiled glove box, the elec-
trodes were extensively washed with anhydMC (for the Libased cells) or DME
(for the K-based cellsand dried in argon at room temperature.

4.11.Pellet preparation

Cylindrical pellets ofNiTIB or CuTIB (d = 10 mm) were prepared by cold
pressing of the powders (7060 mg) with commercial pressing equipment (Carver).
Applied load was 5 metric tons.

4.12. Deposition of conductive coating onto the pellets

Prior to the caductivity measurements, top and bottom of the peilare
coated with 3050 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 spectoscopy

FTIR spectra were measured using a Perkin Elmer 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 spediwererecorded using an AvaSp260482 fiber-

optic spectrometegplacedin a nitrogerfilled glovebox
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4.13.4. Elemental analysis
Chemical compositiofCHNS, halogenswas analyzed by express gravimetry

using Elementar vario MICRO cube.

4.13.5. ESR spectroscopy

ESR spectrum oEuTIB 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 mlarization was applied usingioLogic VMP3. The voltage was
changed in 50 mV steps betweeh and 1 V folNiTIB 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-di@lidsion
scanning electron microscope @&EM). Images were acquired in a secondary electron
mode at 20 kV accelerating voltage and at working distancelofram.

4.13.8. Solidstate NMR spectroscgp

The ssNMR spectroscopy experiments were recorded on a Bruker AVANCE llI

spectrometer operating at 101 MHz &€ nuclei, using a 3.2 mm MAS probe at 22+1

°Y . The chemical shifts were referenced

justing the CH signal of solid adamantane spinning at 8 kHz to 38.48 ppm. Conven-
tional crosspolarization (CP) experiments were used for'i@eNMR spectra acquisi-
tion with the spinning rate of 16 kHz. For the crpsdarization, a ramped RF field
from 70 to 100% was agph on'H, and thé*C channel RF field was matched to obtain
the optimal signal. The duraton 8 “~/ 2 pul se was 2.5 ¢s,

SPINAL-64 decoupling was applied during the 20 ms acquisition with a RF amplitude
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of 100 kHz. The delay beten 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 sourcewereused, 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 compensatedoy calibrating the spectra to the C 1s peak at 284.F@\ex
situ measurements of the potasstbased cellsall spectra were calibrated fexternal
reference Au 4> binding energies (84.1 eV); &iudy the active material itself rather
than the SElayer, Ar* ions with 500 eV energy (@in) were used to eliminate upper

SEl layers and reach the subsurface prior to the measurements.

4.13.10. X-ray diffraction
XRD patternsof the pristine materialsvere recorded using a Bruker D8
ADVANCE diffractometer with CuKJradiation.
To determine the content of & in CuTIB sample, fixed amounts of gD
were added to the sample, and integral intensity of the most intensi@ep@ak (hkl
= 111) was measured@he mass ofCuTIB sample was fixed for all XRD measure-
ments, and the measurement conditions were consta:@. c@mtent was calculated by
extrapolating the resulting linear dependence to zero signal (standard addition method).
Fortheex situmeasurementsf the electrodediuber Guinier Camer&70 op-
erating with CoKJ1 r adi ati on was used. The measur en

after the Kaptorsealed electrodes were taken out from the glovebox. Single XRD scans
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were measur ed i1A0C dadhk®d midues 1o mongoepossible changes
in the XRD patteracaused by oxidatiom.he 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 andDiscussion

5.1. Synthesis and characterization

Synthesis of the coordination polymers was performed following the previously
reported routé$ and described in detail in Experimergaction. Briefly,1,2,4,5ben-
zenetetraamine tetrahydrochlori@l A*4HCI) and NiCbk or CuSQ aqueous solutions
were mixed, concentrated aqueous ammonia was added and the mixtures were heated
in air, which caused the formation of precipitatég@re18). The resulting substances,
denoted adliTIB andCuTIB, were virtually insoluble in water and common organic
solventsDensities ofNiTIB andCuTIB at room temperature ipelles was 1.84 and

1.74 g cm®, respectively.

H H
HZNIINH2 M2* aq. .”N\ N
B — M
H,N NH, NH,OH : N W
4HC air H Hn
85-70°C.1.5h NiTIB: M = Ni
CuTIB: M = Cu

Figure18. Synthesis oNiTIB andCuTIB.

Solid-state Magic Angle Spinning NMR (MAS ssNMR) spectrumNoT 1B
showed two majot®C signals at 93.70 and 168.81 pgagUre19a), which correspond
to the CH and CNcarbons in the molecular structure of the polymer, respectively. The
observed chemical shift values agteeell with those reported for the low molecular
weight analogs oNiTIB produced in the reactions of an oxidized fornBaiA (3,6

diimino-1,4-cyclohexadiend ,4-diamine, DCD) and Ni(acag}®®
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Figure19. 13C MAS ssNMR spectrum dfliTIB (a), FTIR spectra of the aynthe-

sizedNiTIB andCuTIB (b) andXRD patterns for the asynthesizedNiTIB and

CuTIB (c).

Free DCD ligand shows three signals at 99.35, 147.3 and 165.15 ggé in

MAS ssNMR*®indicating that the imino and amino groups are spectrally well distin-

guishable. INNITIB, all NH-groupswere equivalent, i.e.eachNiTIB repeating unit

can be represented as a superposition of two resonance struigree 20). The

chemical shift for the CMarbons irNiTIB waslarger compared to the Gdarbons of

the free DCD, which is expected for the ligand groups binding a cation. The chemical

shift for the CHcarbons oNiTIB wasin the higher field compared to the correspond-

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

H H H
N N
Z N/
/Nu\ -— i
NS
N N N/ \N
H H H

n

n

Figure20. Resonancstructures oNiTIB repeating unit.

The MAS ssNMR spectrum @uTIB provided no useful information since it

appeared as a single broad line due to the presemegarhagnetic Ciiions. Indeed,

the electron spin resonance (ESR) spectrum revealed a broad signafacitbr yalue
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of 2.0685(Figure Al), which is matching that reported for similar’Gbasedcoordi-
nation complexe$3® 13’FTIR spectra oNiTIB andCuTIB were similar Figure19b),
which indicates that these materials sbahe same structural patteifhe FTIR peaks
at ~3300 crit comrespond to Nkktretching vibrations, and the most intensive bands at
~14001500 cm?® should be attributed to vibrations associated with C=N and C=C
stretching'?®

NiTIB hadanintensive weHstructured Raman spegtn (Figure21). The sig-
nalsat ~14001500 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 ~635girould be at-
tributed to Ni N bord stretching!! The signals appearing at ~262000 cm* are com-
binational bands of C=N/C=C andiM vibrations.The Raman spectrum @uTIB
(Figure21) shared similar features, which is another indicator of similar structural pat-
terns forNiTIB andCuTIB. The bands associated witke Mi N bond stretching had

lower frequency foCuTIB, which is likely associated witlarger 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
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™)

Figure21. Raman spectra ®§iTIB andCuTIB measured usinglaser witha-= 532

nm.
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According to powder XRDNITIB formed a crystalline structure, whereas
CuTIB was amorphousHgure19c). The XRD pattern dNiTIB wasin a good agree-
ment with thepreviously reported dafd Smallamount of CuO wasobserved irthe
CuTIB sample, which indicates that €uvas partially reduced bBTA during the
synthesis. The content of & was 26 wt., as determined by the XRD method of
standard additiong-(gure A2, see Experimental sectioarfdetails) AImost no changes
in the XRD patten of CuTIB were observed when copper sulfate was replaced with
copper chloridéFigure A3), indicating that preserabsencef SQ:? or CI' ionsdid
not affect the crystallinityThe sample that was synthesizfrom copper sulfate was
used in the further studies.

It might be supposed that the coppased material is disordered because, in
contrast taNiTIB , its formation involves reduction of metal ions by benzenetetramine
This side reaction possibly results in a different structur@udfIB intermediates, as
well as increased concentration of defects that preventsrémmge ordering. Since a
part of C#" is consumed by GO precipitation, it results in offtoichiometry baveen
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 sustoafifi-
ometry leads to amorphization of similar coordination polym@Reductionof Cu(ll)
can be suppressed by increasing the redox potential of coppevimobldnging their
coordination environment). Alternatively, benzenetetramine can be oxidized into 2,5
diamino1,4-benzoquinonediiminé® before Cd" ions are itroduced 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 (MgHsN4)p, which was more prominent in ticase ofCuTIB
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(Tablel). In particular, the nitrogen content was lower than expected, which was likely
due to the partial hydrolysis of Ngroups. The discrepancy might also be due to the

relatively low degree of ggmerization, especially fo€uTIB. No chlorine or sulfur

were found in the synthesized materials.

Tablel. Elemental composition dfiTIB andCuTIB.

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 15
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. TH&IB particles appeared as ~200
nm long and 2€10 nm wide filaments, whil€uTIB formed irregular agglomerates up

to 5 um in sizgFigure2?2).
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1pm 200 nm

Figure22. SEM images oNiTIB andCuTIB.

The electronconductivity ofNiTIB at room temperatunmeasured for pressed
pellets wa2.0*10 ’ S cm' 1, asdetermined by direaturrent polarizationKigure 23).

ForCuTIB, the conductivity was10 S cm ! (direct current was <18 A cm'* when

the voltage was setto 2 V)
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Figure23. Directcurrent polarization data forNiTIB pellet at room temperature.

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

For “-d conjugated polymerone would expect higher conductivities for such
coordination compounds considering the literature.dd&al complexes witBTA as
a |igand wer e s h-elestron delocalizaiof’@On ¢hé dné hard,dowt
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 HABderived MOFs show insulating behan although they are conductive in
high quality ctrystal§! On the other hand, ordimensional nature of the polymers re-
ported here can also impair the conductivity as compared to the 2D MOFs that were
shown to be highly conductiv@he same &nd was previouslpbservedor thiolate
based polymers: while twdimensional frameworks derived from benzenehexathiolate
are highly conductivé>10 S cm?), %" the electric conductivity of ordimensional Ni

based polymer derived from benzenetetrathiol is low'(*$@n).8°
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5.2. Applications as cathode materials

5.2.1.Electrochemical properties

The materials were tested in lithidoased haltells in the potential ranges of
1.54.1 Vor 2.03.8 V vs. Li/Li (see Experimental section fdetails).1M LiPFs 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 in#iistoy.
increase theapacity,CuTIB andNiTIB were subjected to bathilling, which led to a
decrease in the particle size, most notablyGafIB (Figure Ad). This strategy was
chosen because nanosizing is one of the main appromwheshancing the electro-
chemical perforrance which alleviates ion and electron transport and increases spe-
cific capacity and rate capability for the materials with low conducti#tio substan-
tial changes in the FTIR spectra of the {mallled samples were observed compared to
the assynthesized one§igure A5), which indicates that no considerable chemical de-
composition occurrednder theball-milling conditions.

The capacity othe baltmilled CuTIB in 1.54.1 V range was up to 262 ntA
g'! at 50 mAg'! (Figure 24a), which washigherthan for the previously reportdux-
aaminobenzenbased MOF (155 mA ¢'at 10 mAg').11* At the same time, the ca-
pacity of the material dropped after 25 cycles in the galvanostatic matleub25 mA
h g'! (Figure 24b). Increasing the current rate while charging/discharging the battery
stabilized the electrochemical performance of the material. Atgl!Athe maximal

capacity was 145 mA d'?, and 50 mAh g' ! retained after 150 cycleFifjure24b).
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Figure24. Electrochemicabehavior ofball-milled CuTIB as a cathode material
chargedischargecurves for different cycles at 50 ngAt in 1.5-4.1 V rangga); spe-
cific discharge capacitien 1.54.1 V rangdb); CVs for different cycles at 0.1 mV

s ! scanning rate in 1-8.1 V rang€c); the same set of plots for 2308 V rangeg(d-f).

To improve the cycling stability at lower current rates, the opergitgntial
rangewas narrowetb 2.63.8 V vs. Li"/Li. It was supposed that narrowing the potential
range should help tsuppress the irreversible structural transformations and parasiti
reactions occurring at low or high voltages. Indeed, the capacity after 150 cycles at 50
mA ¢'tincreased to 50 mAg' ! (Figure 5c, d). The maximal capacity of 155 m4' *
was observed at 50 m@l.

NiTIB demonstrated lower capacities in the cathodelenas compared to

CuTIB (Figure25). At 50 mAg'tin 1.54.1 V range, the capacity reached 155 mA

72



g'®. Limiting the voltage range to 288 V improved théiTIB cycling stability. After

100 cycles at 200 mA4' L, the capacity was 40 mA g'l. The maximal capacity for

NiTIB -based cathodes at 50 ng\' in the 2.0-3.8 V rangewas98 mAh g' L.
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Figure25. Electrochemicabehavior ofball-milled NiTIB as a cathode material

chargedischarge curves for different cycles at 50 giAin 1.54.1 V rangga); spe-

cific discharge capacitiens 1.54.1 V rangdb); CVs for differentcycles at 0.1 mV

s ! scanning rate in 1-8.1 V rang€c); the same set of plots for 2308 V rangeg(d-f).

Themaximalenergy densities @uTIB andNiTIB calculated pemass of the

coordinationpolymers are depicted Figure26a. The highest value w&i6W h kg *

for CuTIB in thel.54.1 V rangeHowever, it should be noted that in contrast to classic

cathode materials, such as LIiCo@ LiFePQ, thestudied polymersequireequiva-

lents ofadditional counteions (Li* and PE') for proper working which limits the

energy densityTo make the estimation of specific energy more balanced eswafss
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the countetions were consideredAs discussed below in section 5.2b&th rocking
chair and dualon operation modeare possible foCuTIB andNiTIB . The practical
capacity proportion for these mechanisms is ambiguous at this pointhis reason,
two extreme cases were considerea); pure rockingchair battery operation mode,
where the polymers act agtype materials; (b) pure dugn battery operation mode,
where the polymers act agype materialsThe energy per material corrected mass unit
(Weorr) was calculated as follows:

o )
0 . (13
PV

where W is energy perCuTIB/NIiTIB mass unit, Q is capacity per
CuTIB/NITIB mass unitF is Faraday constant (891 mA h mdl'), Mciis molar mass
of lithium (for the ntype mode) or LiP&(for the ptype 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 electréifer this reason, the
total mass of the electrolyte was not considerée.resulting ranges for specific energy

values are @sented irFigure26b.
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Figure26. Maximal specific energgchievedor CuTIB andNiTIB , calculatedper

material mass unit (a) amdaterial corrected mass unit (b).

For bothCuTIB andNITIB, the cyclic voltammetry profiles and chardis-
charge curve profiles could generally be considered typical for pseudocapacitors (see
section 2.1.1). The GCD curvdsigure24a, d andrigure25a, d) were sloping, and the
CV profiles featured broad peagksith the only exceptioof NiTIB at the first cycle in
the 1.54.1 V rangeHowever, poor cycling stability of the materials made kinetic stud-
ies, i.e., defining the currestan rate dependencies in CVs, problematic.

5.2.2. Chargedischarge mechanisms

To study the charge stomgnechanisms of the cathode materiekssituXPS
measurements were carried obbr theCuTIB electrode charged to 4.1 V, the N1s
peak appea&dat 400.3 eV Figure27a), whichwashigherthan forthe initial state. It
indicates thaCuTIB underwenbxidation at high potentials and foeatrelatively sta-
ble cation species similar to the polymeric aromaticnasii*® It might be supposed
that he positive charge on the polymer backbasbalanced by P§ anions. While

discharging from 4.1 V to 1.5V, the reduction of the positively charged backimsme
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followed by its lithiation at lower potentia{see setton 5.3.2). In other wordsCuTIB
polymer backboneasambipolar and, thereforepuldaccommodate both negative and

positive charges at low and high cell potentials, respectively.
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Figure27. X-ray photoelectron spectra regions of the cathode materials: N1s region

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

After charging to 4.1 V, the Ni binding energiyNiTIB increased as compared
to the initial state with the Ni2p peak shifting from B6.2 to 856.7 e\(Figure27b).
This shift should be related to the positive charging of the polymer backbone compen-
sated by P& anions as revealed foEuTIB . Similarbehavior was observed for the Ni
hexaaminobenzerAgased MOF charged above 4 V vs/Liin a lithium-basedattery
(see section 2.3.2}*

5.3. Applications as anode materials

5.3.1. Electrochemical properties

Electrochemical properties of the materials were studibdlircells with alkali
metals at lower potentials (@80 V vs. Li"/Li or 0.52.0 V vs. M/M, M = Li, Na or

K). Cycling at <0.5 V vs. MM was not applied to avoid irreversible structural
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transformations that lead to rapid capacity fading, as previoaplyrted for similar
materials (see section 2.33§.127

For the baltmilled CuTIB in lithium-based cellsthe reversible capacityas
up to 125 mA h i at 50 mA ¢! in the potential range of 680 V vs. Li/Li (Figure
28a, ¢), basing on the mass@dTI B. After subtracting the contribution from Super P,
which is also electrochemically active at low potentials, the capaciBudt B was
estimated as ~70 mA Hg(the capacity of Super P in the @8 V vs. Li/Li range
was~43 mA h ¢, seeFigure 26). The material showed moderate cycling stability at
50 mA d! (Figure28&c). The dargedischarge curves were sloping, dheCV profiles
showed no distinct featureBigure28a, b).Copper(l) oxide, which was detected as a
minor impurity inCuTIB samples by XRD, is known to be an anode material that
shows a plateau at 1102 V vs. Li/Li duringthe first discharge in galvanostatic mode,
and a sharp peak in the CV, which are attriduteCu:O transformation into coppét*
142 Since theCV profiles showed no sgnatures of the G reduction, its presence

might be neglected when considering the electrochemical propertsits .
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Figure28. Electrochemicabehavior ofCuTIB in lithium-based cellén the potential
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g'! (a); CVs for different cycles at 0.1 m¥* scanningate(b); cycling stability at 50

mA g (c).

Much more interestingesultswere obtainedfor NiTIB in the regionof low
potentialsNiTIB was not balmilled for these studiedn lithium-based cells, thea-
terial was tested with two electrolyte systems: a carbdraeded electrolyte, 1M LIRF
in EC:DMC (1:1 v/v) and an ethebased electrolyte, 1M LITFSI in DME:DO(.:1
v/v), which is widely applied for some battery chemistrizsg,,Li-S cells'*® At low
current densities, the material behaved similarly with both electrolyigsre29). The
reversible capacity approach280mA h g ! at 100 mA §* (calculatecherNiTIB mass
unit) in the potential range of &0 V vs. Li/Li. The areragedelithiationpotential
was 1.35 V vs. LiLi.

NIiTIB demonstrated excellent highte capabilities, especially in the ether
based electrolyteAt 5 A g ! (charging in <2 minu®), the capacity reached up to 152
and 108 mA h ¢ with the etheibased and carbonal@sed electrolytes, respectively.
It could be supposed that faster chadiigeharge kineticwith the ethetbased electro-
lyte was associated witits lower viscosity and higher ionic conductivit§146 How-
ever, the elecolyte conductivity unlikely plays and important role for thin electrodes
(NIiTIB loading of 0.9mg cni?) at moderate chargdischarge ratesAnother 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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Figure29. Chargedischarge curves MiTIB -based electrodes in lithistmased cells
with the ethetbased (a) andarbonatébased (b) electrolytes at 0.1, 0.2, 0.5, 1, 2 and 5
A g'!; dependencies of charge and discharge capacities on the cycle number at vary-
ing current densities for the cells with etliiased (c) and carbonédtased (d) electro-
lytes. The electrodes etained 75% wt. oNiTIB . Decent performance was shown

for diluted electrodes (40% wt. diTIB ) as well!4’

Moreover, the material showed impressive performance in sedinthpotas-
siumbased cellsKigure 30). 1.5M NaPFk or KPFs solutions in DME were used be-
cause decent electrochemical performance was previously achieved with these electro-
lytes for organicbased materiaf$® 49The reversible capacities at 0.1 A grere 225
and 280 mA h ¢ for Na-based and Kbased systems, respectively, and the capacity

decreased only slightly even when the current density was increased t6'5They
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average desodiation and depotassiation potemtiddsl A ¢ were 1.1 V vs. NdNa

and 1.35 V vs. KK, respectivly.
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Figure30. Chargedischarge curves MNiTIB -based electrodes in sodium (a) and po-
tassium (b) cells at 0.1, 0.2, 0.5, 1, 2 and 5 Adependencies of charge and dis-
charge capacities on the cycle number at vargurgent densities for the sodium (c)

and potassium (d) cells.

The specific capacities p&iTIB mass unit for different cell types and current
densities are summarized kigure 31a. The capacitieafter subtracting the contribu-
tion of Super PRigure31b, the data for Super P can be founéigure A6 andFigure

A7) were up to 265 m/ d ! for Li-based and Koased cells, and up to 215 mA'H g

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

Forthepotassiurrbased cellsglectrodes with different compositions and mass
loadings were tested (see Experimental section for details). The data for different elec-
trodes are summarized fgure 32. By increasing the electrode mass loading to 15.3
mg cm?, the areal capacity could be increased up to 2.73 mA h éwcording to the
recentliterature analyis carried out bynyself'*°this areal capacity is one of the high-
est for potassiurpn battery anodes, i only one report on graphtté showing higher
values.Increasing the areal capacity helpsmmprovethe overall energy density of the
devices by decreagjrthe mass fraction of electrochemically inactive components, such

as current collectorsealing cases, separators,@tadditionally, it helps to decrease
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the battery cost per kwWh and therefore make the production economicallyvidble
shouldbe noted that performance of the electrodes with high material loadings can be
further improved byoptimizing the electrode morphology and casgion, e.g., by
making it more porous or introducing other types of conductive fitér&®

Cycling stability ofNiTIB was studied in different types oélls at the current
density of 2 A §*. Before cycling at the higher currents, the cells were subjected to five
cycles at 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 cYit§As
shown inFigure33, excellent cycling stability could be reachedXoTIB in Li-based,
Na-based and Koased systems. For the lithidmased cells, the capacity fading rate
was much slower for the carbondii@sed electrolytejgure33a). The capacity fading
rate wag).005% per cycle (0.009 mA higycle ), 0.011% per cycle (0.024 mA hig
cycle ) and0.028% per cycle (0.069 mA higcycle 1) for the Li-based, Néased and

K-based cells, respectively.
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Figure33. Cycling stability ofNiTIB in Li-based (a), Ndased (b) and ¥ased (c)

cellsat2 A §.

In contrast taCuTIB, NiTIB exhibited distinct features in the chaigjscharge
profiles In the Libased cells, the chargléscharge curves had a sloping plateau at-~1.2

1.4 V vs. Li/Li (Figure29). The curves for the Naased and Kased cells hadell-
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definedplateaus at higher potentials and sloping regions at lower poteRigusg30).

These data are in smpment with the cyclic voltammetry profiles showrfFigure 34.

In the lithiumbased cells, two sets of closely located peaks at%4.% vs. Li/Li

(O1/R1 and O2/RRcould be observedror the sodiurbased 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 possiumbased cells, but in thisase,several sets of peaks were ob-
served in the region of lower potentigsl.3 V vs. K/K).

CV peak profiles for the Ebased cell are typical for diffusiesontrolled 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 ¢ohiaihe same
time, the features at lower potentials (O2/R2 for thebbised cells and O3/R3 for the
K-based cells) have small petikpeak separations (<30 mV at 0.2 mV, seeFigure
35) and broad profiles, which are attributes of pseudocapacitive proggsesther
indicator of pseudocapacitance is almost linear dependence of the peak current on the
potential scan raté~{gure34h, i).%°

As discussed in section 2.1.1, there are two main types of pseudtaapaéor
energy storage materials, namely redox pseudocapacitance (surface pseudocapacitance)
and intercalation pseudocapacitan€g(re3b, c). If the pseudocapacit@mof the low
potential features was surfacenfined, the O1/R1 features would be pseudocapacitive

or would have much higher integral intensities. However, the O1/R1 peaks have a sig-

nat ur e dfi kiebda tbhtud rky pr oc e s s e s ;anddawgotentihle capac

regions are comparable. Therefategppears thahere is intercalation pseudocapaci-

tance at low potentials in the Nand K-based system#t might be supposed that the
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initial portions of the Naor K* ions that intercalated inNiTIBs er ved as fipi

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

move freely without affecting the framework
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Figure34. CV profiles forNiTIB in Li-based (a), Ndased (b) and #ased (c) cells,
measured at scan rates of 0.2, 0.4, 0.6, 0.8 and T nM|q vs. Ig{) dependencies

for the CV peaks (); b values of the CV peaks estimated from the linear fit (equa-
tion Ig|l| =b*Ig(Vv) + lg(@)) (g-i). Ten CV cycles at 1 mV' §in the potential ranges of
0.52.0 V vs. M/M were performed prior to the measurements to eliminate irreversi-

ble processes, after which the cells were resting for 10 minutes.
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Figure35. Potential differences for oxidation and reduction CV peak$éDiB at a

scan rate of 0.2 mVV &

NIiTIB might be considered a promising alternative to widely popular lithium
titanaté® as the anode material.\e sharing the safe operation potentials, which pre-
vent alkali metal plating, it has-l.5 timeshigherspecificcapacity (>250 mA h'g,
compared to the theoretical capacity of 175 mA¥fagr LTO). Considering the densi-
ties of LTO (2.82.9 g cm®™® andNiTIB (1.84 g cmd), it might be concluded that
their vdumetric capacities should be comparaBlenajor advantage dfliTIB is that
it is universally applicable for lithium sodium and potassiuApn batteries. It igur-
rently themost advancednode material for Kon batterieghat shares similar electro-

chamical properties with LTO in Lion cells!®

5.3.2. Chargedischarge mechanisms

Charge storage mechanisih@uTIB as the anode material was studied using
ex situXPS. In the initial stateCuTIB electrode showed a set of peaks typical for
Cu(ll), with Cu2p. signal at 934.4 eV and strong satellites at-938 eV Figure
36a).14° An additional peak at 932.3 eV corresponds to Ctdfivhich is attributed to
CwO impurity detected by XRDKigure19c, sectiorb.1).

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

spectra of the electrodes discharged to 1dmif 0.8 V vs. Li/Li (Figure36a). For the
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electrode discharged to 0.8 V, a single peak with no apparent satellites was observed,
which indicates thateduction of Cu(ll) to Cu(l) was virtually compleféhe 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 shifas observed for the sample discharged to 1.5 V
(Figure 36b). Hencejt might be supposed thabth copper and the ligand participate

in the electrochemical processes during the lithiation.
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ForNiTIB as the anode material, the experimental capacities in all types of cells
were close to the theoretical capacity for #@ectron reduction dhe ligands278 mA
h d%). As discussed in sectidil, the structure dliTIB can be considered as a su-
perposition of quinoid structures. It is known that the chaligeharge mechanisfor
organic quinoid compounds involves tetectronreduction to hydroquinone deriva-
tives (Figure37a),and the chargdischarge process often appeasswo sets of peaks
in the CV profiles®*1®3 Basing on the structural featuresNiffIB (quinoid nature of
the ligands), its electrochemical properties (specific capacities, CV profiles) and the
literature data, itould beproposed that the charglescharge mechanisof NiTIB was
similar to quinmes Figure37b). Oxidation state of nickel wdskely intactwithin the
applied potential ranges (>0.5 V vs."M), following the previous repos on two-
dimensional analogs MiTIB (see section 2.3.3§5 127

However, severgbointswere unclear about the chardischarge mechanisms
of NiTIB from the experimental data. Firstly, it was unclear why additional peaks ap-
peared in the € profiles for the potassiurhased cells, while two sets of peaks were
present for Libased and Nbased cellsKigure34). Was the mechanism different for
the K-basedsystem on the molecular level or was the additional pelaked taan extra

phase transition that was not present for other types of charge carriers?
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Figure37. Redox reaction scheme for dgdinones (a) and proposed overall redox re-

action scheme faXiTIB as the anode material (b).

Secondly, it was unclear if irreversible transformation®NdflB were taking
place during the first cycle, which exhibited irresibte capacit losseqFigure29c, d
andFigure30c, d) as well aglistinct distarge curve profiles. Such behavior is typical
for anode materials and is associated with factors such as SEI formation or macroscopic
structural rearrangement¥; 1®>but it can also indicate irreversible reduction of the
electrode materiatself.1>® 1%In NiTIB , for example, the NKprotons should be acidic
to some extent’ so these protons coul@ Isubstituted by alkali metal cations, accom-
panied by irreversible fevolution”-188The 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 originatedrom the SEI formation,the strategies to solve this issue
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include optimizing the electrolyte compaosition or the binder structure, creating artificial
SEI layers, or modulating the material particle size and specific surfact¥aréuf

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 chargealischarge mechanism &fiTIB in the K-based cells was studied
usingex situXPS.For C1s spectra, contributions from C=N aridN®f the polymel?°
couldbe distinguished along withi©/CC, groups of sodium carboxymethyl cellulose
binder and €C/Ci H groups of the carbon and binder additf&%* (Figure38a). In
the discharged state, the contribution from C=N psowas lower compared to the dis-
charged state, which suggests the reduction of the ligand upon potagéfation.

In the Ni2p spectraegions(Figure38b), 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) transitiowier oxidation
states. In the discharged state, the binding energy for:Mi2as 854.2 eV, which is
characteristic for Ni(11):"?In the charged state, satellite structgirgng signals at ~863
and ~880 eV was observed in Ni2p spectréingyre38b). These features were previ-
ously reported for pristin&liTIB 12° and might arise from a charge transfer between

nickel and the ligand?
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Figure38. Ex situXPS profiles foNiTIB -based electrodes/cled in potassiurbased
cells Cls(a) and Ni2pb) spectraegionsfor thecharged and discharged states. Ex-

perimental data points f@a) are shown in circles, overall fit curves are shown as

black lines.

To study the structural transformationsNoT 1B during charginegdischarging,
operandaandex situpowder XRD measurements were carried out. As showigimre
39, the XRD profiles oNiTIB changed only slightly upon lithiatiéeelithiation The
most prominent shift was observed for the pealdaif2-24° (d~3.7A). Two regions
of XRD pattern evolutio might be observed during the chadischarge processes.
For the first region, almost no changes occurred, with the intensity eR#fesignal
slightly decreasingFor the second region, the peaks dto? ~20.7°(d~4.3 A) and
~29.3°(d~3.0A) shifted slightly, thesignalat ~24° shifted to ~24.5° and became sig-

nificantly less intensivelThe second step took place whéiTIB was roughly halfway
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lithiated (~1 Li" ion per repeating unitBecause the XRD peaks NITIB were wide
and the peak posiins shifted slightly, it is hard to determine at this point if the second

stage occurred via a solid solution mechanisiifi ibwas atwo-phase transition.
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Figure39. Intensity maps fooperandoXRD patterns oNiTIB during gaVanostatic
chargedischarge in Libased (a), Ndased (b) and #ased (c) cells, measured with

CuKUradiation. Chargelischarge profiles of the cells are plotted below.

In contrast, it is clearly seen that a tplease transition took place in the sodium
based system. WhediTIB was halfdischarged (~1 Naion per repeating unit), the
peaks of the initial phase disappeared completely, and a pedikfat 29.3°(d~4.6A)
appeared. Upon further sodiation, the position of this peak was almost constant. For the
potassiurrbased cell, twdwo-phase transitions eve observed, occurring when the

number of K per repeating unit was ~00fF ~1.4.During the first transition, a peak at
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~18.5° (~4.8A) appeared, and after the second transition a signal at ~26524)
emergedA narrow peak observed atf df ~29°(d~3.1A) corresponds to potassium
fluoride forming upon the SEI formation.

Ex situXRD patterns measured over a wide rangedoFajure40) showed that
structure of the lithiate®liTIB was similar to the pristine material, while the changes
that occurred after sodiation and potassiation were significant. This is in agreement with
the operandoexperiments and is expectable because largesnsagienerally 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.
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Figure40. Ex situXRD patterns for discharged and pristE IB , measured with

CoKU ZTadiation 6=1.78892A).
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The cyclic voltammetry featuresf NiTIB (discussed irsection5.3.1) can be
explained using the data from tbhperandoXRD. Additional peaks in the CV profiles
for the K-based cells were related to extraphase transition, which was not observed
for the Libased and Nbhased cellsOn the molecular levethe charge storage mech-
anismsof NiTIB with different charge carriers (LiNa", K*) might be considered sim-
ilar, which is typical for compoundsith redoxactive organic moietie¥

From theoperandoXRD data, it is seen that the structural rearrangements of
NIiTIB are reversible, with signals of the initial phase reappearing upon reoxidation.
Therefore, it might be supposed no irreversible reactions, such gsadtibh sulstitu-
tion, took place on the molecular leveb confirm reversibility of théiTIB reduction,
operandoRaman spectroscopy measurements were performed. Initially, an infrared la-
ser (& wasZeBdetbrred)ce the intensity of fluorescence and sgyfram
the electrolyte, carbon black and SEI components. The intensiiToB spectra
dropped approximately by an order of magnitude upon reduction and restored after re-
oxidation fFigure4la, c, e). Importantly, spectra of the reoxidized material after the
first and the second cycles were nearly identical to the initial Bigairg 41b, d, f).
Relative intensities of the peaks varied only slightly, and changes of the Raman shifts

were below 2 cht.
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Figure4l. Evolution of Raman spectra bdiTiIB measur ed with an infrai
780 nm) for Libased (a, b), Nhased (c, d) andased (e, f) cells: Raman intensity
maps and current vs. time (vs. potential) profiles (a, c, €); normalized initial spectrum

compared to the spectra after tiieahdthe 29 cycles (b, d, f).

According to these data, no irreversible transformations took pladédi TeB

in Li-, Na or K-ion batteries in the potential range i®% V vs. M/M, which
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