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Abstract

Theelectrificationis the most probable strateggyovercome the raising problems
dueto the consumption of fossil fuellsut several energy storage systems are needed to
complete the task. Among them rechargeable batteries play a key rivledatomotive
sector andheir relevance is rising aldor stationary applicationssgrid storagein both
cases the current technologm®sent sustainability issues related to the supply of raw
materials.

In this work was investigated the applicability of a new family of compounds, Layered
double hydroxides (LDHSs), as active anodic material both in lithium (LIBs) and sodium
(SIBs) rechargeable ion batteries.

Several materials were preliminary tested in LfBbowinga At r i al and erro
and, among them only NiANOs and NiFeNOs LDHs gave enough satisfactory results
to be deeper investigated.

For what conceriIBs, a combined study involving classical electrochemical analysis
andthermoanalytical techniques was ustedexplain the influence of the LDH structure
on the electrochemical performances of NNR@s. It was demonstrated that the presence
of a bidimensional feature helghe stabilization of the material leading to high
performances with a lower amount of the electrochemically active Ni.

Both NiAI-NOz and NiFeNOz were testedn SIBs demonstratingheir applicability in

these devices

The second one was discovered to be much more stable upon the charge/discharge loops
retaining a high specific capacity (~ 560Ah/g) after 50 cyclesThis discrepancy was
explained through a deep and detailed study, includingoperando techniques,
enlightening thestabilizingrole of iron and the presence of reversible reactions involving

the nitrateThereaction mechanism for NiH€Oz wasproposedit wasmade of an initial
irreversible Aactivationo reacti on i n t
intercalation/conversion reversible mechanism in the following cycles.

In the end someother applications for LDHs were presented: FeGigvas discovered

as a potential catalyst to produce formic awitlile NiAl-citrate was investigated both
for the absorption of the toxic Pbfrom waters both as catalyst precursor. Through a
pyrolysis, in fact, NiAfcitrate evolves into a metallidi based material with a very high
specific area (177 ffg) that was tested as catalyst for the dry reforming of methane.



Abstract (Italian Version)

Per superare i crescenti problemi legati al consumo di combustibili fossili la
strategiaattualmente piu popolaeeléelettrificazionema per completarnéprocesssono
necessari diversi sisterdi stoccaggio energeticdra questle batterie ricaricabilgia
0ggi rivestono un ruolocapitak per il settoreautomobilisticoe stanno diventando
fondamentali anche per le applicazioni stazionewi@e ilgrid storage in entrambi i casi
pero le attuali tecnologigpresentano problemi di approvvigionamentoledehaterie
prime.

In questo lavoro é stata studiaiagplicabilita di una nuova famiglia di compostiayer
double hydroxide§LDHs), come materialattivi per anodisia nelle batterie ricaricabili
agli ioni dilitio (LIBs) che di sodio (SIBs).

E stato seguito un approcditrial and errord per testare diversi materiati LIBs, tra
questi solo NAI-NOs e NiFeNOs LDH hanno dato risultati abbastanza soddisfacenti per
essere studiati in maniera piu approfondita

Per quanto riguardasistemi al litioé statacondottouno studio combinato che coinvolge
classiche analisi elettrochimickaecniche termanalitiche per spiegarénfluenza della
struttura egli LDH sulle prestazionanodichedel NiFe-NOs. E stato dimostrato che la
bidimensionalitaiuta la stabilizzazione tlel 6 e | eepbrta adoalieqrestazioni con una
minore quantitai materiale attivo (nichel).

Sia NiAI-NOs che NiFeNOs sono stati testati, dimostrandosi applicabili, in SIBs.

Il NiFe-LDH si e dimostrato molto piu stabile nei cicli di carica e scarica rispetto-NiAl

NOz mantenendo un'elevata capacita specifica (~5A8/g) anche dopo 50 cicli.

Attraverso uno studio approfondito e dettagliato, comprendente anche tecniche in
operando, € stata spiegata questa discrepanza mettendo in luce il ruolo stabilizzante del
ferro e la presenza di reazioni reversibili che coinvolgono il nitrato. Inoltregté st
proposto un meccanismo di reazione per Nk, Questo e costituito da una reazione
iniziale irreversibile "di attivazione" durante la prima sodiazione, mentre nei cicli
successivi € presente un meccanismo reversibile misto di intercalazione/caormeversio

In fine sono presentate alcune altre applicazioni degli LDHs: FEMg € comportato
come potenziale catalizzatore per la produzione di acido formico, mentrecigtb
stato studiato, sia per l'assorbimento dalle acque dfél b come precursore di un
catalizzatore. Attraverso la pirolisi, infatti, Ni&itrato evolve in un materiale a base di
Ni metallico con un'area specifica molto elevata (17fg)nrche & stato testato come
catalizzatore per dry reformingdel metano.



Table of abbreviations

In the following manuscript there will be present several abbreviation and
acronyms, all explicated in the text at the first appearance, to make the reading more
comfortable is presented here below a table with all of them in alphabetical order.
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CE CoulombicEfficiency
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DC Direct Current

DRM Dry Reforming ofMethane
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XANES X-ray Absorption Near Edge Structure
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1. Introduction

The rapid increasing of population in the last century and the generalyliée
improvement, especially in emerging countries, has led to a large consumption of fossil
fuels connected teeveral environmental problerasch as the increasing of greenhouse
gasses ahthe subsequenmnicreasef the mean temperatu¢ig. 1)(1).

Nowadaysthe two main challenges to reduce theman impact on thplanetarethe
substitution of fossil fuels by sustainal@eergy sourcedor the electricity productign
andthe replacing of internal combustion engines (ICkEth electric vehicles (EVspr
transportation.

The sources of sustainable eneagg naturallydiscontinuedandrequiresenergy storage
systemsto homogenizethe power distributionnamely, batteriesAlthough in recent
years thesustainable harvesting systeh@/e made great stridesspeciallyin the fields
of photovoltaics andvind, the development o$uitable storage mechanismis still
immature.Furthermorethe most promising technology for the vehicle electrificatgon
again batterig hence, the development o¢llswith long term stability, very prolonged
cycle life and made of conflielree materials is one of the keyproblems in
electrochemistr{2,3)

The most interesting kind of batteries nowadanethe rechargeablenetal ion batteries,
in particularlithium-ion batteries (ILBs) seemthe perfect solutiofior both the previous
issueseven if they are still tbeimproved and a lot of worlhas tobe done on all the
main constituents. Unfortunately, thimium demand is bound t@pidly exceed supply
so it is important to found also other technologies dolébear the burden of the
challengé4,5) Theobviousanswetto this questiolis the most similar elemetd lithium,
namelysodium, that could beexploited inthe same way in sodiumn batteries (SIBs).
The main problem is thaodiumis bigger and heavier thdithium andso ardts devices
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Figure 1: global trends. a) World power consumption by fossil fuel&adijh sirface temperature
anomalyin comparison to the lontgerm average (1951980). Both graphs are referred to the period
19502023



in comparison with LIBsnaking them not suitable for EViseverthelestheycould play
a key role for what concern stationapplications such as grid storége

1.1. Metal ion Batteries: characteristic, components,and functioning

A metal ionbattely consistan the following main components: a positive (cathode)
and anegative (anode) electrode connected by a circuit and separated fetectamiyte
able to host the ions. Usually, the two electrodes are separateghlygieal membrane
(separator) to prevent the shoitcuit of the batteryDuring the discharging process,
metalions move from the anode to the cathode through the electrolyte. Simultaneously
the associated electrons flow from the anode to the cathode through the external circuit.
Convesely, during the recharging process, tmetalions and electrons are forced to
move in the opposite way by an external logtithe process is schematized in fig@re
In this process the reduction and oxidation are inverted bedryention, in rechargeable
batteries, the positive electrode could be called anode and the negative one cathode
independently if the battery is under charge or discharge.

€ ce— 1 1 - » € \‘D_C/ P n
a) b)
,,,,,, PR
M M Mj__ L MM -
Positive
M
M M Electrode M* M
M* M M M-
k—Y—J k—f;

Electrolyte Electrolyte

Figure 2: scheme of a metal ion batterydischargea) and chargé)

The focus of this study is the syntheaisd applications of anodic materials tested in a
half cell configuration(will be better explained in next chaptess) in this introduction
there will beonly an overview on currentlgtudiedanodic mateals and themain
reactions that involve thelectrolyte.

1.1.1. Anodic materials

The main features wonsidemwhenthinkingaboutananode for any kind of metal
ion batteriesarelow redox potential, stable structure (to maintain integrity and improve
cycle stability), high electrical and ionic conductivity (to have a fasirge and
discharge), great availability, easkpreparationcosteffectivenessand environmental
friendliness
The anodic materials can be classified into three main groups accordingnaytiath
they react withmetalions (M™) during the charge/discharge process, as shovigure
3.
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1 Insertion reaction mechanisrtheionsmove to the compound and are hosted in
theintersticesthe mechanism idescribed in equation 1.

LU A £ - 1" Q&

Among this group ofmaterials,the carbonbased anodes are predominant, existing in
many forms with different morphologies and chemical composition. This kind of anodes
always show stability at different temperatirand in several chemical and
electrochemical environments, they also have a low cost of prody@jombe first
material discovered and studiefr the intercalationof Li* was graphiteit shows a
reversible capacitgf more tharB50mAhg? and a high coulombic efficiency (CEnd
nowadayst is the standard for commercial batte(@sTo increase its electrochemical
properties, several modifications of the morphology and particle size are being tried
graphenecarbon nanotubes and nanofibers were widely st(idligd

Are worthy of aspecial mention the stalled hard carbon matersghat are proving to

be very performingspecific capacitypetween400 and 1000 mAhg?) and are slowly
substituting graphite. Furthermore, in recent years they start to be produced by biomass
from the perspective of the circular econdfg)

Another interesting set of anode material is the titari@®ed oxidescompletely
constituted byTiO2 polymorphs which show low price, lotexicity, very low volume
expansion during cycling, very good cycling life, a stable operating voltage at 1,55 V but
a very low specific capacity (175 mAy11).

For what concern SIBgraphite could not be used sirsmdiumc oul dn 6 t(12be hos:
sohardcar bon materials are the #Afirst gener g
SIBs reachinga s peci fic c ap-adheydisplayf litt 8CQ,but aftdrh g
50 cycles the 706 of capacity is retained also at high cur(@8) Also in this case,
titaniumbased materials such as BjQLisTisO12, Na&TizO7, and NaTi(PQy)s were

deeply studied, in fact, they can reversibly store sodiumarinintercalation/de
intercalation cycle witha sufficient cyclic stabilityproper working plateauand quite
goodenergy densitii4).

1 conversion reaction mechanistransitionmetal oxids or sulphidegZ) are used

asanodesthey react with M to form MnZ andthe pure metahas described in
eguation 2

v Wi g U : (0] §
The theoretical capacity ohé conversioffeactionbased anode materials for LIBs is
very wide and move from the low range of 350 mAHhgr CwS to the higlrange of

1800 mAhg! for MnP4(15). Even this class of compounds displays some major
drawbacks that shall mnsidered: First, their columbic efficiency is lower than the one

aCoulombic efficiency (CE) describes the charge efficiency by which electrons are transferred in batteries.
CE is the ratio of the total charge extracted from the battery to the total charge put into the battery over a
full cycle.
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of carboncompounds and tesdio decrease with cycling. Moreover, the volume
expansion induces thmulverization of the material limiting its working life. Adst, the
operating voltage reachepkteau at a higher value than the grapltitat phenomenon

leads to a lower energy density than the one expettediitigate these problems two
strategies are usually chosen: the preparatiaranbscaled porous materials (to avoid

the volume expansion) and tbembination withcarbonaceous materials (to impeahe
capacity and give a buffer space able to host the expangib8)

The same situation happens in SIBs, the materials show very high capacity but undergoes
several volumehanges limiting their applicability, currently are under investigation to

try to mitigate this proble@.7).

1 alloying reaction mechanisma direct reaction between™nd A forming anew
compound like in equation 3.

U WA £ - 1 Q&

Lithium metal holds one of the highest capacities amaraicmaterials (3860 mAhg

1, but the safety issue is a great problem, because of the dendrite formation, which limits
the use of lithium as anode material in rechargeable batteries. One way to avoid this
problem is to use materials which can satisfy the requirement of high cagdacity
example, silicon, silicon monoxide and tin oxide which react with lithium with an
alloying/dealloying mechanisifi8). Their theoretical capacity achieves outstanding
value (in some case more than 3000 mAhdput their development is blocked by their

low cycling life and the considerable volume expansion during the re@@jon

In SIBs silicon is not suitable due to an extreme volume expansion but is demonstrated
that the alloying process can occur with tin and sbmderswhich have thdunction to

buffer the volume expansion. Such Jlectrodes show aspecific capacity of 200

a) @. M

Figure 3: different kinds of reaction mechanisms a) insertioncbpversion; c) alloying.
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mAhg?! also after 20 cycl€0), also antimong21)and  red phosphoro&2) are
under investigation.

1.1.2. Electrolyte

Currently dmost all thecommercialelectrolytes are neaqueoussolutionsof a
metallic salt, organic carbonates, and several additivesecent years the focus is
moving, due to safety issues, to aqueous or sbéite electrolytedut until now those
technologies are still immature to be applied on a large scale.
As conceris non aqueous electrolytesne of the most relevameactionsthat happen
during the first cycles isadid electrolyte interfacéSEI) formation.
At the surface of the anode, occur the following two main processes: the rewthion
M* (Li*, Na'é ) and the decomposition of part of the electrolyte, leading téotimeation
of an interface between the liquid electrolyte and the bulk matetia¢ @flectrode (SEI).
The SEI formation is an irreversible procésked with a loss of cell capacitgnown as
ICL (irreversible capacity loss). Ideally, SEI is a passivating comipaet, able to
prevent the penetration of solvatstlions and electrolyte in theefects of the surface
leading to an exfoliation (responsible of a marked I&hg| at the same time, SEI layer
mustbe sulfficiently ionically conductive tallow the circulation oM™ iong(23).
The formation of SEI layer occurs when the redox potential of the electrodestbete
theelectrochemical window of the electrolyte as reporteGbgdenouglt{24) When the
lowest unoccupied molecular orbital (LUMO) of the electrolytenre energetic than
the Fermi energy ofhe anode, the electrolyte is stable; if ntte electrolyte can be
reduced.
Similarly, theelectrolyte can be stable if the highest occupied molecular ofiH@0O)
of the electrolyte is lower than the cathode Fermi eneegglR5)The process is
summarised in figure 4.

i 1 :
SEI'} i feo,
i HH 1F
LUMO
@ - Ha
- N
E'L ES ‘/O('
S
=
=
L~
He - O,/H,0
e
,,,,,,,, N 'HOMO
SEI |
____________________ i
. Electrolyt
Oxidant cctrolyte Reductant

Figure 4: schematic open circuit (OC) energy diagram of an electraiye n dcaré
the anode and cathode work functiggi s t he el ectr ol y.tnd
ecare he redox potential of anode and cathode.

As seen in this brief introductidior both LIBs and SIBsnuchwork must be done to
obtain a good anode able to conjugate high specific capacity, cycling stability, human,
environmental and economical sustainabilitg.face with these issugs important not
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only to improvethe current materialbut alsato investigate new families of compounds.
this studyfocuses on theanalysis othelargegroup ofthelayered double hydroxides.

1.2.Layered double hydroxides (LDHSs)

1.2.1. Characteristic and applications
Layered double hydroxides (LDHsS) aren anteresting class of 2D lamellar
compoundstheir generaformula isreported in equatiod(26).

- . O/ ( I o (/ Q&

M: divalent metallic cation
N: trivalent metallic cation
A: anion withn- charge

X: molar ratio—

M: anumber from 1 to 4.

In literaturei t répsrted the existence bDHs made ofM™* or M#* cations bugre limited

only to Liand T(27,28)

The structure of an LDH can be described as brtieigers where a fraction of the ¥fg

ions is replaced with a trivalent cation, leading to a positive charge on the surface, which
needs a balancing anion at the interlayer. TheS#8W*(OH)s octahedra form 2D sheets

via edgesharing and may be connected sheet to sheet by hydrogen bonding between the
OH groups.The molar ratio X usuallys a value rangingpetween 0.2 and 0.38reater
values imply that some0 (‘OD@ctahedon are directly connectedreducing the
crystallinity.

LDHs couldcrystallize in two different polymorphs belonging to #pace group¥od

and 063/6 & GHowever, the presence of stacking faults often leads to mixed phases

Interlayer space {*e{ﬁé‘?*ﬁ} SR
[
bR =) Basal spacin,
Layer thickness <|: (g}x} oA pacing
¢ Y& Y

- 2T J

Figure 5: schematic structure ain LDH

aMineralogical name of natural magnesium hydroxides
14



and/orturbostratié ones(29). A schematiaepresentation of the LDH structuresisown
in figureb.

The firstdiscovered_DH washydrotalcité , it was foundn 1842by Hochstettein some
schis{30), only 100yeass after, in 1942 Feitknecht et al(31) managed to synthetise an
analoge MgAI-LDH of the naturacompoundbut the structure model was confirmed
only in 1969 by Almann et gB2). In the 1990s, thnks to nevanalyticaltechniques and
advancedcharacterization toolthe properties of LDHs where widely investigatstd
categorisedy the work of Cavani et §26) that open a wide range applications br
those materialsThe bidimensionaimorphology,the possibilityto tunethe composition
andnature ofN, M and A the ability tointercalate a wide range of differesdmpounds
makethis class of materialeemarkably interestinm differentresearch fields, also very
differentfrom each other.

Several studiecus ontheremediatiorof wastewatethrough LDHsfrom contaminants
and pollutantssuch as chromaté3), phosphatg84), dyeg35), surfactanté36)and even
some radionuclid¢87). Another importanindustrial application is dsuilding materials
additives calcium based-DHs areused inconstructionconcreteto increaseboth the
compressive and flexural strengtusdto protect thereinforcement from corrosion, in
fact LDH could fill the porosityand simultaneously captutbe chloride aniongnd
releasegorotecting agen{88). MgAI-COs LDH is widely studied as flame retardaitis
indeedusually very hydrated and in firing conditiondégradegproducing a barrier of
COzand watewvapor, leavingmetal oxidesas residuethatreduce the oxygen supply to
the material under the burning surf§88) Since the early 2000the eay surface
modification biodegradability pH-sensitivity responseexcellentbiocompatibility,and
anion exchange capagittractdifferent researchets thebio applicationsof LDHs(40).
The first reporteanedical usés as stomach pH regulat¢dd)butas the years doy, they
wereexploited in a wide range of biomedicdlidies frondrug/gene delivergndtumor
imagingto biosensing, ardbacteria, and tissuengineerin¢40,42,43)

LDHs were also widely studied aatalyst or catalyst precursdrydrotalciteis a perfect
alkaline template for theatalyticaldolic condensatiq26), Ni basedLDHs arestudied
in steam reformin@6) and in the water splitting reacti¢fd) ,while Cu basedones
usually are used as precurgds46)

In the last two decaddse increasing interest for new energy storage sydteavercome
the challenge of ecological transitidras prompted the interest scientiststo new and
more efficient materials, among them LDlsuld play a key roleln 2006 Wang et
al.(47) for the first time tested a CoADH as positive electrodm a supercapacitor
showingspecific capacitance of 77 Egnd a 90 energy retention after 10@9cles of

a A crystalstructurein whichbasalplaneshave slipped out adlignment
b Mineralogical name ad "@ 0 "Med GI4QO.
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charge/discharg&incethen,several different compositisnwhere testeénd nowadays
some LDHcomposite materials could reaspecific capacity 2000Fg(48).

In very recent timehte layered structuralso suggestsome potential applications in
rechargeable ion batteridsut very few worksveredone in this direction until novror
what concernLIBs some Ni basedcompoundswere tested as negative electrods
displaying a very high initial capacity 2000 mAhg?, followed by ahigh irreversible
capacity loss and then a stabilizataar 500mAhg!after100cyclesof discharge/charge
(48¢50).

Some preliminary studieseanowadaysocusingon the applications dfDHs also in
SIBs starting from the pioneering work @haoet al that in2019 reported for the first
time CoFeNOs LDH asanewintercalation type anoder sodiun{51).

Finally, is worthy of mention, the study ofin et al.for the application of NiF€| LDH
asa stable and very efficient cathode in Chloride ion bati{&2)s

1.2.2. LDHs synthesis

LDHs could be synthesized in different ways, obtaining different morphologies
and particle dimensions. In this work were synthetized several compounds, with specific
techniques due to the nature of the ions involved. In thepmrtswill be highlighted
the main characteristic of each technitjust will be presented in this work.

1 Coprecipitationit is the most common and used synthetic route, it is easy, quick, and
scalable for industrial purposds. the coprecipitation technique, aqueous solutions
of M?* (or blends of M* species) and & (or mixtures), containing the anion intended
for inclusion into the LDH, are employed as precursors. Among the multiplicity of
LDH systems involving M(II)/N(lII), certain exhibit an adjustable composition
concerning the M(II)/N(II) ratio, whereas specifphases can only be achieved
within a limited range of ratios; another intriguing aspect of this preparatory technique
is thatalmost all anions calpe directly inserted between the hydroxylated layers.

To ensure the simultaneous coprecipitation of two or more cations, it is essential to
carry out the synthesis under supersaturation condititymcally to achiewe
supersaturationa strict control of the solutiorpH is required Specifically,
precipitation should occur at a pH that is equal to or higher than the pH at which the
most soluble hydroxide in the solutiamdergoesprecipitaton. After this step a
thermal treatment is frequently carried out to enhance yields and/or the crystallinity
of amorphous opoorly crystallized materials. The conventional aging procedure
involves heating the reactarontaining an aqueous suspension of the LDH product
at a temperature ranging from 50 100 °C for some hours or da§E3,54) The
coprecipitation mechanism depends on the condensafiche metal exaquo
complexes in the solutigrio build the brucitelike layers. Theseheetsexhibit a
consistent arrangement of both metallic cations and solvated interlamellar anions.
Two frequently employed approaches for coprecipitation are precipitation at low
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supersaturation and precipitation at high supersatu(@e® helow supersaturation
procedurenvolves gradually introducing a mixed solution of divalent and trivalent
metal saltsnto a reactor containing an aqueous solution of the desired interlayer
anion. Simultaneously, a second solution of an alkadddedinto the reactor at a
controlled rate to maintain the pH at a predetermined value (usually betveeeh 8
10), facilitating the coprecipitation of the two metallic salise interlayered anion
should exhibit a strong affinity for the LDH layers and besurplus to avoid
competing reactionthat may lead to the incorporation of counterions from the
metal salts. For this reason, metal nitsated chloride salts are frequently employed
due to the low selectivity of LDHs towards these anions. Additionally, LDHs show a
pronounced affinity for carbonate anigss unless carbonate is the intended anion,
reactions are typically conducted under nitrogen to prevent the absorption of
atmospheric carbon dioxide, which could generate carbonate ions imgha.high
supersaturation technique, a mixsdlution of M(Il) and N(lll) metallic salts is
directly added to an alkaline solution containing the chosen interlayered anion in a
one pot processt usually led to the formatioaf less crystalline materials due to the
high number of crystallization nuclei, furthermore, becausentigthod involves a
violent change in the pH of the solution, the formation of impustchM(OH)2
andor N(OH) phases, often resultSor this reason, is always compulsory a thermal
treatment after the synthesis to homogerthe material.

Urea hydrolysis and hydrothermal methaodea is well known to be a precipitating
agent asit is a very weak Binsted basejt is highly soluble in water and
temperatureontrolled hydrolysis in aqueous solutions can produce ammonium
cyanate and, if the hydrolysis is prolonged,.C€3. 57).

Yy
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The decomposition of urea leado a pH~9, that is a precondition to the LDHs
precipitation, the main advantage of using urea instead of other bases is that the urea
hydrolysis progresses slowlgausinga low degree of super saturation during
precipitatior{55)

These reactions generate several gas species and if the synthesis is conducted in an
autoclave lead, tuning the temperatusgyossible to obtain different pressu(em

1 tomore tharLlO atm) which in turn affect the crystallinity and microstructure of the
material. This technique is only suitable for metals that form insoluble inorganic
hydroxides such as Al or M§6).

Rehydration exploiting structural memory effect: the calcination of LDH, done at the
proper temperature (typical for each LDHhducesthe elimination of interlayer
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water, hydroxyl groups and anions resulting in a mixture of metal oxides not
obtainable with other techniques. This tape could reform the LDH structure if
exposed to water and anioMgater is taken up to reconstruct the hydroxyl layers,
while anions and KD molecules being assimilated into the interlayer gallgg%58)

The integrated anions are not restricted to those present in the initial LDH material,
making this a crucial approach to obtain LDH with laffinity or unusual anions at

the interlayer, along with pillared structur@firough this procedurs avoidedthe
competitive intercalation of inorganic anions coming from the metal(S8jisThe
process is more intricate compared to coprecipitation, often leading to the concurrent
generation of amorphous phases. It is essential to recognize that both the calcination
temperature and the chemical composition of the LDH sheets exert a sabstanti
influence on the reconstruction progéey. The higher thecalcination temperature

of the parent LDH the lower the"memory effect; this is due to the solictate
diffusion of divalent cations into tetrahedral positions facilitating the gradual
formation of stable spingl42,59)

Modified solvothermal method: this technique is very interesting since could lead to
the formation of single layered LDHB this method a solution of metallic acetates
and sodium citrate was treated with the proper amount of base (determined by titration
experiments) and maintaineshderreflux at atemperaturef ~ 90 °C for 3 d. The
reaction mechanism is based on the formation of polynuclear metallic citrate clusters
that act as germinating agent for the LDHs, while the presence of acetate woks as
buffer for the pH. The crystal formation is very slow and forms a venydgeneous
suspension of single layered hexagonal platgh a length of ~200 nm and a
thickness of ~2/3 nm(60). These characteristics are very interesting for different
application such as catalysis, but #agiety of LDHs obtainable is limited only to the
metals able to originate the citrate polynuclear clusters, as Ni g6d,B8)
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2. This study

This work focusses on the synthesis dirdctapplication of layered double hydroxides
electrodes in metal ion batteries.

The materialspreparationand some preliminary tests on LIBsemg done at the
Department of Chemistry and Industrial Chemisifyhe University of Genova (DCTI

while the more irdepthanalysis andhe £skin SIBs were donat thelnstitute of Applied

Materials- Energy Storage SysterfiAM -ESS)at the Karlsruhe Institute of Technology

(KIT) in Karlsruhe (DEunder the supervision of Dr. Sonia Dsoke.

In literature arereportedv er y few st udidrect apphicatiort in LDHs 6
electrochemical cells, so was followedfat r i a | and ,estartingframn appr @
preliminary tests on different LDHs as anodic materials in-¢ells and deeply
investigating only the promising ones.

The best candidates were twickelbasedmaterials NiAl-NOz and NiFeNOg; the first

one was analyzed in LIBs by dfinyue Liin her PhD projectwhile the results on SIBs
arepresented here. The analysis and tests on the second compound both in LIBs and SIBs
are the core of this dissertatidfurthermoreNiFe-NO3z wasdeeply studiedby an intern

for the absorption of Crgd, the spent matel (from now NiFeCrOs), was also applied

in SIBs in the perspective dhe circular economythinking about the probable
electrochemical activity of Cr.

In the final part of this manuscript are presented some applicatiantherfLDHSs, in

different side projects as ions exchanger, catalyst, and catalyst precursors.
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2.1.Materials and methods

2.1.1. Chemicals

All the chemical usedresummarized in tabl 1.

Tablel: list of all the chemicals used atigeir purity.

Name Formula Purity (mass%)
Aluminium nitrate nonahydrate| Al(NO3)s t 9H.0 ACS reag%nt,
Iron nitrate nonahydrate Fe(NOs)3 t 9H.0 ACSr eagen® ,
Nickel nitrate hexahydrate Ni(NOs)2 t 6H.0 Pur i ss 985p0. a.
Nickel acetate tetrahydrate Ni(CHz02)2t 4H0 | Purum p.a O %9
Iron chloride FeCk Puriss. 9%,. a.
(anhydras)
Magnesium chloride MgCl> Puriss. p.a.098.5%,
(anhydras)
Ethanol CHsCH.OH Absol e98%, O
Trisodium citrate dihydrate NagHCsH4O7t2 HO|ACS reag%nt ,
Urea OC(NH)2 Puriss, %. a.
Isopropanol CH3;CHOHCH;z Purum p%a. ,
Sodium hydroxide NaOH Reagent g adgd
(anhydraus)
Conductive carbon C65 € é Commercial battery grade
by TI MCA3% (
Ethylene carbonate (EC) (CH20).CO Purum p8%. ,
Dimethyl carbonate (DMC) (CH30).CO Purum p8%. ,
Lithium hexafluorophosphate | LiPFs Commercial LP30, 1M
battery grade solution in
EC/ DMC,5%0 9 ¢
Sodium perchlorate NaCl&y ACS reag%nt ,
(anhydraus)
Fluoroethylene carbonate (FE( CH.-OCHFOCO battery .5% acd
Sodium alginate (NaC H O Purum p8%. ,

The used water was deionized with an ion exchange unit (M3/M6 Chemical Burger s.a.s,
Genova, ltaly), boiled and gurgled witmgon to completely avoid the presence of
carbonates and G the systenif necessary

20



2.1.2. Experimental
In this chapter wilbebriefly described the synthetic route and following
processes used to obtain the LDHs and their derived compounds.

1 NiAI-NOsz: The materialwas synthesized through the hydrothermal route, a
solution has been prepared by dissolvingr8fol of nickel nitrate hexahydrate
(Ni(NQO3)2:6H20), 45mmol of urea (CO(NH)2), and 15mmol of aluminum
nitrate nonahydrate AI(N€x - 9H>O (Ni:Al ratio of 2:1) in 150nL of deionized
water. This solution was then put in a 200 mL autoclave at’@O@r 24 h.
Finally, the compound was filtered, washed by centrifugation, dried and grinded.

1 NiFeNOxThe . B &A& / ( ™ ./ " was synthetised following
the high supersaturation pathway proposed by Gregoire €63). a mixed
solution of Ni and Fe in the due proportion was titrated with a 0,5 M solution of
NaOH, in a protect atmosphere. The obtained solid precursor was let to rest with
its mother liquor in a closed bottle under argon for 3 d at 70 °C. after that the
compound was filtered washed several times with deionised water and dried.

Four aliquots of the compound were annealed with a furnace (Carbolite elf 11/6B)
for 4 h respectively at 258C, 360°C and 56C0C.

1 MgFeCl: the material from now (MFG1l) was preparedwith a high
supersaturation approach as described by Wu(édal.
In a balloon, under continuous Ar flux (3min), 250 mmol of MgG and 125
mmol of FeC} - 6H.O were dissolved in 250 mL of deionized water, and the pH
was adjusted to 12.6 with a solution of NaOH dropwise leading to the formation
of a colloidal mixture of metal hydroxides. The-alotained precipitate with his
parent solution wastoredunder Ar atmosphere, in a dark bottle, (to avoid
photocatalyzed side reactions) in an oven at 85 °C fdr [Rading to the
recrystallization of the solid and the formation of the LDH structure. The obtained
compound was washed with deiogizwater and separated by centrifugation (2
min, 7500 rpm) several times till the pH of the upper liquid reached the value of
7. The LDH was dried in oven overnight at 60 °C and then grinded to a grain size
|l ower than 125 & m.
An aliquot of MFG1 underwent a 4 treatment at 400 °C to eliminate interlayer
compounds, resulting in a calcinated compound (MB&(C), which is a mixture
of metal oxides not yet crystallized. MFs2lc was then subjected to treatment
with a 1 M CI aqueous solution, prepared using boiled water, under an argon
atmosphere in a mixing machine. This process aimed to reform the layered double
hydroxide (LDH) structure with the Clanion incorporated at the interlayer.
Following the mixing step, the solid wagidred, washed with deionized water,

21



and dried at 60 °C overnight. Subsequently, it was ground similarly to-MFC
From now the obtained material will be labeled as MR€mM.

NiAl-ci trat e: It was produced with the i
di ssolving 0. 4t9MHmM®l amfd AL 2NOmMbd4H 0o Ni (
in 160 mL of deionized water within a 250 mL flask. To the metals solution were
added 1.6 mmot2H o® (N&a7 C-sébil@ed)in, 4 mi rofe

water. The whole reaction system was heated to 80 °C for one hour, cooled down

to room temperature and titrated with 30 mL of 0.1 M NaOH solution dropwise

with vigorous stirring. The solution was transferrediat250 mL round flask,

then heated under reflux under argon atmosphere @ @r 72 h. The resulting

LDH was collected by centrifugation at 7000 rpm for 10 min, washed twice with
distilled water, and dried under vacuum overnight at 40 °C.

Two aliquots 00.1 g of the so obtained compound were used for absorption tests;
they were left in batch equilibration overnight in 50 mL of‘Ptpntaminated
solution, centrifuged at 7006pm for 10 min and then the supernatant was
collected.

Another part of the pristine material underwent annealing atG3tnmediately
after the last endothermic peaky a tubular furnace (Carbolite GHA
12/300) for a duration of 2 h. To eliminate oxygen, the chamber was
purged with argon flux for 30 min before initiating the heating process, and
this condition was sustained throughout the entire experiment.
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2.1.3. Instruments
The materials were characterized by means of different techniques:

Powder Xray diffraction (PXRD). the patterns were recorded usingpavder

di ffractometer ( X6Pert MP D, Philips,
anticathode (KCu = 1. 5406 i) . The indexing
performed in comparison with the literaturesing the software package
WinPLOTR(65)

Field Emission Scanning Electron Microscopy (BEM): the samples were
observedwith a ZEISS SUPRA 40 V microscope, applying an acceleration
voltage of 5 kV for 50 s.

Fourier Transformednfra-Red (FFIR) spectroscopythe spectra ranging from
4000 to 600 cit were obtained utilizing a Spectrum 65 -FR Spectrometer
(PerkinElmer, Waltham, MA, USA). The instrument was equipped with a KBr
beamsplitter and a DTGS detector, and an ATR accessory with a diamond crystal
was employed for data collection.

Inductively coupled plasm@ptical emission spectroscopy (I€FES): The
experiments were conducted utilizing a Varian Vista PRO (Springvale, Australia)
with an axially oriented configuration. The sample introduction setup included a
pneumatic nebulizer of the glass concentristide type (Varian) connected to a
glass cytonic spray chamber (Varian).

X-ray fluorescence (XRF): the analyses were done using a M4 TORNADO- micro
XRF by Bruker.

Transmission electron microscopy (TEMY:JEM 1011- 100 kV microscope
with a W filament thermionic source from JEOL was employed for the analysis.
The sample was prepared by digsting 1:100 diluted LDH dispersions
(approximately 0.001 g/L) in ethanol onto ultrathiro@holey Gcoated copper
grids provided by &d Pella.

ThermoGravimetnDifferential Thermal Analysi¢TG-DTA): theanalyses were
conducted using a LabsysEvo 166@taram thermobalance. Approximately 20
mg of the sample was loaded into an open alumina crucible and subjected to
heating from30 °Cto 1250 °Cat a rate of 10C/min, under both argon and dry

air atmospheres (60 nfrain).

Total surface area calculatiomia Brunauer Emmeti Teller (BET) theory: N2
physisorption at 77 K was performed witiVi&crometrics ASAP 2020 MP.

Direct current (DC)magnetometry measurements were performed using a
Physical Property Measurement System (PPMS) from Quantum Design, equipped
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with a vibrating sample magnetometry (VSM) optidine sample material was
already filled into polypropylene (pp) sample capsules (P125E from Quantum
Design)Magnetic moment vs. temperature scans was measured from 2 to 300 K

at a field of 0.5 and 5 kOe, respectively, in zBetd cooled (ZFC) and field
cooled (FC) mode. From 2 to 50 K the t
from 51 to 306006 Kwi thdawhlKénnt Aneasuremaent e o f
of magnetic moment was performed with a tempeeastep size of 1 K with an
averagingime of 10 sMagnetic moment vs. magnetic field scans were measured

at 2 and 300 K in FC mode as full loop measurements with a maximum magnetic
field of 70 kOe. At each field two measurements were performed, each with an
average time of 10 s.

The catalytic testwere performedn a lab scale pilot plant:.circa 0.01 g of
catalyst diluted with @5 g of silica sand to produce a fixed bed reactor (FBR) in
a quartz tube (internal diameter 6 mm; length @m) The flow of N, COr and
CHas (reactants mixturegould be controlledby three mass flowRronkhorstEL-
FLOW Selegtand the productgassesould be measured with a bubble flowmeter
andanAgilent 7820A gaschromatograph with TCD detector. Before the test the
catalyst was reduced situin a stream of 15 mL/min of pure hydrogen at 673 K
for 30 min.The catalytic assessment was carried out using a reactant mixture at a
flow rate of 125 mL/min, with a composition obNCOp: CHsin a 2:2:1 ratio,
within a temperature range spanning from 673 K to 873 K. AC& feed ratio

of 0.5, deliberately selectedlbe the stoichiometric value (1), was employed to
enhance the system's resistance to carbon formé®n The mathematical
demonstration to find the % of each product could be found appécithpter
4.1).
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2.1.4. Cell preparation and electrochemical tests
Thesynthesizednat er i al candét directly be wused
be prepared and assembled as an electrodés /DH wascrushedn a quartz mortar
for 10 min with a 20% Conductive carbon, then was add as binder 0 16f sodium
alginate in a water/isopropanol (9:1) solution.
The so obtained ink waken coated on a X0 nthick copper foil current collector, with
a wet t hi ckmanddged io bven-at 80G Overnight, finally it was cut in
discs of 12nm diameter.

Each disc was thepressed at 8 ton, dried under vacuum at A2@nd stored in the
glovebox.

Sodium alginate is not a conventional binder, but previous studies demonstrate that is
very suitable for LDH$50), it forms hydrogerbonds with the hydroxyl group of the

LDH, preventing undesired pealing and electrode cracklings and making the material
more resistant tdischarge/charge cycles.

Furthermore, sodium alginate is a natural polymer that could be prepared in aqueous
solution without any solventmaking it more sustainable that the standard battery binder
polyvinylidene fluoride (PVDF).

The electrodesboth forlithium and sodiunbatterieswere than tested in Swagelock ®
T-Cells. The experiments, being a preliminary study, wesgried outin a halfcell
configuration to obtain all the possible information on the anodes in the best condition.
The cells were assembled in an argon filled glovebox and cedsithe previously
prepared electrode, a metallic lithium/sodium counter electrode and a metallic needle of
lithium/sodium as reference electrode, the different parts segaratedby a glass fibre
partition The chosen electrolytes were for LIBs the commercial LR3@ (iPFsin
ethylene carbonate/dimethyl carbonate in a weight ratio of 1:1) while for SIBs a 1M
solution of NaClQs in ethylene carbonate/dimethyl carbonate (1:1) andb6 5wt
fluoroethylene carbonate.

A schematic view of the electrochemical cells is presentédure 6.

All the tests were performed in the potential rafigen 0.01to 3V vs Li/Li* or vs Na/Na

in a binder climate chamber at 26 by means oft multichannel potentiostat (VMP3,
Bio-Logic). The experimental technique usedre cyclic voltammetryCV) at different

b) Reference-electrode (M)

LDHs electrode ———» <—+Counter-electrode (M)

Separator & electrolyte

Figure 6: an operSwagelocR T-Cellsa) andschematic description of a closed dsll
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scan rategaising from 0.01 mV/s to 10 mV/s,galvanostatic cycling withpotential
limitation (GCPL)at a current applied of 50 or 560A/g, and rate capability (RC) tests
with an increasing applied current from 50 mA/dLGA/g.

To allow in-operandoX-ray Absorption Spectroscopy (XA®)easurementaere also
prepared specidlR2032 coin cells consisting of the-repared working electrode, a
sodiumfoil counter a glass fiber separator (Whatman glass microfiber filter,c6@b
thickness), ancelectrolyte { M solution of NaClQ, in ethylenecarbonate/dimethyl
carbonate 1:1 and% wt fluoroethylene carbonagte

X-ray absorption neagdge structure (XANES) and extendedray absorption fine
structure (EXAFS) spectra for the Ni and Fesdge of samples with varying states of
charge were obtained at the R&samline, PETRA Ill, German Electron Synchrotron in
Hamburg (DESY). The XAS spectra were acquired at the Ni or&ég€ in transmission
geometry using continuous scan mode. The deaylstal fixedexit monochromator was
outfitted with Si (111) crystals.

26



2.2. Application in LIBs
In this work were testedlifferent LDHs, somespecifically synthesizedfor
electrochemical purposesyme otherpreparedor other purposelsy the research group

2.2.1. Preliminary tests

Several LD were testedas electrodes in Li ion half cella)l of them were
subjected ta GCPLwith an applied current of 50 mA/@n figure 7 are reported thei
behavior in the first 5@ycles of chargedischarge All materialsshowa high specific
capacity in the first lithiatiorthen undergoing marked ICLOnly NiAI-NOgz, NiFe-NOz
and NiCeNOs retain a acceptable value in the following cycles. Among them only the
first two seem to be stabie cycling, furthermoreobaltis anelementto be avoided for
both environmental ad conflifteeconcerningsothe firsttwo compoundsvere selected
for morein-depthstudies.
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Figure 7: specificcapacity in lithiation vs cycle number for different LDHs
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2.2.2. NiFe-NGQsz and its calcinated compounds
The material was completely characterized, ridwgo between the metals was
confirmed to be 2:1 by IGPES analysis, as shown in taBle

Table2: amount of Ni and Fe in the LDH sample resulting from-4GBS analysis

Amount of element| Amountof element| Atomic ratio
(Mass % (mol)
Ni 17 0.30 1.00
Fe 358 0.61 2.00

The FFIR spectrum (figur®a) shows only few signals; the broad and deep lbantered
at 3400 crit is due to the ©H stretching of the hydroxides and intercalated water
molecules, the signal of medium intensity at 1646 @attributable to the bending mode
of water and finally an absorption at 1380 timirelated to the, vibration of nitratg50).
The diffraction pattern of NiF&IOs (figure 8b) confirms that the structure is the typical
hexagonal LDHs one (space group3dm)(67), the cell parameters calculatedingans
of WinPLOTR suitd65) are:a=3.0(8) A and c= 23.4(9) A. All thereflections are broad
underlining the small crystalligsize and the low crystallinity of the compoutite peaks
arethe symmetric 003; 006; 009; 110; 113 and asymmetric 012; 01%26838,67 69).
The asymmetric pealkse typical of turbostratic compouneagosedifferent basaplanes
have slipped out of alignmenthat characteristic is also appreciable from theSHM
images at low magnification (fige 8c) revealing that thdifferent sheets of material are
staked in a randomrientation. Furthermore, in the picture at high magnificatioruég
8d) could be seen the nano structuring of the material surface.

On the compound was also performed aDTA analysis in the temperature ranget@0
1250 °C underlaying the presence of three main mass loss@g)(fig.

The first one is between 2md250°C and leads to a % masslecreasingnd could be
attributable to the elimination of the crystallisation water and the subsequent disordering
of the layered structurafter, between 25@nd360°C, is presenta 10% mass losand
from 360 to 500 °C a final 7% mass loweringThe two last mass changesuld be
attributable to the dihydroxylation of LDH awlégradation ointerlayered nitrate.
Betweens00°C to 560°C is seeable from theTA curvean exothermic process without
mass changeypical of recrystallization.
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Figure 8: Figure 8 PXRD pattern (a), FIR spectra (b) and FEEM images at low (c) and high (d’

To confirmthose hypothesgsccording to the TG data, were also prepared, from the
initial material, threalifferent samples annealed at 2560and 560°C from nowNiFe-

250, NiFe360, NiFe-560). The samples were characterised RKRD and FESEM.
Figure9b) compares the diffraction patterns of the diffe@miealedamplesNiFe-250
displays a structurelike the initial LDH, the enlargement of theeflections andhe
lowering in thantensityindicat anincreasef disorder At 360 °C, all theprevious peaks
disappearedral are presents only few large signagiableto amixture ofdisordered
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Figure 9 TG-DTA curve a) and PXRD pattern of Niffi¢Os and its calcinated compoundk black is the
pristine materiated isNiFe-250, grea isNiFe-360and blue NiFe&60
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Ni and Fe oxidesNiFe-560 shows the presence of wetlefined and intense peaks
attributable tahe cubic phaseEe:NiO4 (spinetlike) and NiQ

This last process also appreciablan fig. 10 wherethe FESEM image of NiFe560
shows the presencef acicular crystals (typical of spingls

Theabovedescribedsteps are summarized in the following equati@ues8- eq.10):

B &A /(8 .1 s & (/o
o . B&A /( ® ./ & ® 1

CE&A /1 ( 8 . 8 O
o (/ / L &N . EJ A Ro

& A . E? &A E ABn

EHT =20.00kV Signal A = BSD

Figure 10 FE-SEM pictures of NiF&60recorded in lens) andwith the back scattered detector (BSD

The pristine materiand all the calcinated samplesreprepared as electrodes and tested

in lithium half cells as described paragrapt2.14.

On all the samplesaveCV with a scan rate .1 mV/sand aGCPLat an applied current

of 50 mA/Q.

In all the four samples (fig. 11) th&V plot shows, for the first cycle, a different pattern
compared to the subsequent one, this difference might depend on some irreversible
reactions that lead to the activation of the material and the formation of the solid
electrolyte interface (SEI). All thelectrodes present some shared peaks: in lithiation a
small and broad peak at around ¥ and a deeper one at60V, in delithiation the
commons peaks are located at\t and 25 V. In the sample not treated (NHpeistine),

as shown in fig. 11 a), ilithiation is present also a peakla¥ and in delithiation at 1

V. These two peakstill appeayas shoulders that decrease their intensity, from-Rfee

(fig. 11b) to NiFe360 (fig. 11c) and completely disappear in Ni&€0 (fig. 11d).

In thefollowing cycles all the samples show a sharp peak in lithiation9a¥ @Gnd in
delithiation still at 17V and 25 V. Even in this case NiFpristine shows morpeaksin

lithiation at 16 VV and at BBV, in delithiation at 11 V. These are retained also in the other
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samples, but they reduce their intensity following the temperature increasing until
disappearing in NiF&60.

Pristine
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Figure 11 CV plot at 001 mV/s scan rate of NiFgristine a), NiFe250 b), NiFe320 c)
and NiFe560 d)

The common peaks, as well known in litera(6fe70,71) are pertaining to the
conversion reaction of I\Nwhile the extra peakseem to be relatdd some reactions that
happen at the interlayer (like intercalatiaihce they lower their intensity with the
decreasing of the layered structure.
From the GCPL plot (fig. 4) all the samples present a quite high irreversible capacity
loss (in the order of the 3@ of the initial capacity) the shapetbie curve is similar in
all the samplesn discharges presena long and tilted plateaux aroufhd/ followed by
a more inclined one staring at aroun8i 4. In NiFe-pristine is present, at aroun®y,
another tiltedplateauhat lowers its length in the other samples following the calcination
temperature. All those data agree with the previddsanalysis.
From the cyclic stability plot (fig. 13a) is clearly observable that Nif#istine needs
somecycle to stabilise retaining around the @0of its initial capacity still delivering
around600mAnh/g.
Both NiFe250 and NiFe320 are not stable at all, the first has a linear continuous drop in
capacity, the second displays a very quick one but after 40 cycles both retained only a 4
% of their initial capacity.
NiFe-560 is the more stable compound, after the first decreasing in the capacity the
material stabilizes around a 50 of the initial capacity delivering after 40 cycles 750
mAh/g. The coulombic efficiency plot (fig. 13b) confirms this trend: Ngfistine after
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Figure 12 GCPL plotwith an applied current &0 mA/g of NiFepristine a), NiFe250
b), NiFe320 c) and NiF&60d)

few cycles and NiF&60 almost immediately, stabiliseaintainingan efficiencyvalue

of about98 % while the other two samples have a very rand@haviourand a great
reduction in the capacityalue (even less than the 7.

Theseresultsare very interesting in fact the final specific capacity of Nifistine is not

so different from the one of the N#560 (that is almost only NiO, a material just well
described in literature for its applicability in LIEZ0,72)) having,just ¥ of nikel in
terms of massThis could be justified assuming a double mechanism of reaction that
combine a conversion and an intercalation reactionfustiter analysisarerequiredto

demonstrate thisonclusion
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Figure 13 specific capacity in discharge vs cycle number (a) coulombic efficiency vs ¢
number (b) of NiFepristine (black), NiF&50 (red) NiFe320 (blue) and NiF&60 (green)
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