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1INTRODUCTION

1. INTRODUCTION

1.1 TwoO-DIMENSIONAL MATERIALS

Since the successful delamination of graphene by A. Geim and K. Novoselov iff'2064,

interest in the field of nanosheets has tremendously incr&abethe two Russian
researchers were awar de dor gronnelbredkmd experimentsi ze i n
regarding the twalimensional material graphene” in 2040Gr aphene dndayeia f | at
of carbon atoms tightly packed into a 2D honeycomb lattice, and is a basic building block

for graphitic mater i alPsEvea thoughlitwasalteadg Boehthi me n s i
et al . wh oDunnst Kohlénstaff o d nire 62 Geim and Novoselov re

opened up the field of nanosheet research with their achievement of isolating single
graphene layers from the bulk compound graphite, thus confirming the existence of the first
ultimate 2D material which they made amenable to nanosahteation, even without a

substrate. The main challenge in this research lies in the unambiguous characterization of

the existence of monolayers, which was impossible to achieve in the early 1960s. However,

with the help of electron microscopy, Boehmagt show the existence of thin layers as

depicted in Figl.1. Since the delamination of graphene many other inorganic layered
materials have been exfoliated into single layers. The interest in nanometer thick materials

is due to their extraordinary prapies and possible applications, especially in technological
deviced?®™® The exfoliation of twedimensional (2D) bulk materials into monolayer
nanosheets can schematically be seen inlRgrhis chapter will give an overview over

the state of thertiof research conducted in the field of 2D materials with a focus on the
delamination of different 2D materials into nanosheets and possible combinations of
nanosheets to form hybrid compounds by layetayer techniques, which is one of the

objectives dthis dissertation.
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Figure 1.1 Electron microscopy image showing thin foils of reduced graphene oxide flakes, obtained by
H.P. Boehm and cworkers in 1962. Reprinted with permission from referefe Copyright 1962

Zeitschrift fur Naturforschung

2D materials have been some of the most studied compounds in inorganic chemistry owing

to their unusual physical phenomena that occur because of their anisotropic properties and
pronounced size confineméfltl n gener al , Aquas:i 2rganicmat er i al
inorganic or hybrid compounds that exhibit similar atomic organization and bond strength

along two dimensions and less strong bonding along the third diméAdiamosheets or

2D materials are the single layered building blocks from which layéredr Aquas:i 2Do
materials are made. They typically offer dimensions of several micrometers in lateral size

and nanometesized thickness in the third dimension.

Graphene is the most prominent member of the family of delaminated 2D materials and
exhibits exceptional optical, mechanical, electronic, and thermal prop&tti&d.The first
calculations about the band structure of grapheme have already been undertaken by Wallace
in 19473 The properties of graphene differ significantly from those of gated bulk
compound, graphite, and are caused by the anisotropy of the subnanometer thin sheet that is
a material essentially only composed of surface, rather than bulk. However, graphene is
only one compound of a large class of materials that are cothpbsengleatom or few

atom thick layers. In 1960, WalK¥# published his results on exfoliation of a phyllosilicate

and six years later MeSvas synthesized as molecularly thin layer by FritéiAlong with

the publications bDQunnBtekohlenstoff ®n ¢ %whidti werg the h e 7
seminal attempts to delaminate graphite into single sheets, these were the first investigations
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to synthesize single layered materials. Along with the discovery of graphene, its oxidized
analogue graphite oxidbas been studied as well wéft® Graphite oxide consists of
graphene layers that are oxidized and carry hydroxyl, carboxyl, carbonyl and epoxide
groups at the surface, yielding a rstoichiometric compound with C:O ratios of 351"

I Due to tke oxidation and hydration of the layers, the layer distance between the planes
rises from 3.33 in graphite to 6 in graphite oxidé?” To date, graphene is commonly
obtained by chemical reduction of graphite oxide. Mostly hydrazine hydrate is applied a
reducing agert:?¥! whereas reduction has also been shown with NaOH or KbHy

light,®! or thermdf® activation.

Layered compound Colloidal Suspension/
Inorganic Nanosheets

- 7 1
2 % Exfoliation ,rnm
——-
pm
i——
pm :

Figure 1.2 Schematic illustration of exfoliation of a layered bulk compound into a colloidal suspension

containing single layered nanosheets.

In general, 2D materials can be divided into two different classes: layered van der Waals
solids and layered ionic solids layered van der Waals solids the crystal structure features
neutral, singleatom or singlegpolyhedron thick layers with covalent or ionic bonding along
two dimensions and weak dispersive interactions, i.e. van der Waals bonding along the third
axis betveen adjacent layef8.Amongst the materials of this class that have already been
successfully exfoliated are graphéh®, MoS,,*® NbSe,?”?8! and many other metal
dichalcogenides, which are one of the best studied families of van der Waals compound
Especially early transition metal dichalcogenides with the stoichiometry (MX= Ti, Zr,

Hf, V, Nb, Ta, Re etc; X = S, Se, Te) crystallize in trigonal prisms or octahedra that are
connected by edge sharing to form infinite 2D lay@tsin the following some metal
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chalcogenides that have been exfoliated are mentioned:*WSiSe, Y b-FeSd®?
ZnSeP¥ Bi,Se,?! and BpTe;.P**! Other 2D van der Waals compounds that can be
exfoliated are named in the following: hexagonal BN® Ti;C,(OH),, which is called
iMXeneo accor di-likeg2D morphologys” Co(OH)Eorethe &intl phases
CaSp and CaGeto yield SiHe,*>*% SigH3(OH)*Y or GeHg,*? respectively.
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1.2 LAYERED IONIC SOLIDS

Layered ionic solids are the othiarge group of inorganic layered materials that can be
delaminated into single sheets. The groups of Sasaki and Mallouk pioneered this field of
research since they were among the first who realized the potential of these compounds,
which include both thexéoliation of polyanionic and polycationic nanosheets derived from
cation and anion exchangeable materials, respectiV&l§*>! Figure1.3 gives an overview

of the crystal structures of different single layered nanosheets.
;% % c
| “ e

Figure 1.3 Representatioa of single layers of different nanosheets materials: (a) graphene, (b)

hexagonaBN, (c) Co(OH), (d) CaNbsOy and (e) Ti..O. . The green polyhedra represent the different

metal oxide octahedra.

1.2.1 ANIONIC 2D MATERIALS

In this chapter the focugs on anionic nanosheets. Delamination of cation exchange
materials to yield anionic nanosheets has been achieved for many different materials such as
smectite clay mineralé**’! metal phosphatd®>® and metal oxide¥*" In particular,

layered peovskitesi*®52%% titanated®*”! and manganese oxid&2* sparked interest in

metal oxide nanosheets due to their various functionafiti€d.in the following, layered
perovskites are discussed in more detail, since later in this thesis rit@naton of
positively and negatively charged nanosheets will become important, including perovskite

nanosheets that serve as anionic layers.

Threedimensional perovskites have the general formula ABMhereas in most cases,
X=0, A= s, d, f- block metals and B- small transition metal cations. The largeisite
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cations and the anions build a fazentered cubic (fcc) packing and thesiBe ions occupy

Y, of the octahedral voids, building a 3D crystal of costaring octahedra. Layered
perovskitessuch as Diordacobson (DJ), Ruddlesd®opper (RP), and Aurivillius phases,
consist of negatively charged perovskite slabs interleaved with metal cations or cationic
metal oxide layers. DJ phases have the general formula, 8[®s,.1] with negatively
charged layers consisting of JAB,Osn+1]” blocks and intercalated alkali, alkaline earth or
rare earth metal ions (A between the layers, thus compensating the negative layer charge.
RP phases are structurally similar to DJ phases, whereas RP phabéstwshinterlayer
cations per formula unit, thus exhibiting twice the interlayer charge in comparison to DJ
phase$¥ In analogy with RP phases Aurivillius phases possess a charge density of 2
electrons per formula unit, while these compounds featurenaa Bi,O,** layers between

the perovskite slabd®” Among layered perovskites, DJ phases are the first reported
example with iorexchange capabilit§# which makes them interesting and applicable for
the synthesis of nanosheets. By replacing thelayter cation (A") by soft chemical proton
exchange, a proton containing perovskite with the sum formula 18{s,.q] is generated.

This compound can then be exfoliated with the help of bulky organic cations such as the
tetrabutylammonium ion (TBA, which is exchanged for the proton in a neutralization
reaction between Hand OH, thus separating the layers from each offiéf:>*°8¢]
Equation 1.1 describes the equilibrium reaction of capiarion exchanged perovskite and
TBA'OH.

Eq11 "06‘8 16‘8[’)35+1 + "Hou'0z "YO 6‘5 16‘563‘£+1 + "Qlj

A prominent member of DJ perovskites is KRB0, which was first synthesized by
Dion et al'®® and has been one of the first layered perovskites that have been exfoliated into
single sheet®%% Owing to its interesting properties such as superconductivity upon
lithium intercalation into the bulk compouffdl or the ability of photochemical charge
separation for photochemical water splitting for the hydrogen evolution rédctibopm
exfoliation into TBACaNb;O;¢ nanosheets, KGHbsO,9 has been one of the best studied
layered perovskites to date. A structural image of a single perovskite slab obiie@ig

nanosheet can be seen in Aigd.
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1.2.2 CATIONIC 2D MATERIALS

The group of cationic 2D materials predominantly comprises layered double hydroxides
(LDH). The first known LDH, hydrotalcite, was discovered in Sweden in 1842. However,
the accurate molecular formula [ »(OH);6]CO; A4H,0 of the naturally occurring LDH
wasnot published until 1915 by Manasé®.Being the first member of a large family of
compounds, hydrotalcite subsequently gave its name to all naturally occurring LDHSs. Since
1977, hydrotalcite is well known as the active pharmaceutical ingredient aintaeid

Talcid® released from Bayéf®! According to the large group of clay compounds that are

able to exchange <cations from their interl a)

clayso owing to their abil i tdindhermaterialhlange
1942, renewed interest in LDHs arosel00 years after their discoveiycaused by a
publication of Feitknecht reporting omoppelschichtstrukture® Mistakenly, the
structures were assigned to a layer of one metal hydroxigleatated by a second layer of
another metal hydroxide. It was not until the late 1960s that the correct structure of LDHs
was revealed by Allmann and Taylor byrXy diffraction!’”"® Since then it has been
known that both metal ions reside in the samglroxide layer with edgeharing

M"" (OH)s octahedra forming a hexagonal Brueigpe layer analogous to Mg(OH)The

Brucite layers are stacked mdirection with anionic interlayer galleries forming either
rhombohedral or hexagonal polymorphs, wiasrenost naturally occurring LDHs exist in

the rhombohedral fortd® The Brucitetype layers can be stacked in different ways, which
gives rise to a variety of different polytype structures. If the hydroxyl groups of adjacent
layers are located verticallgbove each other, a trigonal prismatic arrangement of the
interlayer region results, whereas an octahedral arrangement forms when an offset of the
OH groups exists. Hence, three different hexagonatlawer polytypes exists, which are
called 2H, 2H, and 2H;.®% Moreover, in LDHs thredayer polytypes exist, whereof two
have rhombohedral symmetry (38&nd 3R) and the remaining seven polytypes (3H

3H;) have hexagonal symmetry. The reason for the arrangement isyBRnetry of most
naturally occurring_DHSs is that this structure allows the formation of hydrogen bonds of
OH groups of both upper and lower layers with intercalated carbonaté®fghsFigure1.4

shows the structure of LDHSs in a hexagonal and b rhrombohedral symmetry respectively.

ani
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Figure 1.4. General structure of LDHs showing the Brudiype layers consisting of edgharing
octahedra (yellow) and the polymorphic stacking patterns: (a) hexagonal and (b) rhombohedral.

Reproduced from referen§e9] with permission from The Royal Siety of Chemistry.

The generic formula of LDHs is described by: 2[MM3*(OH),]® (X", ) AmH,O "
Usually z=2 ands=x. Typical M** cations found in LDHs are &3 Mg*, Zr**, Ni**,

Mn?*, C&* and Fé', whereas typical ¥ cations are AT, C*, Mn**, F€"*, G&*, Cd’™* and

Ni®*. Pure phases of LDHs only exist in the range@x2)0.33, although it has been
reported that LDHs exist in the range Q% 00.5%? Between the metal hydroxide layers,
water molecules and anions are located. Thenanit@mpensate the positive charge of the
Brucite layers, which is caused by the exchange 8ty M** cations®®® The interlayer
gallery space is disordered and the extended network of hydrogen bonds between the
hydroxyl layers, anions and water is dyneatly disordered. In addition, the stacking
sequence is disordered and turbostratic disorder typically occurs in LDHs. All these
phenomena make an accurate description of the structure extremely c8fhplex.
Furthermore, the forces between the layersnateyet fully understood and controversially
discussed in the literatuf¥2%! However, it has been shown that the synthesis of single
crystals of LDHs can be achievEd®® Intercalated anions often are halides,sNGQ? or

COy?, the latter beindy far the most common intercalate in naturally occurring LDHSs.



1INTRODUCTION

However, also LDHs with other anions such as bulky organic mol&féhave been
successfully synthesized. Even silic&®€¥!, metal complexé¥! and polyoxometalat€é

%l have beerncorporated into LDHSs.

The synthesis of LDHs can be achieved in many different ways. The most prevalent routes
are the coprecipitation method, thederx change met h o de fafnéfcTeth.e fme m
coprecipitation method is a op®t synthesis; aqueous solutions of'Mnd M cations as

well as a solution containing the interlayer anions are used as precursors. By adjusting the
pH of the mixed solutions to a value of supersaturation of thelrsateons yields
coprecipitation, and phase separation of the metal cations can be avoided. Fritz Seel
published a logarithmic diagram that displays pH precipitation curves of several metal
hydroxides plotted against the concentrationAt pHs below thecross peaks of two
different hydroxides only one metal hydroxide precipitates, whereas above the peaks phase
segregation occurs. The synthesis of LDHs is mostly carried out under inert atmosphere
since hydrotalcites have high affinity to carbonate. Gdiyeraxcess of the desired
intercalated anion should be present in the reaction mixture to averdeccalation of

anions of the metal salts such as nitrates or halides. The following sequence of affinity of

anion to LDH was established previou&f}:
CO# |1 SOF| OH>F>CI'>NO;s>I

This sequence is also of great importance for the anion exchange method, which is often
applied when the desired intercalated anion is unstable in basic conditions and can thus not
be intercalated by the coprecgtibn method. Critical factors of this method are the above
mentioned affinity of the incoming anion, the exchange medium, the pH value and the

chemical composition of the host lay&fs.

The fAimembegt o of LDHs i s a Vv elasg ofimatérials. est i ng
Calcining of LDHSs leads to the removal of water and interlayer anions to yield mixed metal

oxides. By rehydration of these oxides in water and the presence of anions, LDH structures

form again in which the anions do not necessarilyehmvbe the same as in the previous

ones®™ This phenomenon opens up another strategy for anion exchange reactions if

copreciptation and direct exchange are no viable possibilities.

According to their anion exchange ability, LDHs are used as anion eg@tsafor water
treatments of inorgarfi¢*® and organic contaminants;® nuclear waste management of
fission product§®*1%? and CQ as well as NQ separation and captuf8*'° Besides

applications in adsorption and ion exchangers, LDHs can be used in various fields of
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medicine and biochemistry. As mentioned above, fMgOH),(]COz; AH,0 is used as an
antacid drug. Moreover, LDHs are suitable as controlled release formulé@iB#s), i.e.
pharmaceuticals that release drugs in a retarded fashion, because of their little systemic
effect to the human bod}f® Thus, drug delivery into bowels and retarded release of drugs
and vitamins can be achieved by LD5%! In additionto pharmaceutical applications,
catalysis- mainly base catalysisis a field of application for LDHs. For example flavonone

has been synthesized using a LiAl LB alcohols have been oxidized by gold
nanoparticles supported on LDHY benzene habeen oxidized to phenol by Cu LI}

and MgAl CQ LDH catalyzes luminol chemiluminescence with potential for sensor

applicationd!*®

Annealing of LDHs leads to controlled thermal decomposition of the materials and the
formation of mixed metal oxidesith high surface areas ranging between 113D0m’g

1114 compared to other metal oxidé8'® In the early 1970s BASF showed that such

metal oxides prepared by calcining LDHs containing different metal cations (Mg, Zn, Ni,

Cr, Co, Mn and Al) at 473 723K and partial chlorination can be used as effective

supports for Zieglecatalysts in the polymerization of olefit¥”! Moreover, it has been

shown very recently by the O6Hare group that

the oxygen evolion reaction (OER) in water using visible light!

seecoccscevee LDH single layers
VA VA VA YA

Top down
LA A va va W
(A A L R R R R R RN

VA Y4 YA Ya

Figure 1.5. Scheme of top down and bottom up syntheses for LDH single layers. Reproduced from

referencg119] with permission of The Royal Society of Chemistry.

Recently, a new field of applicatiorig&as been opened up for LDHs. In 2000, Adachi
Pagano et al. were the first who reported on the successful delamination of a ZnAl LDH by
refluxing the dodecyl sulfate intercalated LDH in butdffdl.In general, exfoliation of
LDHs into single layers canebachieved by two different synthetic routes. As shown in

Fig. 1.5, top down and bottom up synthesis of LDH nanosheets is pdsstbfhilst only

10
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a few LDH single layers have been successfully synthesized by bottom up synthesis in
reverse microemulsiosystems?**?¥! the top down method has been applied to many
different hydrotalcites. The first top down synthesis has been achieved by refluxing in
butanol; however, according to Hibiffd' formamide is predestined as solvent for
exfoliation of LDHs. Qving to its ability to penetrate between the Brucite layers, the
molecule breaks the hydrogen bonds in LDHSs. In addition, the polar molecule can interact
with the anions in the interlayer galleries and with the OH groups of the layers. Thus, the

intercalam can be removed, which leads to exfoliation of the material.

20 40 60 80 nm

Figure 1.6. AFM images of different nanosheets with their corresponding height profiles: (a) and (b)

fiTedpp wno e x f'alf iLRH rambsheéts. Reprinted with permission from referefi@s].
Copyright (2010) Amer i camw@le neixcdAl"iLBlW eddashésts. (c) At
Reproduced from referen¢&27] with permission of The Royal Society of Chemistry. (d) and (e) bottom

up exfoliated MAI"' nanosheets Reproduced froefarencfl21] with permission of The Royal Society

of Chemistry.

The charge density of layered compounds is a critical factor that influences the feasibility of
exfoliation. Since LDHs have significantly higher charge densities compared to other

layered ompounds, e.g. 0.04flectrons ped? for Zn"Al" NO; LDH™?® compared to
0.0080.010electrons pel? for hectorite (Nas(Mg,Li) 3(SikO10)(F,OH)), °*?Vit has been

shown that the synthesis of LDH nanoplatelets is more difficult than exfoliation of other
compound®®!® However, several different LDHs such as 'Mg" % cd'al™ 13U

NiIIA|”|,[132] FéIA|”I,[132] Li IA|III,[133] COIIFéII,[134] COIICOIII[135] and CdNiIICOIII LDH[136]

have been exfoliated -bygwndd ftf ecemitdye snodMd $ te

11
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about exfoliation of LDHs show the presence of thin films instead of delamination down to

single layers. Simultaneously, thetdeal particle size is mostly in the range of several

hundreds of nanometers in comparison to several microns in other compounds. In

Fig. 1.6a,b nanosheets of Mil" and Md'Al"" LDH (Fig. 1.6c) are representatively shown

to put the todr rmhDfHesxf olnitat ipeemr spective compare
clearly be seen from these AFM images, the height of the sheets is between 1Gnand 2

and the shape of the particles in lateral as well as vertical direction is rather irregular.

Taking the cystallographic thickness of Brucite layers of OB into account, exfoliation

down to single |l ayers stil-bpdemghtbesa schafl
nanosheets that is carried out by coprecipitation in reverse microemulsions yields similar

realts as the tojlown process. An AFM image of the nanosheets and the corresponding

height profiles can be seen in Fig6d and e. These results show the challenges of current

research to produce walkfined cationically charged nanosheets delaminatedh do

single layers.

12
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1.3 SILOXENE

Siloxene is a general term for layered silicon oxidiated compounds with a stoichiometry
close to SH3(OH)s, which show structural differences as well as differences in the atomic

connectivity of the silicostbasedayers, namely Wohler siloxene and Kautsky siloxene.

In 1863, Friedrich Wohler synthesized the Zpllase compound CaSrom crystalline

silicon, calcium chloride and sodium. He tested the obtained product for stability in
different acids and claimedtha i t s behavior in hydro®h!l oric a
He observed strong hydrogen evolution when ¢afis immersed in aqueous HCI and
received a yelloworange powder after completion of the reaction. He called the new
productSilicort later it was named Wohler siloxene after its discoverer whereas its correct

term regarding IUPAC nomenclature isD2Poly[1,3,5trihydroxyhexasilanel*® CaSp is

a Zintkphase; these are composed of an electroposii)eafd an electronegativeX)(

metal and feafre significant heteropolar binding character. Hence, the valence electrons of

M can formally be transferred tX, yielding compounds with formal chargdg®X.

Typically, M is an alkali, alkalineearth metal or a lanthanide aKds a metal or semimetal

of p-block elements of group HV. The structure of the ionic compounds is dependent on

the (8N) rule™* Here, N is the number of valence electrons of the Zintl anions that-are (8
N)-fold coordinated. In the case of O&Si),, Si formally has five alence electrons and

is thus (85) = 3-fold coordinated yielding a corrugated layered structure similar to the one

of grey arseni€-®1%IC#* ions are intercalated between the silicon layers. By side and top

view Figs.1.7 a, b and c, d schematicallyosv the layered structure of Ca@ind Wohler

siloxene, respectively. As illustrated in Fig7 a and c, upon deintercalation of theé*'Ca

ions and substitution by hydrogen as well as hydroxyl groups; fipacing of the silicon

backbone increases from1% in CaSj to 5.4 6.2A in the resulting siloxeng3814+143]
The synthesis of siloxene is achieved in a one step method [@a@ier is immersed in
ice-cooled concentrated HCI solution and stored in the dark for reaction for several hours
until hydrogen evolution has stopped:*? Similar to the synthesis and structure of
Wohler siloxene, another layered silicon structureéheut oxygen, polysiline, can be
obtained. By carrying out the synthesis of Wohler siloxene4@8t’C rather than at
0- 25°C, hydrolysis of the silicon compound is largely avoided and thus polysibiHdSi
is generated. Equation 1.2 describes thestee synthesis of Wohler siloxene. However, it
can be split in two separate reaction steps. Firstly 1B, a topotactic reaction takes place

removing the C& ions by solvation from the host lattice. During this procegBleSand

13



1INTRODUCTION

CaCl (aq) are formed. Ae second step (Efj.4) describes the hydrolysis of polysiline that

occurs only at temperatures at or aboV€ (8!

Eql2 363YQ+ 6" ADACH + Q0 O "YPQ 604+ 3'Q+ 36¢BG(6H)
Eq13 363YR+ 6'GYM) © "VPQ + 3 6B (CH)
Eq14 SiHg+ 3H,0© SigHs(OHs+ 3 H,

Figure 1.7. Crystallographic structure of CaSi(a) side view and (b) top view onto a layer; Wohler
siloxene (c) side view and (d) top view onto a layer. (a) and (c) show the corrugatedj$sforming the
layered structure. Yellow, green, red and white spheres indicate silicon, calcium, oxygen and hydrogen

atoms, respectively.

The synthesis of Wohler siloxene is controversially discussed in the literature. Whilst
Detlaff-Weglikowska et B**? claim that the reaction has to be carried out % @or three

hours, Weiss et al. obtained single crystals of Wohler siloxene at room tempefétiire

14



1INTRODUCTION

latter mentioned that the oxygen content can be enriched in the product by higher

temperatires and longer reaction times, leading to a sum formulagbk.OH)z.x With
x > (0[138.144]

In addition to Wo6hler siloxene a second modification, Kautsky siloxene, exists. In contrast
to Wohler siloxene the exact structure of this modification hayetabeen determined. In
1921, Kautsky published his findings on the Wohler compound that he obtained under
Adefi ned e dynthesizechtisedsiloxene in an EtOb@#tonc. HCI solution

and obtained a whitgreenish powder, which he later callsitbxene. He suggested the
structure shown in Fid..8 ¢ based on elemental analysis and its chemical behavior against

bromine and oxidizing agents, especially aitfs-*®

Figure 1.8. Smallest periodic 2D building block of (a) Wohler siloxene, (b) polysiline and (c) Kautsky
siloxene. Yellow, red and white spheres represent silicon, oxygen and hydrogen atoms, respectively. Note
that half of the hydrogen atoms in (b) and (c) lie abovkledf lie below the Si plane.

In Kautsky siloxene the silicon forms sidgs but in contrast to the structure of Wohler
siloxene and polysiline (Fid..8 a and b), the &rings are interconnected by oxygen to
form an infinite 2D network. The hydrogeés bound to the silicon atoms alternately above

or below the layer. However, the accurate composition was not determined until 1999 by
Kurmaev et al. based on Si4x-ray emission spectroscopy (XESY! Hence, the Kautsky
siloxene consists of 60.7% tife compound Kautsky proposed, 20.5% e%#HD; units and
18.8% of HSI-(SiO,) units. The SIO-Si bond angle of 180° in the idealized structure in

Fig. 1.8 c is controversially discussed in the literature. According to DafMefflikowska

15
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et al. the energreally most favorable bond angle deviates from 180°, leading to a loss of
the planar structure, whereas Gallo mentions that the 180° bond angle leads to ring strain

that reduces the activation energy for rearrangement realffots!

Little has yet ben done on the elucidation of the siloxene structures by-stlid NMR
spectroscopy. Only Brandt, Ready and Boyce reported on their results conc@siing
nuclear magnetic resonance of luminescent silf®8hn their work they compare the peak
positions of**Si NMR of siloxene to those of crystalline, amorphous, and porous silicon as
well as SiQ, concluding that aprepared Wohler siloxene consists of a Si threefold

coordinated planar structure and an additional oxide phase.

Due to their layered stoture, siloxene and polysiline have attracted attention recently in
the field of nanosheet research. Nakano et al. reported in 2005 on nghglO&i);
nanosheets exfoliated by using the organic surfactant dodecyl s$tifataereby, they
opened up a nevield of research in silicon based nanosheets. In 2006,-dd@gd CaSi

(CaSi sMgo.19) Was exfoliated in propylamine hydrochloride solutioi.In order to obtain
oxygen free nanosheets, subsequent research focused on the exfoliation of polysiline.
Hence, SHs was exfoliated by reacting it with-decylamine to form SN linkages and
simultaneous exfoliatioR” Later, polysiline nanosheets were obtained by forming-@ Si
bond either by Grignard reaction or hydrosilylati§ft*? Since the mentiomeresults are

the only ones that were obtained forlised nanosheets, summing up it can be said that

little has been undertaken in this area of research as yet.
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1.4 LAYER-BY-LAYER ASSEMBLY

The design of solids with tailenade properties is a keghallenge and a major driving
force of current research in chemistry and materials science. In classicabktatdid
chemistry mainly relying on higtemperature and higbressure reaction protocols, the
spectrum of products is typically limited due to tdependence of the synthesis on
thermodynamic principles. In contrast, soft chemistry takes advantage of low reaction
temperatures and hence kinetically controlled reactions, and thus opens up new synthetic
routes based on preformed building blocks to ter¢ailormade artificial solids. Despite a

lack of stability of many products synthesized by soft chemical protocols, especially the
precise control over the composition of artificial solids is of great interest. This enables the
design of materials thare inaccessible by conventional synthetic routes with combined
properties of their constituent building blocks. The discovery of 2D nanosheets as
preformed building blocks for hierarchical superlattices has taken up pace recently and was
particularly devioped by the pioneering work of Mallouk et!&i#*541%3%8 and Sasaki et

al %51 The broad scope of layered materials ranging from van der Waals solids such as
graphene to ionic solids like metal oxides and hydroxides, the-tgykayer methoddraws

on a huge source of building blocks leading to a seemingly infinite variety of new
multifunctional materials. In general, the combination of nanosheets to yield hybrid
materials can be achieved by three different synthetic routes: flocculatiompstaiit
layerby-layer (LBL) deposition or by the Langmtilodgett (LB) method. In Figl.9 the

three different synthetic routes are schematically depicted.

Flocculation yields randomly stacked, partially micemd mesoporous nonaocomposites
based on gpositely charged nanosheets. The hybrid compound is synthesized by mixing
the colloidal suspensions of nanosheets. The negatively and positively charged nanosheets
and counterions restack immediately upon mixing of the suspensions, building
interstratifiedheterostructures which typically lack welkéfined structures of the interlayer
gallery as well as of the overall compoutfd. However, the flocculation method can be
used to synthesize functional materials for electronic devices such as supercéatitors

or Li-ion batteries!®! photoluminescent materidi&*°® and photocatalytically active
compounds where pronounced structural order and a particular stoichiometry are less
important**” In order to obtain hybrid compounds with defined surtes, the electrostatic
sequential assembly or Langmiitodgett method are applied. Decher developed the

electrostatic sequential deposition (ESD) technique to fabricate polymer films based on

17
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oppositely charged polyelectrolyte®! | ater this method @s extended to other materials

such as proteins and colloidal nanoparti€i®s. This generic method relies on the
electrostatic attraction and repulsion of the particles used and thus sequentially deposited
single layers of different materials can beadhd on a predefined surface with a high level

of control. As shown in Figl.9b the adsorption step of cationic and anionic particles is
applied sequentially in order to obtain precise control over the nanoarchitecture. Nanosheets
obtained from layeredonic solids are suited well for this technique because of their
negative or positive layer charge. In this sense, charged nanosheets can be considered as
Ai norganic polyelectrolyteso. As described
developed to asséste polyelectrolyte§®® Subsequently, polyelectrolytes and nanosheets

were assembléd®®**®)p e f or e finanosheet onlyo multilayer

be discussed in more detail in chaptéy %"

Figure 1.9.lllustration of different soft synthesis methods to obtain multilayer materials from nanosheet
building blocks: (a) flocculation, (b) electrostatic sequential deposition (LBL) and (c) Lanhodigett

method. Nanosheets are deposited on a substrate (grey rectangle) in nigthod<(¢).

In contrast to ESD, the LB method can in principle be applied to any kind of nanosheet and

does not depend on the surface charge of the particles. This technique relies on the
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increasing particle concentration and simultaneous decrease clutfaze area of the
solvent. Therefore, an amphiphilic molecule is necessary, which is present in concentrations
below the critical micellar concentration (CMC) to avoid the formation of micelles.
However, it has been shown that LB deposition could beeweti without the use of
amphiphiles!”™ As depicted in Figl.9c a colloidal suspension below CMC forms a
monolayer of the particles at the sovairtinterface. By compressing the surface area with
the help of a sliding barrier in a LB trough the mayelr at the surface becomes densely
packed and can thus be transferred to a substrate that is vertically dipped into or lifted out of
the suspensiofi. By repeated deposition of the same or different particle layers on top of
each other multilayer assendd can be achieved. Using the LB method different multilayer
lattices composed of nanosheets have already been achieved yielding films with interesting
properties such as photoconductiVit’” highk dielectric propertids®*™ or

ferroelectriciy.*8%
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1.5 OBJECTIVE

The synthesis of nanosheets and the formation of hybrid materials built of single layers has
attracted much attention during the last years due to the expected versatile properties
exhibited by nanosheets and their hybrid lattiGas] the high level of control that is
inherent to the nanoscale assembly process for the fabrication of complex solids. Especially
in electronic devices small components are necessary in order to enhance the performance
of these devices, and miniaturizatits a key challenge which can be tackled by employing
nanosheet rather than bulk materials. According to their anisotropy and thickness in the
nanometer range, hybrid compounds synthesized from nanosheets are suited very well for
application in such devis. A large variety of different nanosheets is indispensable for the
extension of the nanosheet toolbox and their combination usingdgytayer techniques.

In addition, analysis of the parent bulk compounds of nanosheets and the structure of the
hybrid materials is of high interest in order to understand the properties of the compounds
and to optimize synthetic requirements. Therefore, this dissertation is divided into three
main chapters that include the synthesis and identification of positively chaagesheets,

the formation of multilayer stacks including-depth analysis as well as investigation and
organic modification of the layered compound siloxene. In the following, the content of the

chapters are discussed in more detail:

In nanosheet resedr positively charged nanosheets derived from layered double
hydroxides are of particular interest since the fabrication of multilayer films by ESD
requires anionic and cationic nanosheets. To date cationic nanosheets, precisely LDH
nanosheets, are stiltarce in comparison to their anionic counterparts. Hence, chapter 3
focuses on the exfoliation of MnAl LDH into nanosheets to extend the toolbox of cationic
single layered materials. In addition, the LDH nanosheets were restacked with graphene
oxide by flacculation to yield a hybrid compound that may be interesting for electronic

applications.

In comparison to flocculation, which cannot be used to synthesizedefelled structures,
chapter 4 is focused on ESD to yield ordered multilayer films composegpafsitely
charged nanosheets. Therefore, MnAl LDH and TBMNBgO,, nanosheets were
sequentially assembled on a substrate to yield-deflhed hybrid multilayer films. In this
part the synthesis as well as thedepth analysis of the formed compound is of interest.

Analysis was achieved by transmission electron micqmscand electron energy loss
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spectroscopy of the prepared stacks to determine the exact structure of the multilayer stacks
on the molecular level. Knowledge of the exact structure and composition of the
compounds including voids and defects is importamtrder to understand the properties of

the materials and to optimize the synthesis conditions for the design of future hybrid stacks.

The third goal of this thesis is the synthesis of nanosheets obtained from Zintl phase
calcium disilicide and the analystf the parent bulk compound siloxene, which is both
discussed in chapter 5. Silicon is one of the most important semiconducting materials and
little work has been done in the synthesis of single layered silicon based compounds as yet.
By reacting CaSiwith aqueous HCI the layered compound siloxene forms, which can be
soft chemically exfoliated into alkyl modified single sheets. Nevertheless, since Wohler
siloxene rearranges into Kautsky siloxene under ambient atmosphere and in the presence of
light, to daé no detailed solidtate NMR investigation has been undertaken in order to
elucidate the structure of these compounds or mixtures thereof, respectively. On that
account &°Si NMR study accompanied by IR and Raman spectroscopy is carried out to
determineand study the composition of this compound. This is essential not only to
understand the structure and composition of the bulk compound, but also the structure of the

nanosheets derived from siloxene.
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2 CHARACTERIZATION METHODS

2. CHARACTERIZATION METHODS

2.1 X-RAY DIFFRACTION

X-ray diffraction (XRD) is a method that enabldgse characterization of samples with
regards to their phase purity, crystallinity, particle size, symmetry and structure. The
incident Xrays are scattered by sets of crystal lattice planes, which is geometrically
described by the Bragg IaiW:

Eq2l &_=20°9—

Here,n is the diffraction ordera-is the wavelength of the incidentrdys d is the distance
of the lattice planes and is the Bragg angle at which constructive interference occurs.
Figure2.1 schematically outlines the Bragg diffraction of incidenta)s from parallel

lattice planes.

)
)

Figure 2.1.Schematic representation of Bragg diffraction.
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2 CHARACTERIZATION METHODS

X-ray diffraction of lagred materials is of particular interest since these exhibit
characteristic (0 reflections corresponding to the baskdpacing of the lattice planes
resulting from the stacked layers. In addition, small angle XRD can be operated in order to
analyze theperiodicity of restacked 2D materials and multilayer heterostructures with large
d-spacings . In contrast to layered bulk compounds, true 2D materials show three main
differences in the XRD pattern: a) onlgkQ) reflections occur, b) the shape of the dgra
reflections is asymmetrical (smalled Warrertype peak profiles) and c) the locations of the
peaks are slightly displaced from those of the bulk comp8tthdhe reason for a) is
obvious, since no periodicity ia direction exists, while b) and c) result from anisotropic
effects of the nanosheétswith the help of XRD, 2D nanosheets can be distinguished from

their bulk material on the one hand, and from restacked nanosheets on the other.

X-ray diffration experirents were performed on the following diffractomet@nsthis work

CuKgy sradiation withe= 1.540562A was used for all measurementsluber G670 (Huber,
Rimsting; Ge(111)monochromator, external standard §iOGuinier Imaging Plate
diffractometer; BrukerD8 Avance diffractometer (Bruker AXS, Madison) in Bragg
Brentano geometry; STOE diffractometers (Stadi P and Stadi P Combi, both in transmission

geometry).

2.2 ATOMIC FORCE MICROSCOPY

Atomic force microscopy (AFM) is a method that has been developedtharmaaterize
surfaces of materials. The AFM scans the surface of a compound with a scanning probe,
which is attached to a cantilever and brought into proximity with the sample. The forces
that occur between surface and tip lead to a deflection of the esamtibccording to

Hookebds | aw:

Eq22 "O= @

k is the spring constant of the cantilever andhe deflection. The deflection of the
cantilever that distorts irdirection is measured by a photodiode. By converting this signal,
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2 CHARACTERIZATION METHODS

a topographic image of the surface is generated. An AFM can be run in three different

modes: contaemnode, intermittertontacimode and noitontactmode.

Figure2.2 shows a Lennatdbnes potential, which describes the interactions between the
sample andhe scanning probe in more detail. The forces that occur are essentially van der
Waals forces that are attractive and contact forces that are repulsive. Schematically the
areas of interest are sketched when measured in coatattintermittentontactmocke.

Upon approaching the sample probe to the surface attractive forces occur, which lead to a
snap on of the cantilever to the surface of the sample at the minimum of energy. Upon
further decrease of the distance, repulsive contact forces surmount tbievatfaces. The
contactmode of AFMs is carried out in the labeled area in Eig.from the snap on to
smaller distances, whereas intermitteahtactmode is run at the opposite side of the snap

on point. Norcontactmode is also conducted in the afe@m snap on to higher distances
between sample and tip, whereas in this mode no snap on occurs. In the following, the

different modes are explained in more detail:

Force/
Potential

Repulsive

Snap on

Attractive

Contact-Mode
Intermittant-Contact-Mode

Figure 2.2. LennardJones potential showing the force/potential vs. distance curve dretasmple

surface and scanning probe. Labeled areas are representative for eomtaictermittentontactmode.
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2 CHARACTERIZATION METHODS

Contactmode In contactmode the sample probe is always in direct contact to the sample
surface. This mode can be divided into constarghteind constant force mode. The former

is characterized by the constant height of the cantilever during the measurement. Since the
cantilever is fixed, different absolute values of forces occur during the scan and hence
different bending of the cantilevaappears. The signal of the different forces is then
detected and a topographic image is produced. The second mode is the constant force mode,
i.e. the force of the cantilever is fixed and hence the sample probe is lifted bpide in

a way that the e bending of the cantilever occurs. In this case the topographic image is
generated by converting thepiezo signal of the cantilever. Contanbde was the first
developed mode for AFM and is applicable for rather flat andaubesive surfaces since

in other cases the tip suffers from scratching at the surface.

Non-contactmode In this mode the cantilever is not in contact with the surface but the
occurring attractive forces are detected. Furthermore, this is a dynamic AFM mode, i.e. the
cantilever is osillated at its resonance frequency. During scanning of the sample the
oscillating cantilever interacts with the surface and hence the oscillating frequency as well
as the amplitude change, which is both detected and transferred to produce a topographic

image.

Intermittentcontactmode Similarly to noncontactmode, this mode is a dynamic
operating mode. The cantilever is oscillated near its resonance frequency and scanned
across the sample. In most cases the exciting frequency is slightly below thanceson
frequency because upon approach of the sample probe to the surface, the amplitude of the
cantilever decreases and thus the oscillating frequency increases and shifts towards the
resonance frequency. However, in contrast to-camactmode, the tip isntermittently in

contact with the surface (see Fig2 snap on). The topographic image is generated by
imaging the variation of the oscillating frequency and thus the forces applied to the

cantilever.

All measurements in this thesis were performed termittentcontactmode usin@®MCL-
AC160TS (Olympus Co., Tokyo) cantilevers. Measurements were condeithed on a
MFP-3D AFM (Asylum Research, Santa Barbara) or on a Nano Wizard AFM (JPK,

Berlin).
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2 CHARACTERIZATION METHODS

2.3 ELECTRON MICROSCOPY

Electron microscopy (EM) relies on the same physical principles as visible light microscopy
(VLM). However, according to the shorter wavelength of electrons compared to visible
light, the resolution of EM reaches down'td A" compared to a minimum rdstion of

ca. 200nm in VLM. Similar to VLM, in EM the incident beam is focused by different

condenser lenses and apertures.

An electron beam impinges on the sample and thus the electrons interact with the specimen.
EM is carried out under ultra high vacayUHV) conditions in order to avoid interactions
between the electrons and gas molecules. ZZ8y.schematically shows the possible

processes that can occur during electron bspetimen interaction.

Electron beam
AE

BSE SE

X-rays

light

e
/ Excitations

ES ISE
\4

TE

Figure 2.3.Schematic drawing of the signals in étea microscopy resulting from electron beaample
interactions. BSEbackscattered electrons; ESEastically scattered electrons; TEansmitted
electrons from the primary beam; ISHelastically scattered electrons; ABuger electrons;

SE: secondary electrons.

2.3.1 SCANNING ELECTRON  MICROSCOPY AND ENERGY-DISPERSIVE  X-RAY
SPECTROSCOPY

Scanning electron microscopy (SEM) and enedppersive Xray spectroscopy (EDX)
were applied in order to elucidate the morphology and composition of theesarimp5EM

an electron beam, typically accelerated by voltages between 1 &&¥/3% scanned over
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2 CHARACTERIZATION METHODS

the sampleSecondary electrons (SE) and backscattered electrons (BSE) are detected. The
BSE vyield elemental contrast information and the SE produce gregguc image of the
sample. An EDX detector can be coupled to a SEM in order to elucidate the local chemical
composition of the sample. With EDX-pbays, generated in the sample from the incident
electron beam, are detected. The energies of the deteetaysXare specific for every

element due to the different atomic shells.

All measurements were performed on a JEOL 6500F microscope (JEOL, Tokyo), which is
equipped with an EDX detector (Model 7418, Oxford Instruments, Abingdon) and exhibits

a maximum acceration voltage of 4QV.

2.3.2 TRANSMISSION ELECTRON MICROSCOPY

Transmission electron microscopy (TEM) obeys the same principles as SEM, whereas in
TEM acceleration voltages between 80 and I8®@ are used and not just SE and BSE can

be detected. Sampldkat are measured by TEM are prepared to be not thicker than ca.
100nm so that transmitted electrons (TE) from the primary beam, elastically scattered
electrons (ESE), and inelastically scattered electrons (ISE) can be detected in transmission
mode. Theselectrons are focused and separated by several lenses and apertures between
the sample and the detector. The schematic structure of a TEM is depicted ir2FEgime

the back focal plane of the objective lens the diffraction pattern is obtained, \shioéni
enlarged by intermediate and projector lens. According to the different electrons that are
generated in TEM, this technique offers various modes to measure the electrons and thus to
get diverse information about the sample. These modes include-feeigh(BF) and dark

field (DF) TEM, high resolution (HR)TEM, scanning (S)TEM and haigle annular dark

field (HAADF) STEM, which are discussed in the following:

BF: In this mode any scattered electron is blocked by apertures and only TE are detected.
Thus, areas that exhibit higher scattering than others appear dark in the resulting image
because the scattered electrons are captured. This effect is called thickness contrast.
Another effect also plays a crucial role in imaging modes: Elements with hadbweric

number,Z, than others lead to stronger scattering and thus appear darker in BF mode.

DF: This imaging mode is inverted compared to BF imaging. Hence, the TE are blocked by
an aperture and only scattered electrons are used for imaging. Thetebier, tegions of

the sample and elements with higlappear bright in this mode.
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Figure 2.4. Schematic depiction of the components of a TEM including the electron beam path in
diffraction (left) and imaging (right) mode. Reprinted with permission from refef@ic€opyright 2008
John Wiley & Sons.

HRTEM With the help of HRTEM samples can beeéstigated with feature sizes down to
the atomic scale with a resolution 0D<.nm®”! This mode operates without apertures so
that both, scattered and unscattered electrons are detected and contribute to the image. By

tilting the specimen in zone axihe lattice planes of the sample can be made visible.

STEM In this mode a convergent beam is scanned across the sample and only TE are
detected. Depending on the angle of the scattered electrons a BF, DF or an HAADF detector
is used. The latter allowse determination of different elements since the intensity of the

signal at high angles is proportional to the square of the atomic ndmber

In addition to the imaging modes, analytical techniques such as EDX and electron energy
loss spectroscopy (EELS)ene performed with TEM. EDX has been discussed in chapter

2.3.1. With EELS transmitted inelastically scattered electrons and their energy losses are
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detected with a spectrometer yielding high spatial and energy resolution. Eiggieows

an exemplary EElspectrum, which can be classified into three main regions:lasso

peak (ZLP), low energy loss and high energy loss region. The ZLP occuesVainQall

spectra and mainly consists of unscattered electrons, which did not undergo energy loss
processes.In addition, phonons resulting from qua&sastically scattered electrons
contribute to the ZLP. The low loss region is located betweeB@eV and is dominated

by oscillating electrons (plasmons) of the solid. The third region occurs at energy losses
higher than 5@V and is called higlenergy loss or core loss region. This region is used to
determine the inneshell electrons that are excited to higher energy levels and are
characteristic for every element. The resulting edges from energy losseschte asatify

the local elemental composition of the sample.
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Figure 2.5. EEL spectrum showing the three main regions: ZLP, low energy loss and high energy loss
region as well as some exemplary edges. Reprinted with permission from ref@le@apyright 2009

Springer Science+Business Media.
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In this work, TEM was applied in BF, DF, HAABSTEM mode coupled with EDX and

EELS. Therefore, different microscopes were used as listed in Table 2.1.

Table 2.1.Instrument data for the transmission elentmicroscopes used in this thesis.

Microscope Parameter

Philips CM30 ST
(Philips, Amsterdam) LaBs cathode, 30&eV
JEOL 2011

(JEOL, Tokyo) LaB; cathode, 20&eV

Field emission gun (FEG), 30@V
FEI Titan 86300 (S)TEM EDAX Sapphirg(Si(Li) detector (EDAX) Mahwah)

(FEI, Hillsboro) HAADF-detector (FISCHIONE INSTRUMETNS (Mode!|
3000)); Tridiem energy filter (GATAN)

High-brightness XFEG, 300keV, two aberrations for the
probe and image forming lenses, Ga&lR (model 866)
spectrometer

FEI Titan 806300 Cubed (S)TEM
(FEI, Hillsboro)

2.4 VIBRATIONAL SPECTROSCOPY

2.4.1 |INFRARED SPECTROSCOPY

Infrared (IR) spectroscopyas carried out either on a Spectrum BXII-IR (Perkin Elmer,
Waltham) or on a IFS 66v/S (Bruker, Madison) spectrometer. On the lattéraspeter the
samples were measured in form of KBr pellets. Thereforen8)®&Br and 3ng of the

sample were thoroughly pestled and pressurized using a hand press with a press capacity of
10KN.

2.4.2 RAMAN SPECTROSCOPY

Raman spectroscopy was performedaodobinYvon Typ V 010 labram single grating
spectromete(Horiba, Singapore)equipped with a double super razor edge filter and a
peltier cooled CCD camer&pectra arerecordedin quastbackscattering geometry using
the linearlypolarized632.817nm line of a He/Ne gas las&ith power less ttn 1 mW,
focused on d0pum spot through a 50x microscopéjective on to the top surface of the

sample
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2.4.3 UV-VIS SPECTROSCOPY

UV-Vis spectroscopy was carried out on a Cary 500 spectrophotometer (VariaAJtBalo

in order to obtain the absorption spectra of the samples. To calculate the optical band gaps
of the samples the spectra were recorded in absorbance mode and converted into the diffuse

reflectance (R) that was obtained by Kubelkank function:

n _ (102
F(R) was plotted against the photon energy. By applying a linear fit to the absorption edge
the band gap was obtained.

2.5 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Nuclear magnetic resonance (NMR) spectroscopy is an analytichbdh#tat investigates

the local structure of compounds. All nuclei with a spin that deviates from zero have an
intrinsic magnetic moment and can therefore be used for NMR spectroscopy. By applying
an external magnetic field to a nuclide, an interactiowéen the two appears leading to a
resonance frequency, which is dependent on both, the external field and the intrinsic
magnetic properties of the nucleus. This resonance frequency is called Larmor frequency
(3L), which is described by the following equoati

Eq.24 'y= [ -6,

2: gyromagnetic ratioB, : magnitude of the magnetic field.

2.5.1 SOLUTION -STATE NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

In solutionstate NMR Brownian motion of the dissolved molecules occurs. This motion
averages out anisotropic properties of the sampi¢sand °C solution state NMR were
recorded as single pulse measurements in gB€h JEOL DELTA NMR (JEOL, Tokyo)
with respect to TMS as external standard.
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2.5.2 S0LID-STATE NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Since in solidstate (ss) NMR anisotropic effects such as the orientation of an isotope with
respect to the external magnetic field cannot be averaged outosniBn motion, line
broadening of the signals occurs. The orientation of the nuclei to the external magnetic field

is described as dipolar coupling by the following equation:

Eq 2.5 §’6:4—f’ 3cof— 1°1 3

gB : variation in the local magnetic fieldso: permeability of free spaceg : magnetic
moment of the nucleus, : distance vector and: angle between and the direction of the

external magnetic field.

In solidstate NMR magic angle spinning (MAS) #@pplied to average out the dipolar
coupling and anisotopic interactions. The andke54.74° complies with the condition
3cogdi 1= 0 and, hence, the dipolar interactions are averaged out and disappear from the
recorded spectrum. The dipolar coupling $s NMR can be divided in homand
heteronuclear dipolar coupling. Other factors that influence the line broadening in ss NMR
are chemical shift anisotropy (CSA) and quadrupolar coupling. The second order
quadrupolar interaction can be minimized by spmueters with high induction and thus

high Larmor frequency, since the quadrupolar coupling is inversely proportionaf'to

In addition, in some measurements cfpskarization (CP) was used to increase the signal
intensity of isotopes with low abundzand/or low gyromagnetic ratio (e§Si). In this
technique the polarization of a more abundant isotope (mbstly used) is transferred to

the rare nucleus leading to an intensity increase.

'H and?°Si ssMAS NMR spectroscopy was carried out on a BRUKER DSX500 Avance
spectrometer (Bruker, Madison) with a proton resonance frequency dfll39Qusing a

4 mm MAS-rotor (ZrQ,) in a 11.75T magnet field with a spinning frequency okidz.

2.6 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) was used to identify surface compositions of
samples, the chemical environment and hybridization/oxidation states of the elements
contained in the sample. The measurements were performed on an AxigKu#ras

Analytical, Manchester) Xay photoelectron spectrometer.
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2.7 MAGNETIC MEASUREMENTS

Magnetic measurements were carried in order to elucidate magnetic susceptibilities of the
samples. The measurements were done on a SQUID magnetometer type MPMS 7

(Quantum Design, San Diego).

2.8 ELECTROCHEMICAL MEASUREMENTS

To explore the electrochemical behavior of the samples, cyclic voltammograms (CV) and
galvanostatic charge/discharge curves were collected. For the measurements, the analyte
was pestled wit a few drops of ethanol, acetylene black and poly(tetrafluoroethylene) in a
mortar. The obtained paste was the transferred onto a Ti foil and dried@ti®@ vacuum

oven. The measurements were then carried out in a flat cell using Pt as countedeslectr

and a saturated calomel electrode (SCE) as reference. CV measurements were carried out at
scan speeds of 2 to 26®vs® with up to 500 cycles. Potentiostatic and galvanostatic
experiments were conducted using a Solartron S| 1287 ElectrochemicaldatStdartron
Analytical, Kingston on Thames) or a Princeton Applied Research VersaSTAT
electrochemical workstation (Princeton Applied Research, Princeton).

2.9 ELEMENTAL ANALYSIS

Elemental analysis (EA) was applied to elucidate the chemical compasitioa materials.

2.9.1 INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTROSCOPY

Inductively coupled plasma atomic emission spectroscopy-fE8) was carried out on a
VISTA RL CCD simultaneous IGRAES analyzer system (Agilent Technologies,
Waldbronn). Thezfore, the analyte was dissolved in oxidizing acids and the solutions were
applied to the instrument. By inductively coupled plasma, the solution was then fragmented

into its components and analyzed by atomic emission spectroscopy.
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2.9.2 CHNSANALYSIS
C/HIN/S EA was performed on an Elementar vario EL (Elementar Analysensysteme,

Hanau).

2.10 LIGHT SCATTERING EXPERIMENTS

Dynamic light scattering (DLS) and zeta potential measurements were performed to reveal
particle sizes and the surface potential of cddibparticles. The measurements were carried
out on a Malvern Nano ZS Zetasizer (Malvern, Worcestershire). The zeta potential

measurements were analyzed using the Henry equation:

. 2-0Qu W
Eq. 26 "= &
3—
U: dielectric constantz: zeta potenial; f(Ka):He nr y 6 s df viscosity. i o n ;

I n agueous medi um Henryods eqguation equal s

approximation and 1.0 in organic solvents according to the Hiuckel approximation.

2.11 PHOTOLUMINESCENCE MEASUREMENTS

Photoluminescence measurements were carried to determine emission maxima of the
samples. The samples were measured as powders in reflection mode with an excitation
wavelength of 36@m. The measurements were run on an USB 4000 spectrometer (Ocean

Optics, Dunedin) using an excitation wavelength of 360.

44



2 CHARACTERIZATION METHODS

2.12 BIBLIOGRAPHY

[1]
[2]

[3]
[4]
[5]

[6]

[7]

[8]
[9]

W. H. Bragg, W. L. Braggiroc. R. Soc. London, #9013 88, 428438.

R. A. Gordon, D. Yang, E. D. Crozier, D. T. Jiang, R. F. FriRtitys Rev B 2002
65, 125407.

D. Yang, R. F. Frindt). Mater. Res1996 11, 17331738.
M. Haider, S. Uhlemann, J. Zadbitramicroscopy200Q 81, 163-175.

D. Brandon, W. D. Kaplan, iMicrostructural Characterization of Material2008
pp. 179260.

P. C. Tiemeijer, M. Bichoff, B. Freitag, C. KisielowskiJIltramicroscopy2012
118 3543.

P. C. Tiemeijer, M. Bischoff, B. Freitag, C. KisielowskiJtramicroscopy2012
114, 72-81.

D. B. Williams, C. B. CartefTransmission Electron Microscop09 680.

M. A. Fichera, Fest k®°r per T N MR T Untersuchung
Abbauprodukten von flammgeschitzten Polymeren, B208

45



3 LAYERED DOUBLE HYDROXIDES

3. LAYERED DOUBLE HYDROXIDES

This chapter deals with the synthesis, exfoliati@stacking and laydry-layer behavior of
Mn"AI" LDH and zA'Cr'" LDH with graphene oxide (GO) and,LjsO4, respectively.

Besides exfoliation of the LDHSs to increase the toolbox of cationic 2D materials and proof
of concept experiments to demongtrahe feasibility of flocculation and layey-layer
assembly of cationic LDHs with other layered inorganic materials, the objective of this part
of the thesis was the design of new functional hybrid materials for electrochemical and
photochemical applitmns. Especially the composite material GOfH' LDH is
promising as electrode material in pseudocapacitive energy storage schemes, as it shows
enhanced specific capacities over those of the separate components.
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ABSTRACT

We report on the synthesis angii &

exfoliation of MA'AI"' sulfonate [
and sulfate layered doubl
hydroxides (LDHs) and their
combination with graphene oxide by chadjeected seHassembly. The synthesis of the

LDH compounds has been accomplished either directly by coprecipitation of the respective
hydroxides withsulfonate anions or by ieexchange of the chlorideontaining LDH with

sodium dodecylsulfate. Exfoliation of the bulk material in formamide yields colloidal
suspensions of positively charged nanosheets with lateral dimensions of tens to hundreds of
nanoneters and thicknesses down to 1.3 nm, ascertained by TEM and AFM. Flocculation of

the LDH nanosheets with an aqueous graphene oxide suspension yields a hybrid material
that can be converted to a reduced graphene oxide/LDH composite by hydrazine reduction.

The hybrid materials were tested for pseudocapacitive electrochemical storage capacity and

el ectrocatalytic oxygen evolution reactions

the pristine materials.

3.1.1 INTRODUCTION
The discovery of graphehhas sparked tremendous interest in tdionensional (2D)

materials during the last years. Owing to their morphology and unique properties relevant to
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3 LAYERED DOUBLE HYDROXIDES

fields ranging from electronics to catalysis, research has intensified especially in the field of
metal oxide ad hydroxide nanosheet materi&l¥. Layered titanated! metal
chalcogenidéd and phosphatd¥, perovskite€ as well as metal hydroxidéd are
amongst those materials that already have been successfully exfoliated into nanosheets.
Typically, the thickness of nanosheets is on the order of a few nanometers and their lateral
size ranges from several hundred nanometers to a few microns. The small thickness and
high anisotropy of nanosheet materials significantly alter their properties compared to th
corresponding bulk material, in part as a result of quantum size confinement effects
operating in this size regime. Furthermore, stacking of 2D nanosheet materials by
flocculation, LangmuuBlodgett (LB) or Layetby-Layer (LbL) techniques opens up new
avenues to tailemade, multifunctional hybrid materials featuring properties that are

distinct from those of the individual nanoshe&ts!
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Figure 3.1. Structure of a generic LDH showing the Brudigpe layers (grey octahedra) and the
intercalating anions (red spheres). The green spheres indieadadlirivalent metal ions forming the

centers of the octahedra.

LDHs are hydrotalcitdike clay compouns that are buiup by cationic Brucitaype
(Mg(OH),) metal hydroxide layers composed of edparing M"' (OH)s octahedra and
anionic counterions located between the layers. The composition of a LDH is generally
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described by the formula: [M,M" ,(OH)2](X ") AmH,O. Their straightforward synthesis,
stability and nortoxic nature entails possible applications of LDHs ranging from
catalysi§? to antireflection coatings’ and drug delive. Furthermore, their
magneti€® and photocatalytit®’ properties have attracted attention recently. A generic
layered structure of a LDH is shown in Fig. 3.1. Typical divalent cations afé, Mgf*,
Co?*, C&*, CU*, etc, while trivalent cations imparting the positive charge to the metal
hydroxide layes are e.g. Al", CP*, Feé”, Cc®* and M.

Owing to the positive layer charge, exfoliation of LDHs yields colloidal suspensions of
positively charged nanosheéf8. Delamination of LDHs can be accomplished using
different intercalation schemes and solvents. The best known route is exfoliation in
formamide with the help of ultrasonication or mechanical shaking. Exfoliation in other
solvents such as butanol, acrylases toluene has also been repoft&tf! LDHs that have

been successfully exfoliated include fag" LDH,"™% Cd'AI" LDH,*2% zn'"Al"
LDH,2%21 zn'cd'AI" LDH,Y Ni"AI" LDH,?*? cd'cd" LDH,® Cd'Fe" LDH,!*!
Cd'Ni" LDH™ and LIAI" LDH.*®! Restacking of LDH nanosheets together with
negatively charged sheBfg® or nanoparticld®’! to construct functional hybrid materials

has come into focus of research lately. Owing to its negative surface charge and
conductivity, graphene oxide (GO) is an ideal material for the combination with LDHs to
form supercapacitorsThe conductivity of GOcan be enhanced by reduction to reduced
graphene oxide (RGO). Fig.2 schematically shows the combination of exfoliated LDH
and GO and subsequent reduction to RGO. Combination of GO and RGO with other
nanosheet materials such as'Ai" LDH,?"?° Ni"Fd" LDH,**! Ni"Mn" LDH,B*%
Ni(OH),,B*%¢ Co'AI" LDHPB2® and MnQP**Y has been shown to furnish interesting
hybrid materials for applications in electronic devices such as supercapacitors-iand Li
batteries. To our knowledge, veryttle work has been done on the synthesis and
investigation of MHAI" LDHs***! for electrode materials and the exfoliation and
combination of this material with graphederivatives has not been undertaken as yet.
Besides the possible relevance of'MiH" LDHs in combination with graphene as energy
storage materials, further applications of MH" LDHs that may be envisioned are as
cation exchangers and catalysts for the decomposition of toxic organic comffdunds.
Furthermore, manganese oxidengpounds are known to support oxygen evolution
reactions (OER), whereas to our knowledge manganese hydroxides have not yet been tested
for such application§®
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In this work wepresent the synthesis and first successful exfoliation of %AMhbased

LDH with different sulfonic acids and organic sulfates as charge compensating anions.
Furthermore, a simple route to produce composite materials containing exfoliated graphene
oxide (GO/LDH) and reduced graphene oxide (RGO/LDH) is introduced. The LDHs,
including bulk material and nanosheets, as well as the hybrid materials made thereof were
comprehensively characterized byray diffraction (XRD), scanning electron microscopy
(SEM), elemental analysis (combustion analysis and ICP), transmission electron
microscopy (TEM) and atomic force microscopy (AFM). In addition, electrochemical
experiments were conducted to evaluate these materials as potential electrodes in energy

storage devices and electrocatalysis.

LDH
Exfoliation
' P o P . L
Flocculation Reduction
— —
GO o ;
Exfoliation / ‘
—

Figure 3.2. Reaction scheme of the threiep protocol for the synthesis of graphelesivatized LDH
hybrid materials, starting from the respective bulk materials, followed by exfoliation, flocculation and

reduction.

3.1.2 EXPERIMENTAL

All chemicals and solvents wempurchased from commercial suppliers and used without
further purification: Sodium dodecyl sulfate (Merck KGaA, 90%)naphthalenesulfonic

acid (Molekula, 98%), 4#thylbenzenesulfonic acid (Sigp#ddrich, 95%), toluenesulfonic

acid (Fluka, 99%), mangaresitrate (Mn(NQ),AH,0, SigmaAldrich, 97%), aluminum
nitrate (AI(NGs)zMH,0, Fluka, 99%), sodium hydroxide (AppliChem, 97%), formamide
(Fluka, 98%), sulfuric acid (Brenntag, -98%), potassium persulfate (Grissing, 99%),
phosphorous pentoxide (VWR Intetional, 99.3%), sodium nitrate (Applichem, 98%),
potassium permanganate (Applichem, 99%), hydrogen peroxide (Brenntag, 30%),
hydrochloric acid (Brenntag, 30%), graphite flakes (NGS Naturgraphit, 99.8%), ammonia
(Merck, 32%), hydrazinium hydrate (Merck)%).
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Synthesis of the LDHs. The sulfonate intercalated LDHs were obtained by the
coprecipitation method. Mn(N{AH,O (3.33mmol, 836mg) and AI(NQ):AH,O
(1.67mmol, 627mg) were dissolved in 100L deionized water. An aqueous solution of
sulfonic acid(1 mM, 100mL) was added to the metal salt solution. All further synthesis
steps were carried out under argon atmosphere. The solution pH was adjuste@ by pH
slowly adding aqueous NaOH K1) yielding a brown precipitate, which was then aged
overnight n the mother liquor at room temperature without stirring. The product was
recovered by filtration and washed several times with water and acetone and dried under

vacuum overnight to completely remove the solvent.

The Mr'AI" dodecylsulfate LDH was synthized in a two step synthesis followed by an
anion exchange reaction of the LDH. First, 'MH" chloride LDH was synthesized
according to Aisawat al™*¥ In the second step 100g of the obtained LDH was dispersed

in a solution of 10nmol sodium dodecylsulfate (2.8 in 60mL deionized water. The
sodium dodecylsulfate was kept in 2.5 fold excess to completely exchange all anions. To
isolate the brownistproduct the precipitate was filtered and washed several times with

water and acetone, before it was dried under vacuum overnight.

Exfoliation of the bulk material. Exfoliation of the MAAI" dodecylsulfate LDH into
positively charged nanosheets was aquiished in two different ways. In the first route
10mg LDH were dispersed in XL formamide and further ultrasonicated for 30 minutes.
The second route was carried out by dispersingndOLDH in 10mL formamide and
shaking the suspension at 2@0n for 28 days using a GFL 3005 shaker (Gesellschaft fur
Labortechnik, Burgwedel). To remove any rexfoliated particles the suspension was

subjected to 15 min of centrifugation
at 5,000rpm using a Sigma-30K centrifuge (Sigma, Osterode).

Synthesis and exfoliabn of graphene oxide.Graphene oxide was synthesized from
natural Madagascar graphite flakes in a modified Hummers méfhadsolution of 30mL

conc. HSQ,, 3.61mmol (976mg) K,S,0g and 3.52nmol (500mg) R.Os was stirred and
heated to 80C. Graphite(167mmol, 2.0g) was added and the suspension was stirred at
80°C for an additional hour. Subsequently the reaction mixture was cooled down to room
temperature overnight, diluted with 16@. of water, filtered and washed with copious
amounts of water uih the pH was neutral. The black product was dried overnight and
subjected to the Hummers method. Thus, theopidized powder was dispersed in mQ
cooled HSO, (0°C). 1.5g NaNQ and 10g KMnQO, (63.3mmol) were added and the
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mixture was stirred at 3% for two hours. Then 10@L water were added and the
temperature was allowed to rise to-95°C. After further 15 min of stirring 250L of

water and 10nL of H,O, (30% in HO) were added. The reaction mixture was then filtered
and washed with 25@&L HCI (1M). The obtained brownish product was dispersed in water
and subjected to dialysis to completely remove all metal ions and acids. Fhkegel
product was then diluted in water and exfoliation was carried out by ultrasonic treatment
(30 minutes, 55QV).

Synthesis of the GO/LDH and RGO/LDH composite materials10mL of the LDH
nanosheet suspension 1™ formamide) was mixed with 1®L of GO suspension
(0.5g L™ water). The composite material immediately started to flocculate. The mixture
was allowedto stay overnight and aggregation was complete aftdroR#as. The product
was centrifuged at 15,00pm for 30min, the supernatant solvents were removed and the
solid product was dried under vacuum. To obtain the RGO/LDH composite material
GOJ/LDH was sbjected to hydrazine reduction according to Wallace andianersi*!

50 mg of the starting material was dispersed imilOof water, then 48L ammonia (32%

in water) were added to keep the suspension under basic conditions. Subseqa&ntiy, 2
hydraine hydrate (80% in water) were added, the mixture was heated’® &3&d stirred

for two hours. The precipitate was centrifuged at 15,000 rpm foniB0the solvents were

removed and the powder was dried under vacuum.

CharacterizationX-ray powderdiffraction (XRD) data were collected with a Huber G670
Guinier I maging Plate diffsadti amBbh@dipm@EHuber ,

Ge(111)monochromator, external standard SiO2) at room temperature.

Transmission electron microscopy (TEM) off@iated nanosheets was carried out on a
Philips CM30 ST instrument (Philips, Eindhoven) equipped with a thermaj taBode
operating at 308V. To generate the samples for TEM, nanosheesuspension in
formamide was drop coated onagey carbon griind dried under vacuum due to the low

vapor pressure dbrmamide.

Scanning electron microscopy (SEM) was carried out on a@&MF electron microscope
(JEOL Ltd., Tokyo) for morphology analysis of the LDH compounds. The elemental
composition of the matel was determined by energy dispersiveay analysis (EDX) and
inductively coupled plasma atomic emission spectroscopy-fE®) using a VISTA RL
CCD simultaneous IGAES analyzer system (Agilent Technologies, Waldbronn). C/H/N
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elemental analysis (EA) wacarried out with an Elementar vario EL (Elementar

Analysensysteme, Hanau).
FTIR measurements were performed with an IFS 66v/S (Bruker, Madison) spectrometer.

Atomic force microscopy (AFM) measurements were carried out with a Nano Wizard
atomic force miooscope (JPK Instruments, Berlin) using OMBC160TS micre
cantilevers (Olympus Co., Tokyo) for AC mode imaging. Nanosheet suspensiogs.(f).5

were deposited on freshly cleaved mica sheets and the solvent was evaporated. The images
were recorded in intenittent contact mode with 522512 pixel resolution and line rates of

0.5-0.8Hz. For data analysis Gwyddion SPM analysis software (version 2.23) was used.

Zeta potential of the colloidal suspensions was determined by a Malvern Nano ZS Zetasizer

(Malvern, Worcestershire) at 2« in formamide using the Hickatethod.

X-ray photoelectron spectroscopy (XPS) was done on an Axis Ultra (Kratos Analytical,

Manchester) Xray photoelectron spectrometer.

Magnetic susceptibility measurements were carried out oiPEI#M7.0 (Quantum Design,

San Diego).

Nitrogen adsorption measurements were performedl186°C with an Autosorb iQ
instrument (Quantachrome Instruments, Boynton Beach). Samples were outgassed in
vacuum at 150C for 12h to remove all physisorbed specidhe analysis statiowas
equipped with higiprecision pressure transducers and a turbo molecular pEowp.
BrunauerEmmettTeller (BET) calculations pressure ranges were chosen with the help of
the BET Assistant in the ASiQwin software (version 2.0). ¢eoadance with the 1SO
recommendations multipoint BET tags equal to or below the maximuxh- ifl - P/P)

were chosen.

To explore the electrochemical behavior of these materials, cyclic voltammograms (CV)
and galvanostatic charge/discharge curves werkeatetl. The working electrode was
prepared as follows. The analyte (GO/LDH and RGO/LDH), acetylene black (Alfa Aesar)
and poly(tetrafluoroethylene) (Aldrich) in a mass ratio of 80:15:5 were mixed together with
a few drops of ethanol in an agate mortar p@stle until a homogenous paste was obtained.
The paste was then applied with a spatula onto titanium foil (Alfa Aesar, 99.7%) at loading
between 4 and 6ng. The foil with the deposited sample was dried overnight 4Caa a

vacuum oven.

The foil withthe deposited sample was then assembled into a flat cell, using a platinum foil

as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode.
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All potential values quoted are versus the SCE. An aqueous solution of sodium (9itta

M) was used as the electrolyte. Potentiostatic and galvanostatic experiments were
conducted using a Solartron SI 1287 Electrochemical Interface or a Princeton Applied
Research VersaSTAT electrochemical workstation.

Cyclic voltammograms were collestt between200 and 800nV at the specified scan rate
for at least five cycles. For galvanic charge/discharge experiments, the working electrode
was charged to 800 mV and discharged2@0 mV at the specified current for at least ten

cycles.

3.1.3 RESULTS AND DISCUSSION

The sulfonate intercalated LDHs were synthesized in one step by direekabange
intercalation of the sulfonate into the LDH. Synthesis of thé Alfi dodecylsulfate LDH
proceeds in two steps by anion exchange reaction diAMnchloride LDH, synthesized
according to Aisawa et &, with a 2.5 fold excess of the organic sulfate. The reaction of

the direct intercalation and the tvetep synthesis are described by the following equations:

Eq31 0% 003 ,+00003)3+ ™0 0&; (0§ 00, ™ Q0
Eq32 026G+ 00%OC 0&; 04 00, 8a 4 QU

[NEY "oy IR (.‘0‘" oy ”, (14 ’O‘Y 0oy 0oy LR d”_ o Y ”, [
Eg.33 0¢&; (04,00, “ 6a ,-Q0 0€&; 40, VO, Y - Q0

"B: i 600G QXY O'Y ' Qe 6GEHQ

Fig. 3.3 shows the XRD patterns of Mu" ethylbenzenesulfonate LDH (1), N#l"
toluenesulfonate LDH (2), MAI"' naphthalenesulfonate LDH (3), Mal" dodecylsulfate

LDH (4) andMn"AI" chloride LDH (5). The series of D@eflections that occur up to the

5™ order in the layered structures suggest a certain degree of order along the layer stacking
direction, wherea$k0 reflections d = 2.73A; d=1.57A) are hardly visible Successful
intercalation is evidenced by the shift of thel G@flections towards smaller angles
(Tablel), corresponding to the incorporation of the bulky anions and subsequent widening
of the interlayer space compared to the material containing smaedlimo anions (sample

5).
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Figure 3.3. XRD pattern of1 Mn"Al"" ethylbenzenesulfonate, Mn"Al"" toluenesulfonate LDH3
Mn"AI"" naphthalenesulfonate LDM,Mn"Al" dodecylsulfate LDH an8 Mn"Al" chloride LDH

The FTIR spectra (Fi@.4 a) ofthe SALDHs show typical bands of sulfonic acids around
1170cm™, 1030cm™* and 680cm?, as well as bands for M@ stretching around 41@n™

and AFO stretching at 606m™.1“ The broad absorption band between 3@®0 and
2800cm™ is assigned tohe OH stretching modes of hydrogdéronded interlayer water
molecules and hydroxyl groups. The sharp bands betweenc280@nd3000cm™ are
attributed to the €+ stretching modes of the organic anions and are strongest in the case of
DS, in line with it large aliphatic carbon backbone. The absence of bands atri4@hd
790cm® (Fig. 3.4 b and c, area marked in yellow) points to the absence carbonate for all
compounds. SEM analysis (S1) including enedggpersive Xray spectroscopy (EDX) was
carried out to confirm the results and to assure the homogeneity of the samples. The
elemental formulas and thetvalues of the LDHs, extracted from IG¥ES and powder

XRD data, respectively, are given in Tatftleln order to confirm the oxidation state of Mn
magnetic susceptibility measurements were carried out in an applied field of %De0tD
determine the Bohr magneton. According to the liter&limgin®* exhibits values for the

Bohr magneton of 5:8.1nB, whereas the values 4%0nB and 3.84.0nB are
characteristic for M and Mrf*, respectively. FigS3.2 shows the inverse susceptibilities

plotted against the temperature yielding values of the Bohr magneton for the dodecylsulfate
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LDH of 5.7nB, for the ethylbenzenesulfonate LDH of %M, for the tolenesulfonate

LDH of 6.0nB and for the naphthalenesulfonate LDH of B8, thus evidencing the

retention of MA" in the LDH intercalation compounds.

Table 3.1.Intercalating anions, empirical formulakyalues and Mn/Al ratios for the @erent LDHs.

Intercalant Formula dvalue/ A Mn/Al ratio

1 Ethylbenzenesulfonate [Mngg7Al 5.3(OH),] 18.25 2.16
(ES) [ESy.3:/20.42H,0]

2 Toluenesulfonate [Mngg7Al53{OH),] 17.26 2.16
(TS) [TSo.2620.78H,0]

3 Naphthalenesulfonate [Mng g7Al5.35(OH),] 17.89 1.91
(NS) [NS;.5420.30H;0]

4 Dodecylsulfate [Mng Al 0.31(OH);] 26.58 2.16
(DS) [DS.2420.78H:0]

5 Chloride [Mng.g7Al 5.31(OH),] 7.80 2.16

[Clo.31£0.47H,0]

Exfoliation of Mr'Al"" LDHs. Exfoliation of all compounds was carried out by ultrasonic
treatment of the LDHs in formamide or mechanical shaking fa0 days in formamide.
According to Hibin&® formamide is predestined for the exfoliation of LDHs due to its
capability to peatrate between the Brucitgpe layers, interact with the interlayer anions

and thus remove these molecules. Exfoliation of the LDHs yielded brownish colloidal
suspensions. The presence of nanoparticles in the suspensions is evidenced by the Tyndall

effectshown in Fig3.5c.

The zeta potentials of the colloidal suspensions are +8%.%or the dodecylsulfate LDH,
+46.1mV for the ethylbenzenesulfonate LDH, +48&®& for the toluenesulfonate LDH and
+35.8mV for the naphthalenesulfonate LDH, indicating ttieg nanosheets are positively
charged and the suspensions are stable. A representative TEM image along with a related
selected area electron diffraction (SAED) pattern of a nanosheet §Hgs.and b)
confirms the hexagonal crystal structure of the LCafisl suggests the existence of very

thin layers. The reflections correspondingdwalues of 1.53 and 2.66A as seen by
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SAED match well with the XRD patterns. The AFM tapping mode images in Fid.
and S3.3 show exfoliated MAI"' LDHs with laterddimensions of about 5000nm.

Different exfoliation protocols have shown that ultrasonication does not significantly reduce
the lateral size of the nanoshedtevertheless, it can clearly be seen that the nanosheet
edges are typically rough and irréguin shape, which may be rationalized by sheet
damage during the exfoliation step. The height of the exfoliated nanosheets ranges from a
minimum of 1.29m up to about 5.00m. Considering the known thickness of the Brucite

type layers of around 0rim*Y we conclude that exfoliation was successful down to two or
three layers. This estimation, however, is rather conservative, as the nanosheets are
surrounded by an organic ligand and hydration shell and likely restack as they are deposited
on the substta. Hence, the observed nanosheet thicknesses can be considered as an upper

limit to their actual thickness in the suspension.
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Figure 3.4. FTIR spectra ofL Mn"Al"" ethylbenzenesulfonat® Mn"Al" toluenesulfonate LDH3
Mn"AI" naphthalenesulfonate LDH addvin"Al" dodecylsulfate LDH.
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Figure 3.5.(a) TEM image of a MMAI" dodecylsulfate LDH nanosheet and (b) a related SAED pattern.
(c) Cuvette containing the nanosheet suspension through which the beam of a laseispmssad. The
clearly visible Tyndall effect confirms the existence of colloidal particles in the suspension. (d) AFM

image and height profile of an aggregate of nanosheets.

Flocculation of GO/LDH and reduction to RGO/LDH. Owing to its negative surface charge
graphite oxide, GO, is an excellent candidate for the fabrication of electrostatically
assembled LDH/GO nanostructures to yield functional hybrid materials that areuctetst

with a high degree of interfacial contacts between the two components and, hence, efficient

phase separation on the nanometer scale.

GO was synthesized according to Kovtyukhetal!*”! For elemental analysis, FTIR and
powder XRD measurements the nanosheets were f¥gxe Fig.S3.4 shows the XRD
pattern of the asynthesized powder. The peak at 115 Theta is assigned to the (001)
lattice plane corresponding to the interlayer atfise d=7.6A.5? According to the
literaturé®® the interlayer distance of dry GO is 6.&5and 7.7A for GO stored in an
atmosphere with 5% relative humidity. The peak at 22.6s usually associated with high
amounts of adsorbed wafé¥, and thereflections at 34.8 and 42.2 are assigned as 110
and 101, respectively?! The FTIR spectrum and band assignments of the fréeed GO

is shown in FigS3.5 and Tabl&1. The result of the elemental analysis (T&2¢ is in

good agreement with thigerature®®
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Figure 3.6.XPS (a) survey and (b) C1s spectra of GO/LDH and RGO/LDH samples.

Directed assembly of GO and LDH nanosheets was accomplished by flocculation of GO
and LDH. Subsequently, a reduced graphene oxide (RGO)/LDH hybrid material was
obtained by hydrazine reduction of thesgmthesized GO/LDH. It should be noted that the
pristine LDH, when subjected to the same reduction reaction, did not show any noticeable
chemical or spectroscopic changes. F&y6a and b outline the survey ar@@ils XPS
spectra of the two materials. The survey spectra demonstrate that both GO and LDH are
present in the flocculated sample. The peaks at @\).5652.0eV and 769.®2V
corresponding to Mn2p, Mn2p,, and Mn2s as well as the peaks at #/5and 11& eV
originating from Al2p and Al2s confirm the presence of thd'MH' LDH. The absence of

the S2p,; peak at 164.@V evidences that the sulfonate anions are essentially removed from

the composite material. The Cls spectra (Bi§b) give informatim about the degree of
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oxidation of the graphitic species. The peak at 288.6esulting from carboxylate groups
(O-C=0) strongly decreases in the reduced sample in comparison to the pristine GO/LDH
by a factor of 3.8" This indicates a partial reductiof the GO/LDH compound, which is
consistent with previous studies in the literatéffeThe ratio of Mn:Al in the GO/LDH and
RGO/LDH material were determined as 2.2:1 and 2.4:1, respectively. The ratio of Mn:C in
the GO/LDH and RGO/LDH sample amounts 101 and 2.6:1, respectively. The
significantly decreased carbon content in the reduced sample may tentatively be attributed
to less beneficial interactions between the hydrophilic LDH and the hydrophobic carbon

matrix.

Figure 3.7.A) TEM image of RGO/DH hybrid material. The lattice fringes corresponditealues of
4.6 A, thus indicating the reduction of GO to graphene. B) (a) TEM image of the RGO/LDH composite
and related EDX mapping of the (b}C (¢) O-K, (d) Mn-K and (e) AIK edges, demonstrating the

homogeneous distribution of all elements acrossbserved region.
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The BET surface areas of GO/LDH and RGO/LDH are m7§* and 148m°g?,
respectively, which is fairly high compared to other LD&sed hybrids, for example
LDH/titanate with a maximal BET surface area of 104?! The reduction ofGO
decreases the surface area of the hybrid material due to the removal of carboxylate groups
and the resulting capability of the layers to align and stack more efficiently. Accordingly,
partial order of the hybrid compound is retained as ascertained lyanh&lysis (Fig3.7

A). Lattice planes with a distance of 4Aoint to regions of GO reduced to graphene. In

Fig. 3.7 B an EDX mapping of the RGO/LDH underlines the homogeneous distribution of
C, O, Mn and Al in the sample.

The manganese centres avdialn these hybrid materials provide reedaoctive sites for
potential applications in electrochemistry, which include pseudocapacitive energy storage
components (as shown previously for other GO/LDH and RGO/LDH matéfi#§’ we

thus characterized ¢helectrochemical properties of these hybrid materials to evaluate their
feasibility for these applications. To test these materials as supercapacitors, we have
conducted small scale galvanostatic and potentiostatic experiments based on literature
protocok. NaSO, was employed as the electrolyte, as opposed to the more common NaOH
or KOH electrolyte, due to excessive oxygen evolution from oxidation of the hydroxide
when an alkaline solution was used. This was not unexpected, singaomyounds or
oxides & manganese are known to be electrocatalysts for the oxygen evolution ré&kction.
However, the application of manganese hydroxide as OER electrocatalyst has not been
explored and will be elaborated in the subsequent section. CVs in aquedlisNg,50,
solution (Fig.3.8ab) of the two hybrid compounds were collected at different scan rates
between 2 and 108V s’. The voltammograms obtained at a scan rate mVs* for
GO/LDH, RGO/LDH and pristine LDH are also shown together in Figure 3.8c. For the
GO/LDH material and the pristine LDH, the voltammograms at slow scan rates showed a
reduction at around 470 mV and an oxidation in the 200mV range, which we attribute

to the redox cycle between Kinand its higher oxidation states. For the RGO/LDH, the
manganese redox peaks are barely observable, indicating that the current is largely
capacitative with a nearero faradaic contribution. The absence of the redox event for this
material may be due to compaction of the layered structure after reductalingein a

loss of surface area and reduced exposure of the manganese centres.

Repeated cyclic voltammetry measurements for 500 cycles an¥0§' (Figure 3.8e)
showed minor decrease in the capacitative and/or faradaic currents for the two materials,

demonstrating their general stability in a broad electrochemical potential window. Galvanic
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charge/discharge cycles for the three materials are shown in Bi@ude All materials
showed a fast potential drop in the initial stage of discharge, corresgotadimternal
resistance, followed by a slow potential decay attributed to the pseudocapacitance of the
electroactive materials. The specific capacitangg Was calculated using the following

equatioff’:

Eq34 6y =1Qw-a .o ?

wherei is the galvanic currengptthe discharge timem the mass of the electroactive
material andpwthe total potential change. At a galvanic discharge current ah8,5the
specific capacitance values of GO/LDH, RGO/LDH and LDH are 20, 13 aréigtl
resgectively.

4 4 4
a ——2mVs"' ——25mvs” / b ——2mvg' ——25mvg” c —— GOI/LDH
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Figure 3.8. Cyclic voltammograms of (a) GO/LDH, (b) RGO/LDH and (c) comparison of cyclic
voltammograms of GO/LDH, RGO/LDH and LDH at a scan rate mV&™, (d) charge/discharge curves
of GO/LDH, RGO/LDH and LDH at a galvanostatic current0d® mA. (e) Cyclic voltammograms of

GO/LDH and RGO/LDH of the™ and 508 cycle, (f) cyclic stability curves of GO/LDH and RGO/LDH
at 10mA.
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Figure 3.9.a) Cyclic voltammograms of GO/LDH, RGO/LDH, LDH and-@il at a scan rate of hVA
in 1M NaOH solution. b) Cyclic stability curves of RGO/LDH andfdil at 200mVA*in 1M NaOH

solution.

The contribution from chemically reduced graphene oxide can be excluded, as its specific

capacitance has been determined to be BEg4"® The enhancement of capacitance of

GO/LDH over the RGO/LDH material is attributed to the pseudocapacitive behavior

resulting from the redox cycle of the manganese centers. As mentioned above, we

rationalized the low capacitance of RGO/LDH to be due to thecestlavailability of the

manganese redox centres, as evidenced by the CV, as a result of the partial compaction of

the layered structure, thus decreasing the pseudocapacitance contribution. Furthermore,

compositing of the LDH with GO led to a capacitanceréase over the pristine LDH, an

enhancement that we attribute to electronic coupling between the GO and the redox active
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manganese centers in the LDH, thus illustrating the advantage of nanoscale hybridisation of
layered materials. The electrochemicalbgtey of the hybrid materials was tested by
galvanostatic charge/discharge at a current ahAOand, in agreement with results from

the cyclic voltammetry experiments these materials showed general stability for 500 cycles
(Fig. 3.81). Their electrochemal stability and redox properties highlight the potential
applicability of these materials as nanoscale electronic devices.

As mentioned above, the pristine LDH and hybrid materials were observed to evolve
oxygen under an applied anodic potential in lfleaelectrolyte and were thus also explored
for their electrocatalytic OER activity. CVs (Fig.9a) were conducted between 0 and
800mV in NaOH solution (IM). A slow scan rate (inV s') was used to simulate quasi
equilibrium conditions, such that di§ion limitation was avoided and capacitive current
was minimized. These hybrid materials started evolving oxygen at slightly abova\600
(~840mV vs SHE), which represents a required overpotential of +d¥0for hydroxide

oxidation:

Eg.35 400 z 0,+2Q0 +4Q;0=04w

The OER currents for LDH, GO/LDH and RGO/LDH, at loading of approximately200

on the titanium foil, are more than twice as high as the unmodified foil at a potential of
800mV. We emphasize that, on a per manganese site Hasislectrocatalytic activity of

the two hybrid samples are underestimated, since the same mass loading was used in all
experiments for both the pure LDH and the LDH composite. As it is possible for oxygen to
evolve through the oxidation of the coordimgtinydroxide we conducted repeated cycling

at 200mV s* for 500 cycles to test for electrochemical stability in RGO/LDH. A plot of the
cycle numbewnersuspeak current in Figur8.9b shows that, for the initial 100 cycles, the
OER peak current dropped igkly, before plateauing in the onward cycles. Thus, the
instability of the anodic current is attributed to oxidation of the coordinating hydroxide,
which is not replenished by the hydroxide from the solution as necessary in a catalytic
cycle. Although thee materials cannot yet be considered as an effective electrocatalyst,
their ability to evolve oxygen illustrates the possibility of usingMIH centres as the core

in the design of an OER electrocatalyst, in addition to thensanganese species that are
well-studied in the literaturé®® Further studies in this area addressing their stability issue
(e.g. by improving the surface area and thus facilitate the access of hydroxide to replenish
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the oxidized ligand at the manganese centre) will be cordiuctéuture work and will

provide a better evaluation of these materials for electrocatalytic applications.

3.1.4 CONCLUSION

In this work we presented the synthesis of'WI' sulfonate and dodecylsulfate LDHs by
coprecipitation and anion exchange, respely, and their exfoliation in formamide to

yield colloidal suspensions of positively charged nanosheets. The 2D sheets were
comprehensively characterized by AFM, zeta potential measurements and TEM,
demonstrating the retention of the hexagonal stractirthe parent Brucitg/pe layers.
Furthermore, we demonstrated the facile flocculation of the positively charged LDH
nanosheets with an aqueous graphene oxide (GO) suspension to yield an intimately mixed
nanocomposite with high surface area. This maltevas partially reduced with hydrazine

to RGO/LDH. Both GO/LDH and RGO/LDH exhibited electrochemical stability over a
wide potential window as well as over repeated charge/discharge cycles. GO/LDH
displayed improved capacitance over pristine LDH and t@®RDH, an enhancement
attributed to the Faradic contribution and electronic coupling of the LDH witH*G0.
Furthermore the LDH and the hybrid compounds were tested as electrocatalyst for the OER
and exhibited oxygen evolution under an anodic poterighough their electrochemical
stability remains an issue, these results illustrate the possibility of using a hydroxyl
manganese centre in the bottoim design of OER electrocatalyst. Finally, this work can be
seen as a first step towards obtainingitpady charged MA*-containing nanosheets, which

may become relevant as nanoscale building blocks in the emerging field of
nanoarchitectonics based on magnetic nanostructures, and for the rational synthesis of

nanoscale hybrid materials for supercapasjtbatteries and electrocatalysis.
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3.1.5 SUPPORTING INFORMATION

Fig. S3.1 SEM images of (a) MRAI" dodecylsulfate LDH, (b) MPAI" ethylbenzenesulfonate LDH, (c)
Mn"AI" toluenesulfonate LDH, (d) Mi\I"' naphthalenesulfonate, (€) GO/LDH and (f) GNS/LDH.
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Fig. S3.2 Inverse susceptibilities plotted versus the temperaifiieMn"Al" ethylbenzenesulfonate,
Mn"AI" toluenesulfonate LDH3 Mn"Al" naphthalenesulfonate LDH,Mn"Al" dodecylsulfate LDH
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Fig. S3.3 AFM images of exfoliated (a) M@I" ethylbenzenesulfonate LDH, (b) Nal"

toluenesulfonate LDH and (c) MAI" naphthalenesulfonate.
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Fig. S3.5 FTIR spectrum ofreezedried GO.

68



3 LAYERED DOUBLE HYDROXIDES

Table S1 Assignment of the vibrational modes of GO.

Modes/ cnit Assignment

3376 3(OH) water, alcohol
1730 3(C=0)

1622 0d( OH) water

1382 d( OH) alcohol

1256 3 -OC

1080 3 (-@H)

Table S2 Elemental analysis of GO. The values aieen in weight%, the amount of oxygen was

calculated from the difference to 108

C H O S C/O
46.09% 2.20% 50.40% 1.31% 1.22
D G GO/LDH

Intensity / a.u.

RGO/ LDH

1000 1200 1400 1600 1800 2000

, |
Raman shift/ cm
Fig. S3.6 Raman spectra of GO/LDH and RGO/LDH.
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Fig. S3.7 DTA-TG curves ofl Mn"Al" ethylbenzenesulfonate LD, Mn"Al" toluenesulfonate LDH,
3Mn"Al" naphthalenesulfonateDH and4 Mn"Al" dodecylsulfate LDH.
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Fig. S3.8 DTA-TG curves of exfoliated samples bMn"Al" ethylbenzenesulfonate LDH, Mn"Al"
toluenesulfonate LDH3 Mn"Al" naphthalenesulfonateDH and 4 Mn"Al" dodecylsulfate LDH. The

weight loss steps are less pronounced and the overall thermal stability of the nanosheets is lower.
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3.2 LAYER-BY-LAYER AssemBLY oF MN'AL" LDH AND
GRAPHENE OXIDE

In addition to the flocculation experiments of GO with 'Mi" LDH, the two compounds
have been assembled in an electrostatic {aydayer fashion. The scope of this chapter is
the proof of concept of custemade 3D hybrid materials consistent witippositely

charged two dimensional nanosheets, as well as {tiegth analysis of the hybrid lattice.

3.2.1 EXPERIMENTAL

Mn"AI" LDH and GO nanosheets were synthesized as described in cBdptdihe
multilayer films composed of GO and LDH were tressembled using a StratoSequence 6
LBL robot (nanoStrata Inc., Tallahassee). After exfoliation, a Si (100) wafer terminated
with a native SiQlayer (Si/SiQ) was first immersed into the LDH nanosheet suspension in
formamide for 15min, then rinsed in watefor 1.5min, immersed in the GO nanosheet
suspension in water for XBin and rinsed in water again for Irn. This procedure was
repeatech times in order to obtain multilayer films. The washed film was dried under N

gas flow for 1 min after each cycl

3.2.2 RESULTS AND DISCUSSION

Besides flocculation of LDH with GO and its subsequent reduction, which naturally results
in rather disordered lamellar assemblies, exfoliated LDH nanosheets have also been used
for the sequential electrostatic layey-layer assembly with GO nanosheets. Here, the
objective was the synthesis of wdkfined hybrid heterostructures with strictly alternating
layer sequence®! Therefore, positively charged LDH nanosheets and negatively charged
GO sheets were used for electrostatic LBL assembly. Fidustiows a plot of the average
thickness of a GO/LDH film measured by AFM.

The plot shows a linear progression of the averhgikress of the flms compared to the
number of double layers (dl). The regression vyields $(%)007. Taking the
crystallographic thicknesses of LDH Brucite layers (48> and GO (0.6%im)®Y into
account, the experimentally obtained data fiistiie theoretical values if the sequential
adsorption of one nanosheet LDH and GO per cycle is assumed. The film thickness of
100dl is 114.6nm on average, while the theoretically expected thickness is adi/.0
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Films with less than 8l were not consided owing to the high inhomogeneity of the films.

It was observed that several layers have to be deposited on the silicon wafers until
homogeneous films were obtained. This is in accordance with the fact that the first adsorbed
layeri LDH i covered the Siafers by roughly 30%. The corresponding AFM images and

height profiles of the films are shown in Fig.11.

120
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Film thickness / nm

40
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ol = ] R 1 R 1 R 1 s 1

0 20 40 60 80 100

Number of bilayers / a.u.

Figure 10. Film thickness versus number of bilayers in the GO/LDH film. The red line shows the linear

regression through zero.

The successfudeposition of the GO/LDH double layers is supported by TEM esesson
analysis. Figur&.12a shows the layered structure of the films and in Fit2b the lattice
parameter 0.48m was found, pointing to LDH layers. However, the shown region seems
to be solely restacked LDH as the lattice parameter of a LDH/GO double layenni).17
cannot be found in the cross section images. An explanation therefore is the rapid
decomposition of the multilayer stack upon beam irradiation and possible destrudhen of
film during the cross section preparation. EDX analysis could not be performed on the cross
section samples due to their sensitivity to the electron beam. Likewise, decomposition of the
film can be seen in Fig.12 ce, which show the rapid decay thfe layered structure at
t=0s,t=30s andt = 120s.
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Fig. 3.11 Height profiles of the (a) 8l, (b) 10dl, (c) 20dl, (d) 30dI, (e) 35dI, (f) 50dl, (g) 80dl and

(h) 100dl films.
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Figure 3.12.(a) TEM cross section image of a GO/LDH film, (b) crystallographic thickness of restacked
LDH layers, (c), (d) and (e) show the decompostion of a GO/LDH filtn=8ts, t = 30 s andt = 120s,

respectively.
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3.3 EXFOLIATION AND FroccuLATioN oF ZN'Cr" LDH
AND Hy T15.4404

3.3.1 INTRODUCTION

Due to the continuously increasing demand for renewable energy sources the search for
materials, which are suitable for photocatalysis, is ongoing. Especially compounds that are
capable of full water splitting, i.e.oth oxygen and hydrogen evolution, are highly desired.

The following equation is the basis for the water splitting reaétfon:

7N

’?’Q) ,
aea

Eq36 '‘Qio 1,06,+'Q; 0= +237

electron
Conduction band

\—» H,
/ T 0 5 HM,
' ol 1BV
Band gap ¥ 0,H,0
+2+
HO sl
) o;
Photocatalyst

Figure 3.13 Principle of semiconductdrased photocatalytic water splitting. Reprinted with permission

from referencg63]. Copyright (2010) American Chemical Society

Figure3.13 shows schematically the principle of semiconductor based photocatalysis. By
light irradiation electrorhole pairs are generated in the photocatalytically active compound,

which then oxidizes and/or reduces the water. For the hydrogen evolution reaction (HER)
the bottom of the conduction band has to be more negative than the hydrogen meductio
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potential in order to transfer the electron from the photocatalyst to the electrolyte and thus
to reduce H. Generally the potentials are normalized versus the standard hydrogen
electrode (SHE). For the OER, the valence band has to be more positivihehaater
oxidation potential to be able to accept electrons from water. To date effective
photocatalysts for HER and OER are still scarce and hence, a possible solution to fill this
gap is the synthesis of hybrid compounds consisting of building bloeksité suitable for
either HER or OER. Previously it has been shown that; ©@c@ahedra in a hydrotalcite

' carbonate LDH showed

matrix are suitable for the OER! especially zHCr
exceptionally high efficienc}® In addition, it is well known that emy titanates can be
applied for the HERZ%¥ |n light of this, electrostatic LBL method offers an excellent
opportunity to combine different photocatalytically active compounds and especially the
layered LDH and titanate into one single photocatalijicactive platform for water
splitting. Although the precisely engineered band alignment between the two types of layers
as well as their electronic coupling, for example by using thealed Zscheme approach

relying on suitable electrolytes, is theykior the design of layered catalyst systems for
overall water splitting®™ the combination of two photoactive layers in a bulk
heterojunctiortype fashion is a first step towards enhanced charge separation between the
two types of layers. In addition dace plays an important role in catalysis. Since
nanoparticles in general and thus also nanosheets exhibit exceptional high surface areas
compared to the parent bulk compounds, the catalytic activity of nanosheets is expected to

be enhanced over bulk comynds in terms of photocatalysis.

Therefore, positively charged 2ar"

LDH and negatively charged titanate nanosheets
were electrostatically assembled using the soft chemical flocculation method. According to
the literature, both components are expettedxhibit higher photocatalytic activity when
exfoliated into single sheets and subsequently restacked to yield hybrid compounds because
of a more effective charge separation of electron hole pairs due to an electron transfer from
zn'cr" LDH conduction band to the conduction band of the titarf&tezn"Cr'" nitrate

LDH consists of Brucitéype layers containing 2hand Cf* as metal centers, whereas
nitrate and HO are intercalated between the layers in order to compensate the positive
charge. Theantercalated anions can then be exchanged by DS to increase the interlayer
space and thus to facilitate exfolitation of the compound. On the other hand the HER active
compound Cdi,,40,4 used as layered anionic building block was caggohanged by
repated acid leaching to yield yfis.404 H,0 8”1 This compound consists of non

stoichiometric TiQ layers, which are intercalated by kations as well as 4@ for charge
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compensation. Exfoliation of the layered protonic titanate was achieved by osmotic
swelling of the compound in aqueous tetrabutylammonium hydroxide (TBAOH) solution.

Subsequently, the oppositely charged nanosheets were flocculated and tested for

photocatalytic activity.

3.3.2 RESULTS AND DISCUSSION
Exfoliation of zd'C""' LDH was achiged in a threestep synthesis. First, a far" NOj;

LDH was synthesized by gurecipitation in a way analogous to a'"n" CO; LDH
described in the literature, using Zn(y9and Cr(NQ); as precursors® The nitrate
anions were then exchanged for dodecyl sulfate anions (see equation below), followed by

exfoliation of the compound in formamide.

v vy g 0o . vy e S I
Eq.37 e OU3 5+ 0i(003)3 4 GE; (Oi, 00, ® 003 Q0

. e v~ OY v S B
Eq.38 (GE; (0iy, V'O, ® 005 - QU CEq (Oiy V'O, ® OY - Q0

Y
S
g

Intensity / a.u.
Intensity / a.u.

1 1 1 L 1 1 1 '}

10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
2 Theta/® 2Theta/®

Figure 3.13.XRD patterns of (a) ZtCr'"" NO; LDH and (b) ZACr" DS LDH.

Figure3.13 a and b shows the XRD patterns of the nitrate and dodecyl sulfate LDHs. The
dooz-values of the compoundsbtained from these data are &.%nd 27.7A, respectively,
which is in agreement with the published valudssimilar LDHs!*®®® The empirical
formula of the dodecyl sulfate LDH was determined [AB; ¢Cr(OH)][DSo.q AH.0.
Nitrogen was not found in the sample, suggesting the full exchange of the nitrate for

dodecyl sulfate. However, according to the broad reflections we assume that different
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stacking patterns are present in the sample, i.e. that although nitrate iexithignge by
DS, it is possible that the arrangement of the DS in the interlayer galleries is not uniform.
The angle between DS and the Brutitee layers may vary and hence a distribution of the

interlayer gallery distances occurs.

a) o4l b)
0,3
3 3
© 02} g
0,1
0,0 1 1 L 1 J 0'0 L L 1 ' '} J
1,5 2,0 2,5 3,0 3,5 4,0 1,5 2,0 2,5 3,0 3,5 4,0
Photon energy / eV Photon energy / eV

Figure 3.14.(a) ard (b) KubelkaMunk plots of ZACr" NO; LDH and zd'Cr'"" DS LDH, respectively.

The red line shows the linear regression to extrapolate the optical band gaps.

For a zdCr" CO; LDH the diffuse reflectance spectrum was published previously,

showing two absorption maxima at 410 and B#0*® To probe the absorption properties

of the Zd'Cr'"" NO; and DS LDHs, the materials were tested for-Ui¢ activity by diffuse

reflectance raasurements. The UVis spectra of the ZiCr" NO; LDH and zd'Cr" DS

LDH, plotted as KubelkaMunk function (chapte.4.3), can be found in Fi§.14 a and b,

respectively. In agreement with the literature, both LDHs show two absorption bands: The

nitrate species shows the two maxima at 407 andnff6and the dodecyl sulfate

compound at 409 and 557m. Linear regression of the plot
1.63eV for the nitrate species and 188 for the dodecyl sulfate LDH. These optical Ban

gaps can be assigneddal transitions of the Cf ion in the LDHI i.e. to the*A,Y Ty

transition.

Exfoliation of the ZHCr'"' DS LDH was achieved by 3@in sonication in formamide. The
colloidal suspension showed the Tyndall effect and an AFlRberof the nanosheets with

the corresponding height profiles is outlined in Bd.5 a and b.
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Figure 3.15.(a) AFM image of ZeCr(OH)" nanosheets and (b) corresponding height profildsamfd 2.

According to the crystallographic thickness of the LDH (~+0vH, of the physisorbed
organic surfactant (~1Am) on the surface and the obtained minimum height of @49
exfoliation down to approximately two layers was successful. However, it has to be
mentioned that the nanosheets are quite small in lateral size and the shape of the sheets is
rather irregular due to the exfoliation process driven by sonication in formamide. This
might also be because the compound may not consist of equally arrangéalyente

galleries, which then causes different stages of exfoliation.

Y
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Figure 3.16.XRD pattern of (a)CSTi2.x404 and (b) HTizx404.

Ti»404 nanosheets were obtained by first synthesizing the layered cesium titagte Cs
x40y in a typical solidstate reaction, followed by wehemical catiorproton exchange and
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exfoliation using TBAOH as organic surfactant. The reaction of TBAOH anfidr the
layered titanate is a neutralization reaction yielding@tand TBA attached to thétanate
(Eq.3.8). Figure3.16 a and b show the XRD patterns of thgTGsy,04 and HTizy404

with the corresponding reference patterns, respectiféf}. Elemental analysis of the
layered titanates yielded the following compositionss L8O, » and Hy 3¢C%.02T102,. The
protonated species of the titanate was then exfoliated by shakig@$b2TiO2g in an
agueous TBAOH solution resulting in a turbid colloidal suspension of nanosheets. An AFM
image with the corresponding height profile is shawfkig. 3.17 a and b.

Flocculation of the two oppositely charged nanosheets yielded a turquoise powder, whereas

the individual components 2?@ar"

DS LDH and HTi,x4O4 are purple and colorless
powders, respectively (Fi§.18). This points to a shiftfahe absorption maxima of the
constituent building blocks (see below). Elemental analysis was carried out in order to
ascertain the composition of the hybrid sample. Thus, the metal rati&nTiCr in the
hybrid is 11: 2: 1. Even though the startingolar ratio of HTi»..O.: Zn"Cr" DS LDH

was 3:1, the experimentally obtained ratio of. 11differs substantially from the theoretical
one. An explanation for the observed discrepancy may be the equilibrium reactighi of H

404 and TBAOH:

nm
Height/ nm

0.0 0.0 0.2 0.4 0.6 0.8 1.0
Lateral size / um

0.0 0.5 1.0 15 2.0 25
pm

Figure 3.17.(a) AFM image of a Tiw,O, nanosheet and (b) the corresponding height profile taken

along the red bar.

Eq39 QYR gyals+ @ BO0z B0, YR ¢yals + QO
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According to the literatut&', a maximum coverage of 8486 TBA* on the surface of the
CaNbsO;g nanosheets discussed above can be achieved. Hence, less LDH will be adsorbed
at the surface since the residudl ¢annot be exchanged by LDH (see chapter 4). On the
other hand, parts of the LDH were not exfoliated and thus removed upon centrifugation of
the nanosheet suspension. Decomposition of the LDH is not a likely explanation for the
mismatch, since there was malication that the LDH might have been dissolved under the

present reaction conditions.

Figure 3.18.Photographs of (a) flocculated sample, (by@rl' DS LDH and () KTiz.x4Oa.

As mentioned before, the color change of the hybrid material irdicatshift of the
absorption spectra of the pristine materials. FiQui@a shows the absorption spectra of

the hybrid material, the pristine LDH and the titanate. The spectrum of the pristine titanate
shows an absorption band in the UV region with aimar at 312hm. As mentioned
earlier, the pristine LDH exhibits two absorption bands in the visible region at 409 and
557nm. The hybrid compound, however, shows a red shift of the two absorption bands that
result from the LDH. The band at 46#n is shiftel by 25nm to 434nm and the band at
557nm is shifted by 45im to 602nm. The result of this shift is a reduction of the optical
band gap to 1.58V, obtained by linear regression of the Kubdikank plot shown in
Fig.3.19b. In order to test the catalytperformance of the hybrid compound, activity for
both HER and OER were investigated. However, no photocatalytic activity could be
determined. Nevertheless, these results show that the combination of different compounds
does not necessarily result in hnigis with the combined properties of the building blocks,
but can also yield materials with new features. Especially the shift of the absorption maxima
is of interest since no exchange of theliands (OH) and thus no change in ftikel
transitions of theCr** ion is expected. However, a possible explanation for this effect is that
the OH ligands still have been partially replaced by another ligarslich as water or
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titanaté causing a weaker splitting of the octahedral ligand field during the exfaliatio
process. Caused by the sonication process during exfoliation the Byypat&ayers might

have suffered in stability and hence a ligand exchange seems possible. This would also
explain the splitted maxima in the absorption spectra in Figl® whichmight result

from different ligands at the &rcenters.

1Y)
S

Absorption / a.u.

200 300 400 500 600 700 800
Wavelength / nm Photon energy / eV

Figure 3.19.(a) UV-Vis absorption spectra of [Ij404]¢[Zn,Cr(OH)] hybrid material (green), Zicr"
DS LDH (black) and Cd8i»,40,4 (red). x=0.7. (b) KubelkaMunk plot with linearregression of the

hybrid material.

3.3.3 EXPERIMENTAL

Zn,Cr(OH) 6" synthesis.zn"Cr'" NO; LDH was synthesized by the coprecipitation method.
2.97g (10.0mmol) Zn(NQ), A6H,O and 2.0@ (5.0mmol) Cr(NQ); A9H,O0 were
dissolved in 30nL deionized andlegassed water. The further synthesis was then carried
out under argon atmosphere. 1M NaOH was added unt® pths reached. The thick
precipitate was allowed to crystallize at €D for 24h. Then the precipitate was filtrated,
washed with water and ace® and dried at 68C under vacuum overnight. To obtain the
zn"Cr" DS LDH, 2.88g (100.0mmol) of sodium dodecylsulfate was dissolved in 10
deionized water and 0@ of the nitrate LDH was dispersed in this solution. The resulting
suspension was sken for 5d on a mechanical shaker. The mixture was then filtrated and
washed with water. The solid residue was dried atG@nder vacuum overnight. To
exfoliate the ZHCr" DS LDH, 0.1g of the purple powder was dispersed in H0
formamide and sonated for 30min. To remove nomxfoliated particles the suspension
was centrifuged at 5,00pm. The resulting supernatant was used for the flocculation

experiments.
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Ti,404 synthesis.The layered cesium titanate {&.,404 Was prepared in a typicablid

state reaction. 0.6% (2.0mmol) CsCO; and 0.85g (10.6mmol) TiO, were thoroughly
grinded and mixed in a crucible. The mixture was heated to°@0@nd held at this
temperature for 2@. After cooling to room temperature, grinding and heatinghef
mixture with the same temperature program was applied. Anion exchange of the cesium
titanate was achieved by dispersing §.8f the powder in 4nL 1M aqueous HCI and
shaking the suspension at room temperature for three days. The HCI was replacad once
day to increase the'Htoncentration, remove released @ad thus shift the equilibrium to

the right side of the following equation:

EQG3.10 8iy VR a04(1) + O 88 2 "QYR o 404(1) + 6i * 66

The resulting powder was filtratesdbashed with copious amounts of water and dried at
60°C under vacuum. Exfoliation of the protonated titanate was then carried out by
dispersing 0.1 of the bulk material in 106L 0.2M aqueous TBAOH solution and
shaking the suspension for d0To removenonexfoliated particles, the suspension was
centrifuged with 15,00@om for 15min. The supernatant was decanted, showed the Tyndall

effect and was used for flocculation experiments.

Flocculation of ZnCr(OH)s" and Ti»O4. The flocculated heterostcture of
Zn,Cr(OH)'/Ti,404 was synthesized by slowly mixing the colloidal suspensions of
100mL 1 g/L Zn,Cr(OH)" in formamide and 5L 1 g/L Ti,4O4  in H,O. Flocculation

of the oppositely charged nanosheets occurred immediately. Howevsysipension was
stirred for 1d to yield complete flocculation and was then centrifuged at 25@@0for

15min. The supernatant was a clear solution and removed and the precipitate was dried at

60 °C under vacuum for 8 to remove any solvent.
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3.4 OUTLOOK

In this chapter, it was demonstrated that LDHs can be exfoliated into their cationically
charged twedimensional Brucitdype layers by soft chemical approaches. Furthermore, the
combination of these nanosheets with other inorganic materials sucapieige oxide or
titanate nanosheets yields new hybrid materials that are inaccessible by conventional
synthetic routes. Both flocculation, leading to random restacking without control of the
exact structure, as well as layey-layer deposition with a prese control of the synthesized
structure have been applied and yielded hybrid structures. Especially the properties of the
new materials are of interest as they can combine or differ from those of the constituent
compounds. This fact makes hybrid strucsueé high interest for future research. Taking

the diversity of LDHs with their different compositions and properties as well as the variety
of inorganic 2D compounds that can be separated into negatively charged nanosheets into
account, the diversity ofgssible building blocks is almost exhaustless, i.e. the number of
conceivable combinations to build new structures seems infinite. The design of new
heterostructures can therefore contribute to numerous electronic, optical, catalytic and
biological applicions and yield new materials such as electrode materials for-sanubr

pseudocapacitors, semiconductors, magnetic materials and materials for drug delivery.
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4. LAYER-BY-LAYER ASSEMBLY OF OPPOSITELY

CHARGED NANOSHEETS

The rational design of artificial solidmade up of oppositely charged nanosheets is the
subject matter of this chapter. Therefore, positively chargetAMhLDH and negatively
charged perovskite sheets were sequentially stacked utilizing electrostatic forces in a soft
chemical approach to fiommn new tailormade hybrid materials. The artificial compounds
were studied in depth by electron microscopy methods such asdsiglition transmission
electron microscopy (HRTEM), scanning transmission electron microscopy (STEM) and
electron energy losgectroscopy (EELS) to obtain atomic resolution. In addition to these
insights into the materials, it could be shown that the choice of the dispersing solvent of the

constituent nanosheets affects the resulting structure of the hybrid lattices.
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ABSTRACT

Two-dimensional materials do not onl Perovskite
attract interest owing to their anisotropigee LDH
properties and quantum  CONfiNeme Ml m———SSSSSS VRS

effects, but also lend themselves as we
defined building blocksfor the rational
design of 3D materials with custemade

structures and, hence, properties. Here, we present the hgttéebrication of an artificial
superlattice derived from positively charged layered double hydroxide (LDH) and
negatively charged perskite layers sequentially assembled by electrostatic-laydmyer
deposition. In contrast to previously employed bulk methods averaging out the elemental
distribution within such stacks, we use a combination of HRTEM, STEM and EEL
spectroscopy to elucitiathe structure and composition of the multilayer stack with a high
spatial resolution on the subnanometer scale. Atomic column resolved STEM coupled with
EELS linescans confirms the periodic arrangement of individual nanosheets by evaluation
of the Cal, 3 and MnL, 3 edges. Furthermore, HRTEM confirms the formation of up to
100 double layer thick films, thus demonstrating the transition from ultrathin nanosheet

assemblies to artificial bulk solids with engineered structures and, hence, property.profiles
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We ascertain the formation of densely packed stacks with aowesdled layered
morphology, while nondealities such as lack of-plane layer registry, layer terminations,
sheet bending and contamination by residual ligands are side effects of timndmsed
deposition process. In addition, we demonstrate that the packing density of the multilayer
system can be tuned by changing the LDH dispersing agent from formamide to water,
resulting in porous stacks containing about etghes less LDH and fearing significantly
increased interlayer distances.

MnAI LDH [Mn,Al(OH),] *[ES]-
R
JO T — “ation ’
Extoll?=S (LDH/per),,
IR N ‘ " bttt -y
Iyvvvvvd

N7
&

KCa,Nb,0,, [TBA, H,]*[Ca,Nb,0, ]

Figure 4.1. Schematic drawing of the liquiphase process, employed to construct hybrid superlattices.
Exfoliation of the layered bulk materials into Mxi(OH)s" and CaNb;O,; nanosheets is followed by
electrostatic LBL assembly with intermediate washing steps in order to achieve 3D (LRH/per)

heterostructures immobilized on a substrate.

4.1.1 INTRODUCTION

The rational design of solids with taitlanade properties has been dlrhark of soft
chemistry and a major driving force of modern materials science. In principle, high
temperature solidtate synthesis is governed by thermodynamic principles and is therefore
inherently constrained with respect to the compositions and wtesgcthat can be realized.

In contrast, kinetically controlled soft chemistry protocols, relying on the use -ébppned
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building blocks and operating at low temperatures, open up pathways to unconventional
solids with large compositional scope, albeteafat the expense of stability. Driven by the

rise of nanochemistry and the ability to sculpture sdefined nanoscale building blocks

such as twalimensional (2D) nanosheets, the modular assembly of preformeebhpants

into hierarchical superlatticdgas taken shape in recent years, based on the pioneering work
by Mallouk*® and by Sasaki'®. As a prerequisite for designing complex solids from
nanosheet building blocks, the successful isolation of graphene, along with the
identification of its umue properties, has sparked the quest for inorganic 2D materials with
extraordinary physical characteristits!”) Given the rapidly increasing number of
nanosheets such as LDH3, transition metal oxide$? metal disulfide¥® and other
layered meeriald?Y! at hand, we envision the rational synthesis of complex, multifunctional
solids by combining different types of nanosheets into precisely arranged heterostrucutures
with unique property profiles. The design of artificial solids with custoadeproperties,

which are otherwise inaccessible due to thermodynamic constraints under high temperature
conditions, will be useful in a range of applications, including spintronics, optoelectronics
and catalysi§: * " & 22For example, vertical heterajations composed of photoactive
layers may be engineered to optimize charge separation and transport, and miniaturized
versions of photocatalytic donacceptor systems are accessible using the 2D building
block approach. To achieve maximum control ovee thyer sequence, we use an
electrostatic layeby-layer (LBL) procedure (also known as electrostatic -asffembly
deposition, ESD). Alternative deposition protocols that have been employed by other
groups include the LangmeBlodgett (LB) method*? or flocculatior®®*®! of oppositely
charged nanosheets, although the former lacks scalability and the latter typically yields
disordered assemblies. In LBL, multilayer films form due to electrostatic and hydrophobic
forces between positively and negativeharged nanosheets in a deffiting fashion, thus
allowing for a high level of control over the layer sequence at the (sub)nanfsoale.
previous works, anionic inorganic nanosheets were stacked with cationic polymers such as
poly(diallyldimethylamnonium chloride) (PDDAJ* 7 & 3 \whereas cationic inorganic
nanosheets can be assembled with anionic polymers such as poly(sodium-4tyrene
sulfonate) (PSSY”! Recent approaches have delineated routes to obtain pelsereilms

after ultravioletvisible (UV) irradiation of the hybrid films, leading to the photoinduced
decomposition of the polycations forming the organic substru€fifféin contrast, only

very few studies have been dedicated todinect combination of positively and negatively
charged inorganic nanosheets. An important advantage of using charged nanosheets to
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assemble multilayer structures instead of organic polyelectrolytes is that sequentially grown
layers do not necessarily interpenetrate, thus giving rise to more rigidtusaly well
defined superlatticé®! Li et al.reported a successful LBL assembly of anionigef,>®

or CaNbsOyg with cationic Mg sAlg3dOH)."**" nanosheets with up to 10 bilay&ts.

Other  examples  are  NFeOH)MNOMY  MggeAlpaOH)/MnO, Y

C0p.67Al 0.3 OH),/montmorillonite*?  Coy7Al 0.3OH)./polyvinyl  alcohol/  graphene

oxidd®® and NjgeAlosOH)/TaS,** which were assembled into hybrid thin films by
exfoliationrestacking experiments. Idat al. developed a srgistic LBL system
exhibiting a drastic change in photoluminescence, using@jas an O&éant-ennab
light harvesting and Eu(Okl) as an emissive layer in Eu(OH)Ti; .04 nanocomposites.

This system, similar to the others, was only composeddotayers*®

All of these studies, however, monitor the assembly process only indirectly, implicitly
assuming the alternate stacking of oppositely charged and fully delaminated monolayers.
Thus, ultimate evidence of the alternate layer stacking by means ofrdsigluton
analytical techniques is still elusive. Furthermore, the transition from ultrathin films to

artificial solids with bulk dimensions has yet to be demonstrated.

To fill this gap, we present a locally resolved, precise elemental and structural anfadysis o
novel artificial solid composed of perovskite and layered double hydroxide nanosheets. We
use highresolution TEM (HRTEM) as well as scanning TEM (STEM) combined with
energydispersive Xray spectroscopy (EDX) and electron energy loss spectroscopys{EEL

to elucidate both the composition and structure of the hybrid system with ultrahigh
resolution to yield insights into the interfacial quality, real structure and morphology of the
stack. The thickness of the 20f/er system approaches the bulk levelistdemonstrating

the feasibility of the modular, rational synthesis of new solids from 2D building blocks by
soft chemistry. In addition, our analysis adds to the understanding and improvement of the
colloidal interactions and interfacial integrity detéming the overall quality of the resulting

superlattices.

4.1.2 RESULTS AND DISCUSSION

We assembled a multilayer film composed of nanosheet building blocks by sequentially
adsorbing cationically charged [WAW(OH)¢]'[ES] nanosheets (abbreviated as
Mn,AlI(OH)¢" in the following; ES ethylbenzenesulfonate) suspended in either formamide
or water and anionically charged [(TBAHx] [CaNbsO:q nanosheets (abbreviated as
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CaNbsOyo in the following; TBA'": tetran-butylammonium) suspended in water on a
planar Si/SiQ substrate. Before we consider the multilayer stacks, the building blocks
Mn,AI(OH)s" and CaNbsO;o nanosheet$ will be briefly discussed in the following.
LDHs are described by the general formula'[M" ,(OH),J[A™xn - MH,0], where M

and M" represent diand trivalent metal ions within the Brucilie layers (here Mhand
A", and A" is an organic or inorganic interlayer anion (e.g. E®)rhe structure of a
LDH is depicted in Figurd.l (red). Attractive electrostatic foes between the cationic
layers and the interlayer anions stabilize the structure. To overcome these forces and
exfoliate the layered structure, the LDH is typically swollen with formamide and exfoliated
by ultrasonication, yielding positively charged nsineets!”! The empirical formula of the
synthesized LDH was determined to be pPMI(OH)¢][ES AL.3H,0] by ICRAES and

elemental analysis.

a) 4
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:E-L fn 2 3.5nm
()
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0
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0
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Figure 4.2. AFM images and corresponding height profiles 0ofNERO,o nanosheets aft€rn) synthesis

and(b) 1:2 dilution of the sample shown in (a) with water.

Dion-Jacobsortype layered perovskites can be described by the general formula M[A
1BnOsn+1] (A = Ca, Sr, La etc. B Ti, Nb, Ta etc.), where the negatively charged. [A
1BnOsnea]' layers composed of blocks of cornersharing BQ octahedra are interleaved
with exchangeable monovalent cations’ MM =H, K, Rb etc.f In the monoclinic
structure of KCa\bsO,o the corner sharing B{»ctahedra are distorted from the idealcubic

structue as shown in Figurg (blue).

95



4 LAYER-BY-LAYER ASSEMBLY OF OPPOSITELY CHARGED NANOSHEETS

Transmission / %

. 1 N 1 N 1 . 1 N 1 N 1
4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm”
Figure 4.3. IR spectra of TBAgHo.14LLaNb30,o beforel and after2 dilution with water.

Both types of nanosheets were synthesized by intercaldtiexfoliation protocols
according to established procedures, whichdetailed in the Supporting Informatiéfi>
Atomic force microscopy (AFM) typically reveals M&(OH)s" nanosheets with a height
around 1.51.7nm and lateral dimensions of several hundreds of nanometers
(Figures4.3,34.4), when exfoliated in formamider water, respectively. Glab;O:¢
nanosheets were determined with a typical height oh@\&nd lateral sizes aroune2Em
(Figure4.2a). Note that the nanosheet thicknesses are higher than the crystallographic
thicknesses or those determined experiagntunder ultrahigh vacuum conditions
(0.48nmP" to 0.81nm*® for Mn,AI(OH)6" and 1.441m™% to 1.80nm?® for CaNbsOy0),

which is rationalized by the presence of the ligand shell and adsorption of water, as AFM
measurements were carried out undmbient rather than vacuum conditiéi5To prove

this hypothesis, the contribution of the TBAigand shell to the overall height of the
CalNbsO;; nanosheets was established. First, the amount of “TBiA

[(TBA) 1.xHy] '[CaNbz0,q” was determined to be 0.8440.16) by elemental analysis (see
Table$4.1) In the second step, the nanosheet suspension was subjected to a 1:2 dilution
with water, since the comparatively high amount of TBggests a relatively dense
packing of TBA onthe nanosheet surfal®eFigure4.2 displays AFM measurements of the
undiluted (top) and diluted samples (bottom) with the corresponding height profiles. The
undiluted sample shows an almost flat surface of the nanosheet with an initial height of
3.5nm, whereas the diluted sample exhibits the formation of spots on the surface, along
with a decrease of the initial height to aroundri® With higher dilution the spots vanish
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almost completely. We attribute these observations to the reversible profdA*
exchange between [(TBA)H,] [CaNbsO,¢” and water:

Ol "B0600,+ Q0 2 QG0+ "BOGO

Intensity / a.u.

N

A A L A L

10 15 * 20
2 Theta /°

Figure 4.4. (a) Bright field HRTEM micrograph of the craesection of a 100 bilayer (LD#per)qo film
obtained by electrostatic LBL assembly. (b) XRD pattern of (LDH{pergasured in reflection mode.
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Our assumption that TBAs washed away by diluting with water was further confirmed by

IR spectroscopy (Figt.3). While the spectrum of TBAMHo1sCaNbsO;9 shows strong
absorption bands due to the organic ligand, the intensity of these bands at 3300 and
1638cm™ are strongly decreased compared to theNIstretching band just below
1000cm™ in the spectrum of the nanosheets diluted with wateerdfbre, taking into
account the thickness calculated from crystallographic data of one perovskite block in the
KCaNbzOyo bulk material (1.441m) and the coverage of the nanosheets with ‘T@dp

and bot Ac2mi?®) &s vell as the presence sfrfaceadsorbed water, we can

ascertain the formation of single S#p;0:¢ nanosheetS”

SiiSio,

(LDHmlpef)zo

Glue/Vacuum
{100Jnm|

Figure 4.5. EDX mapping of a (LDH/per), stack on Si showing homogeneous distribution of all

elements. SKy, CKy OKgp, Al K, Mn Ky, CaKgand NbLgsignals were measured.

Figure4.l schematically depicts the formation of (LRkpery multilayer films
(fa=LDH exfoliated in formamide, ag LDH exfoliated in water, == number of bilayers).
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Mn,AI(OH)s" and CaNbs;O,, are alternately adsorbed on a Si/S#Dbstrate with washing
steps in between to remove excess material and avoid flocculation of the colloidal
suspensions. All protocols in the literature relying on positively charged LDH nanosheets
use sheets suspendéd formamide in order to avoid contamination with carbonate
dissolved in water through contact with air. This measure accounts for the fact that the
cationic LDH layers have a high affinity to divalent carbonate anions, which are difficult to
exchange fomonovalent anions and could therefore influence the LBL asséifidly.the
present study GalbsO,g was dispersed in water rather than formamide, since no signs of

agglomeration of MpAl(OH)s" during the LBL process was observed.

Figure4.4a shows an oveiew HRTEM image of a crossection sample of a multilayer

(LDHz/per)oo film. The layers are grown in an ordered fashion on the Si/SiDstrate, yet

nreal structureo effects as opposed to an

extended sheets are clearly visible. The layers show a significant degree of flexibility and
bending around defects such as sheet terminations, Waidh to voids and overlaps in the
assembly. Hence, displacements and small holes are visible in thesectise sample,
which can also arise from mechanical forces acting on the sample during the TEM cross
section preparation. Accordingly, the XRD pait of a (LDH/permultilayer stack shows

two (00) reflections around 5.5 and 11®theta, pointing to a double layer thickness of

x 1.6nm (Figure4.4b). The reflections are broadened due to sheet bending and different

layer packing densities as seenthe TEM crossection images of the stack. The number

of counted bilayers (18%) and the effective thickness of the stack (860 roughly
correspond to that expected for a 100 bilayer film (AQD44nm+ 0.48nm)=192nm),

taking holes and irregulidies into account. A plot of the number of bilayers, determined by
AFM, vs. thickness of the stack shows a linear progression of the layer thickness (Fig.
$4.5).The presence of both componentsn,Al(OH)s" and CaNbzO,o i in the assembly

was verified lased on an EDX mapping of the LBPlnd perovskitespecific elements,
respectively (Figurd.5). The signal of the AKy Mn Ky, CaKg NbLg and OKy peaks

from EDX maps shows evidence of a homogeneous distribution throughout the multilayer,
thus confirmng the formation of a hybrid nanostructure featuring layered components
intimately mixed at the nanoscale. The observed carbon signal either arises from the
remaining organic counterions (TBAand ES or from the glue used forTEM sample
preparation. EDX gantification confirms that the amount of Bi#;0,4 is 2-3 times higher

than that of MpAI(OH)s". Individual spectra and related quantification data are shown in

FigureS4.7and Tables4.3. In order to draw further conclusions on the local structure of the
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stack and to ascertain the sequential assembly of nanosheets (rather than the formation of a
disordered nanocomposite as obtained by flocculation), atomic column resolvezhblgh

anndar dark field (HAADF}STEM measurements were performed.

&:o..,i.‘,;
DAY

Intensity / a.u.

Distance / nm

Figure 4.6. (a) Highresolution HAADFSTEM image of a (LDkK/per)qo film and (b) intensity profile

taken along the orange bar with the green cross marking a large and the blue circle a staier di
between individual perovskite layers, as shown in the inset. The white ellipse highlights a region where
additional columns are visible due to a projection effect.
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The HAADF image (Figurd.6a) shows an alternating sequence of three bright
columnsplanes with one broad dark layer in between. Given the sensitivity to the atomic
number in HAADF imaging, we attribute the dark slabs to the LDH as will be discussed
below. Nevertheless, STEM measurements reveal rapid disintegration under the electron
beam which might explain why no crystalline signature was obtained in these regions. The
bright columns/ planes arranged in regul ar
and hence can be related to the perovskite layer composed of threshadge NbQOs
octahedra as fundamental structural motif. These layers are not always oriented along the
zone axis as expected for the bulk material, but tilted with respect to each other within the
plane of the sheets (i.e. by rotation around a common axis pkcpkm to the substrate);

thus, the atomic columns can appear as lines in thexdf orientation. This is clear
evidence of the presence of individual delaminated perovskite sheets rather than non
exfoliated bulk material. Some of the perovskite shaegdrighter than others; this is likely
related to their orientation with respect to the electron beam. Indeed, it can be observed that

brighter layers are atomically resolved, whereas the darker layers are not.

Besides the stacking disorder due to shewthinations and corrugations owing to varying
amounts of adsorbed LDH between the perovskite layers, another observation should be
pointed out: In Figurd.6a the white ellipse marks an area where additional niobium
columns seem to be present. This caultefrom inhomogeneous adsorption of LDH and,
hence, formation of wedges causing a tilting of the perovskite layers in the projection of the
TEM foil.Figure4.6b shows the corresponding intensity profile taken along the orange bar
(Fig. 4.6a). This intenigy profile yields NBNb distances inside a perovskite layer of-3.6
4.2A and shows NiNb distances between two different layers starting fro®A6
Figure4.7a shows the atomic distances of-Nb and CaCa within a perovskite layer in
horizontal and vertal directions. In Tabl&4.4 these distances are listed and compared to
the values obtained from the perovskite layer the bulk materials KG#lb;Oq9
(monoclinic, space grouf2;/m) and HCaNbsO;oA0.5H,0O (tetragonal, space group
P4/mbn). The values are significantly different and can therefore not be considered an
imaging artifact. All experimental values are in agreement with the distances found in the
bulk materials.The inset of Figurd.6b displays a smaller distance marked withlaeb

circle next to a larger distance marked with a green cross between two perovskite layers,
which is also highlighted in the intensity profile. This observation confirms that the
distances between the perovskite layers are not constant due to differeants of

adsorbed LDH. The smaller distance is close to the distances found between two perovskite
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layers in theHCaNbsO;0 A0.5H,0 bulk material and might suggest deposition of multilple
layers of HCaNbs;Oyo upon partial TBA i proton exchange durindné LBL processTo

test this possibility and its impact on the multilayer formation, we attempted to assemble
CaNbzOy9 without ML AI(OH)s" under otherwise identical experimental conditions and
found that this leads to a random accumulation of sheets without a defined multilayer
structure. Similarly, the addition of Mhand APF* ions in solution does not lead to
multilayer structures but fa¢r to the deposition of a few layers of .80, on the
substrate (Fig4.6).

Hence, as expected and in line with the TEM results, oppositely charged nanosheets are
crucial for the fabrication of such heterostructures and multilayer stacking oiNH{a o
without the presence of LDH can be excluded. Figura shows a HFSTEM image where

an EELS linescan was performed along the orange line. 128 EEL spectra were taken along
a distance of 16.8m with a dispersion of 0.&V/channel. In the range fron6Q to 1193V

most major ionization edges of interest are visible: thevM§lg with an onset at 208V and

a delayed maximum, the @3 3 with two whitelines at 34&V and 35@V, the NbM ; at
363eV and 37&V with a sharp threshold peak, theKCat 52 eV, and the MfL, 3 at
640eV and 65%V. Figure4.6b depicts all EEL spectra integrated over the full set of data
with the energy scale calibrated based on th& {3=dge in the dataset. The Nn ; edge is

only visible in the dark layer, whereas the-IGa is always present, but with significantly
decreased intensity in the dark layer. This is different to measurements known from
literature performed on (LaN®;/CaNbsO,0), multilayer stacks, where the perovskite
layers are less sensitive to electromadiation and the signals can clearly be
distinguished?®!

Another factor already evident from the EDX data is that lessANM@H)s" than
CaNbsO,g is present throughout the sample. Hence, the signal for thé&,Medge is
weak. In addition, elementend to have a low inelastic scattering cresstion at high
energy losses. Figue7c shows enlarged the extracted and normalized signal -bf, €a

and NbM; 3, whereas the Mih,; and the GK edge are depicted in Figuderd with the
individual spectra of the bright perovskite layer (blue line) and the dark LDH layer (red
line), respectively. Note that the signal of thelGa and NbBM, ; edges decreases, but does
not totally vanish. This can be explained by a slight tilt of the measured yiltil@gion

with respect to the incident beam and the finite resolution of the experimental technique,
giving rise to signal contributions from layer regions deeper in the stack. Furthermore, a

change of the & nearedge fine structures is visible, indiceg a change of the
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environment of the oxygen atoms when comparing the pristine perovskite with the hybrid
superlattice. An intensity profile of the extracted-IGa, Mn-L,; and GK edges is shown

in Figure4.7e (for details see Supporting Informatiofijie maximum of the Mib, 5 signal
consistently lies in the minimum of the €a3 signal, thus proving the alternate stacking of
individual MnAI(OH)s" nanosheets with GlibsO;9 nanosheets at the nanometer scale.
Notably, this finding implies full delamation of the LDH and perovskite sheets in solution

or upon interaction with the respective oppositely charged top nanosheet layer.
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Figure 4.7. (a) STEM crosssection image of a (LDHper)qo film. The inset shows the vertical (vert)
and horizontal (horiz) distances between A)-Niyqi,, B) Nb-Nbyer, C) CaCajer, D) CaCaygri. The
orange line corresponds to an EELS dgwan, where (b) shows the corresponding summed up EEL
spectra, (c) thendividual EEL spectra of the G@a3; and NbM,; edges without shift and (d) the
individual EEL spectra of the-® and MnL, ; edge with a vertical shift of the blue spectra. In (c) and (d)
the spectra from the bright layer (perovskite) are shown in bhase from the dark layer (LDH) in red.

e) Extracted intensity profiles of €a 35 Mn-L,3 O-K, and the HAADF signal taken along the orange

line in (a).
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5nm

)

Figure 4.8. Comparison of STEM crossection images taken from a (LRHper) oo film assembled vith
the LDH being dispersed in formamide (a), and a (L{perk, film with the LDH dispersed in water (b).

The OK signal is more dominant in the perovskite region, but less pronounced than the Ca
L, 3 signal showing the additional existence of oxygen atoms between the layers, which can
be attributed to the MAI(OH)¢" layers. The AlL,3 edge (73V) is influenced by the

rising background from the NN, (34 eV), CaM;3(25eV) and MRM; 3 (49eV) edes. In
addition, the amount of aluminum present in the sample is low, which makes the detection
of the AlL; ; edge difficult. Also, the AK edge is located at much higher enelgsses
(~1560eV) and hence shows a weaker signal for the same acquisitienHowever, an
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increased exposure time quickly leads to contamination and therefore to an enhanced
background of the & edge, which renders the detection of thekA¢dge challenging and

rather unreliable under the present conditions and nature cdripdes

The above analysis yields insights into the structure and morphology of the multilayer stack

both on the atomic and nanoscale. In line with the sokiiens ed st epwi se Agr

process, epitaxial layer stacking is neither expected nor observed.

Newertheless, the adsorption process generates densely packed regions with little defects
next to regions with major stacking faults and locally aggregated organic residues, which

likely stem from residual, neaxchanged ligands.
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Figure 4.9, EELS linescan of a (LDH{/per), film showing all spectra summed in black and th& @nd

Mn-L, s edge (marked in red) enlarged in the inset.

Along these lines, it is instructive to probe the influence of the assembly conditions on the
structure andnterfacial quality of the resulting heterostructures. Therefore, in addition to
the (LDH/perkoo multilayer film assembled with formamide as dispersing solvent for the
LDH, a (LDHa{peryo stack using aqueous suspensions throughout was synthesized.
Accordingly, exfoliation of the LDH was carried out inp® rather than formamide. A low
resolution crossectional STEM image of both samples is shown in Fig@efor
comparison. In contrast to the (LIRKber)oo film, the (LDHadperko film is less densely

stacked and apparently exhibits larger distances between the perovskite layers. The amount
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of LDH attached to the perovskite sheets appears to be less than in thg/{eBib stack

and the space between the perovskite layers is not as homogeneaashEMIX analysis
suggests that approximately ten times lessA(®H)s" is present in the (LDk/perko
stack than in the (LDHper)o film. In agreement with its porous and less ordered
structure, the (LDEl/perko film is less stable under the electrbeam, making EELS lire
scans unfeasible under the given circumstances. Hdrelisplays an overall EEL
spectrum for the (LDK{per)o stack, similar to the one shown for (LRier)oo All edges

are less pronounced and the signal for thelMnedge is further decreased, with only a
small peak visible as shown in the inset (marked with a red circle). We attribute the lower
amount of LDH in the watelbased sample to the equilibrium reaction described above
(eq.1), which is visualized schematibain Fig. 4.10. During the LDH deposition, the outer
[(TBA) 1.xHx] [CaNb;O1q] layer of the stack is exposed to water.

+x H,0 i . H*

— -
—
-~

a)

) +LDHDS
¢ -TBADS

H+

Figure 4.10 Scheme depicting the proposed formation mechanism of a (LDHfper)as a function of
the equilibrium reaction (a). Densely packed (Lper), films are obtained in step (b), while in step (c)
less dense (LDK/per), films are generated due to a shift of the equilibrium reaction of TBAOH and

water.
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According to eq.l, the equilibrium is shifted to the right, thus increasing the degree of
protonation (larger x) for the [(TBA)Hx]'[CaNbs;Oig nanosheets whilst diluting the
suspension with water. Hence, less TH# present on the nanosheets, thus reducing the
apparat layer charge density on the nanosheet surface when assuming only minimal
dissociation of the protons in contrast to TBAherefore, the fraction of cations at the
nanosheet surface exchangeable with LDH is reduced, giving rise to an overall higher
amount of protons along with a lower amount of LDH in the final heterostructure. This is
further substantiated by monitoring the pH whilst adding HCI to an aqueous
TBA.sdHo.16CaxNbsOyp suspension. Figur®4.8 shows the pH plotted versus the molar
fraction of TBA" in TBA,H1.,CaNbsO1,. Similar to the titration of TB4H;., TiNbOs with

HCI® two equivalent points were found.

The relevant one for the LbL assembly is the equivalent point & pHAbove this pH a
single phase unilamellar colloid exists, whiclecessary for a successful LbL deposition.
Just below pH 5.5 solid TBAM1.xCaNbsO,o with a proton fraction of more than 50% starts
precipitating. We infer from these results that the change of solvents employed for the
dispersion of the nanosheets apptydgmas a major impact on the structure and composition

of the resulting superlattices. Although the choice of solvent is limited by the limited
dispersability of the nanosheets in many solvents, this finding nevertheless points out an
important design ctérion in the assembly of nanosheets, which is governed by colloidal
stability, ionic strength, composition of the Helmholtz double layer and solution equilibria
influenced by the pH.

4.1.3 CONCLUSION

We have demonstrated the rational synthesis of a @ntplocomponent solid composed

of Mn,Al(OH)¢" and CaNbsO;; nanosheets by means of electrostatic koyelayer
assembly, which highlights the feasibility of
judicious combination of nanosheet building scFor the first time, we have been able to

map out the structure and elemental distribution within the stacks locally resolved by
HRTEM, STEM and EELS analysis, and ascertained the presence of alternating,
compositionally distinct LDH and perovskite lageof consistent and reproducible

minimum thickness, i.e. single sheets. While the perovskite layers are highly crystalline and

stable, no crystalline signature of the LDH layers was obtained owing to their rapid damage

under the electron beam. The morggy of the multilayer films can be modified by
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selection of different nanosheet dispersing solvents, which was demonstrated by fabricating
dense stacks from LDH dispersed in formamide, whilst suspension in water leads to less
dense stacks containing a sheabverall amount of LDH. This feature will be helpful as a
future design criterion to tune the composition and porosity of the stacks.

In addition, we demonstrated that multilayer films composed of 100 double layers (and
possibly more) can easily be oitad by ESD, which is a first step towards the synthesis of
tailor-made bulk solids rather than ultrathin films from individual 2D building blocks.
Finally, with this study we add evidence to
in a rational vay by taking advantage of soft chemistry routes to new solids, rather than
relying on traditional explorative solistate synthesis which is largely driven by

thermodynamic principles.

4.1.4 SUPPORTING | NFORMATION

Experimental procedures

Chemicals. All chemicals and solvents were purchased from commercial suppliers and
used without further purification: -dthylbenzenesulfonic acid (Sigedddrich, 95%),
manganese nitrate  (Mn(NR A4 H,O, SigmaAldrich, 97%), aluminum nitrate
(AI(NO2)3 A9 H,0, Fluka,99%), sodium hydroxide (NaOH, AppliChem, 97%), formamide
(Fluka, 98%), potassium carbonate,(QO; Merck KGaA, 99%), calcium carbonate
(CaCQ, Grussing, 99%), niobium pentoxide (B, Alfa Aesar, 99.5%), tetra-
butylammonium hydroxide 3Bydrate (Sigm&Aldrich, 98%). Deionized water was used

throughout all procedures.

Mn,AI(OH)¢" Synthesis. The LDH bulk compounds were synthesized by a typical
coprecipitation method according to the literafffe.Mn(NO5), A4 H,0 (3.33mmol,
835mg) and AI(NQ)3; A9 H,O (1.67mmol, 626mg) were dissolved in 100L water. An
aqueous solution of-dthylbenzenesulfonic acid (@M, 100mL) was added to the metal
nitrate solution. Under Argon atmosphere (to avoid absorption of ambientlMONaOH

was added dropwise to thelwon to adjust the pH to 9.0. The brown precipitate was
recovered by filtration, washed with water and acetone and dried under vacuumhfor 24
Exfoliation of MnAl ethylbenzenesulfonate (ES) LDH in formamide was carried out by
dispersing 2%ng of the but material in 50nL formamide and subsequent sonication for

30min. The resulting colloidal suspensions were centrifuged at 1ACor 10min to
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remove possible neexfoliated particles. The supernatant was used for further synthesis.
Exfoliation of theLDH in water was done by dispersing 29 bulk LDH in 50mL water
and subsequent sonication fomin.

CayNb301¢ Synthesis.KCaNbs;O,0 was synthesized in a modified procedure according to

1.9 K,CO;, CaCQ and NOs were mixed and thoroughly grinded in the molar

Dion et a
ratio 1.2: 4 : 3. The mixture was then fired up to a temperature of 220fdr 60h. 1g of

the assynthesized powder was stirred in@Q 5M HNO; for 5d to achieve catioproton
exchange. The acid was taped every da§® For exfoliation 0.2y of the proton
exchanged form HGAb;O;/M.5H,0 were dispersed with tetrabutylammonium
hydroxide 36hydrate (TBAOH) at a molar ratio of 1:1 in &L aqueous solution. The
suspension was shaken for 4 weeks amd-axfoliated particles were removed by
centrifugation at 3,006pm for 30min. The supernatant with a nanosheet concentration of

~2mg/mL was used for further synthesis.

Multilayer assembly. The multilayer films composed of MAI(OH)s" and CaNbz;Oo

were assembled using a StratoSequence 6 LBL robot (nanoStrata Inc., Tallahassee). After
exfoliation, a Si (100) wafer terminated with a native Si@yer (Si/SiQ) was first
immersed into the LDH nanosheet suspension in formamide faviri,Ghen rinsed in wat

for 1 min, immersed in the perovskite nanosheet suspension in water ricinXhd rinsed

in water again for in. This procedure was repeatetimes in order to obtain multilayer

films depicted as (LDH/per). The washed film was dried under Nasflow for 1 min

after each cycle. Multilayer films based on LDH suspended in water instead of formamide

were assembled in the same way and are labelled as.{lpek}.

Crosssection preparation. For transmission electron microscopy (TEM) characterizations
a sandwich structure was prepared by gluing two Sy®i&lers together on the side of the
multilayers and subsequently cutting the sandwich structure into discs. The discs were

grinded, dimpled and iethinned.

Characterization. X-ray diffraction (XRD) aalysis, scanning electron microscopy (SEM)
coupled with energylispersive Xray (EDX) analysis, inductively coupled plasma atomic
emission spectroscopy (IGAES), elemental analysis, atomic force microscopy (AFM) and
transmission electron microscopy (TEMjgre used to monitor starting and intermediate
compounds as well as the obtained nanosheets. XRD data of powders were collected using a
Huber G670 (Huber, Rimsting; Cu gKradiation, a=154.051pm, Ge(111)
monochromator, external standard gi@uinier Imaging Plate diffractometeiXRD of
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multilayer stacks was performed on a Bruker D8 Advance diffractometer (Bruker, Billerica,
Cu Kg-radiation, = 154.051pm). SEM was conducted on a JSY00F electron
microscopg(JEOL Ltd., Tokyo). The microscope wasugzped with a 7418 EDX detector
(Oxford Instruments, Abingdon). IGRES was done using a VISTA RL CCD and ICP
AES analyzer system (Agilent Technologies, Waldbronn). An Elementar vario EL
(Elementar Analysensysteme, Hanau) was employed for elemental sr(@ssgi To this

end, nanosheets were isolated by centrifugation and the carbon, hydrogen and nitrogen mass
fraction measured. The excess hydrogen content not attached to tHewBBAalculated

and used for the determination of XFM measurements were f@med on a MFRBD

Stand alone AFM (Asylum Research, Santa Barbara). Tappotg was applied using
OMCL-AC160TSR3 (Olympus, Tokio) cantilevers with a resonant frequency ofkBG0

A Philips CM30 ST microscope (3%Y, LaBs cathode, C$ 1.15 mm, Royal Rilips
Electronics, Amsterdam) was used for EDX mapping. The HAADF STEM imaging, and
STEM-EDX/EELS investigations were performed in a FEI Titan380 Cubed (S)TEM

(FEI, Hillsboro) operated at 3/, equipped with a high brightness-BEG, two
aberration orrectors for the probe and the image forming lenses, and a Gatan GIF (model
866) spectrometer. The EELS lisean was performed taking 128 spectra along a distance
of 16.3nm with a dispersion of 0.&V/channel. Exposure time was 8.4Energywindows

of 353.0366eV for Cal,3 533.0581eV for O-K and 640.6652 MnL, 3 were used for

the signal extraction along the measured distance.
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Figure $4.1. (a) XRD and(b) IR of MnAl ES LDH, (c) and(d) photographs ofin,Al(OH)¢" nanosheets
suspended in formamide and water, respectively.
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Figure $4.2. Left: XRD patterns of(a) KCaNbsOyo, (b) HCaNbs;O1o % 0.5H,0 with the respective
simulated patterfé **'taken from the ICSD data base; right: IR©f KCaNbsO;, and(d) HCaNbsOx,.
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Table $4.1. EDX quantification data foKCa,Nbz0,o, HCgNbsO;4 x 0.5H,0 and Ca\bsO;;.

Element (atomic%) KKy CaKy Nb Ly O Ky
Compund

KCaNb;O19 5.7 11.0 19.0 64.4
HCaNbsO,0* - 11.7 20.6 67.8
CaNbsOyp - 12.2 19.0 67.4

*ICP-AES yieldedHCa& ;Nb3O,0 % n H,O without traces of K.

Table $4.2. Elemental analysis (C, H, N) &f&NbsO;,. The values are given in weighg.

N C H Formula

0.79 % 10.05 % 2.18 % TBAo.sH0.16CaNDb;01

Figure $4.3. AFM image and corresponding height profile of a Pd#lo.3(OH),]***ES.34%** (ES:

ethylbenzenesulfonate) nanosheet exfoliated in formamide.

Figure S4.4. AFM image and corresponding height profile of a Pyl o3OH),]***ES3d%** (ES:

ethylbenzenesulfonate) nanosheet exfoliated in water.
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