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bond valence per bond S̄ij and bond valence sum
∑
S̄ij. . . . . . . . . . . 126

B.8 Rutil and ternary iridium oxide compounds with tetravalent iridium, their

structure type (ST), formal oxidation state (OS), the bond-valence parame-
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1 On the Monolayers of Inorganic Compounds

The solid state sciences are crucial to the technological advancement of humanity in the last

100 years. The ability to grow large defined arrangements of atoms or ions as single crys-

tals, to determine their structure by diffraction methods and to describe their properties

by quantum theory1 has enabled research into their properties and driven the development

of many devices such as the field effect transistor, photovoltaics and new quantum states

of matter.2 To gain insights into the properties of single crystals, where all the constitut-

ing atoms of a similar kind share a similar environment due to translational symmetry,

experiments in various temperature (T ) and pressure (p) regimes as well as electrical or

magnetic fields were conducted. Yet, some critical properties such as chemical reactivity,

the wetting of the crystals by liquids or electrochemical properties are specific to surfaces

instead of the bulk of the material.

Early on it was established that the atoms at the surfaces of single crystals significantly

differ from their bulk counterparts due to their undersaturated coordination. To reduce

their energy, the surface either reconstructs under symmetry breaking, for example as

known from Si(111),3 or relaxes into a state with similar structural motifs with shorter,

stronger bonds. One example are MoS2 single crystals, where it was early established that

the bond length at the surface shrinks by 5 %.4 These relaxation processes lead to changes

in the electronic structure represented in the band structure diagrams as well as a change

in properties.
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Figure 1.1: Structure of graphene as well as schematic of electronic structure a) without
and b) with 1 % uniaxial strain, redrawn from the literature.5

These changes are usually overshadowed as the largest part of atoms are contained in

the bulk of a compound compared to those that inhabit the surface, but not in single layers

of inorganic compounds, which consist only of surface structures. These monolayers show

bonding characteristics similar to the surfaces and have been known for some time6,7. In

the last 15 years, the interest in monolayers rose sharply once the link between exfoliation of

layered compounds and the consequences of the changes of the electronic structure became

apparent. The most prominent case is graphene, a single layer of graphite, where exfolia-

tion yielded single layers of carbon in a honeycomb arrangement.8 The band structure of

graphene has bands that are linearly dispersed when crossing the Fermi level. Therefore the

electrons that populate these bands are massless and follow Dirac rather than Schrödinger

statistics.5 This gives researchers an additional tuning parameter to tailor the electronic

structure, which is very sensitive to various parameters. One example is the application of
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Figure 1.2: Structure of MoS2 in a) bulk and b) monolayer form as well as schematic of
electronic structure, the orange arrow indicates the band gap, redrawn from the litera-
ture.14

uniaxial strain on the monolayer. Upon the deformation of the lattice, the linear dispersion

is broken, leading the opening of a band gap and semiconducting behavior.9

While exfoliation leads to massless electrons in graphene, it has a different effect on

other layered materials depending on their real space and band structure. In MoS2 and

WS2,
10–14 exfoliation lowers the position of the band at the Γ-point, which consists of a

combination of d-orbital of the transition metal and antibonding pz orbitals of S, relative

to the unaffected bands at the K-point. Thus, the indirect band gap of bulk MoS2 and

WS2 turns into a direct band gap in the monolayers, vastly increasing the photon absorp-

tion compared to the bulk.11–13 A schematic representation of the crystal and electronic

structure of bulk and monolayer MoS2 are displayed in Figure 1.2.

Another example for the property changes in monolayers due to the proximity of elec-

tron density is seen by the variation of the electron mobility of graphene measured on

different substrates. When placed on SiO2, which has a rough surface as well as an in-

homogeneous charge-density distribution due to impurities, the electrons scatter at these

”charge puddles” and the mobility drops.15 The reversed trend is observed when graphene

is sandwiched between layers of highly crystalline hexagonal BN.16 As h-BN has a smooth
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surface as well as a homogeneous charge distribution, the electron mobility is close to the

ideal one predicted by theory.

The sensitivity of the electronic structure to proximate electron density, photo-activation

of charge carriers, spin polarisation under circular light illumination17, mechanical flexi-

bility to bending yet strength against tear sparked various ideas for applications of con-

ductive two-dimensional (2D) graphene and transition-metal dichalcogenides (TMDs) as

active components in electrical devices, sensors, battery electrodes, conductive part for hy-

brids with otherwise insulating materials as well as materials for spin- instead of electron

based electronics.18–21 To satisfy the anticipated demand for monolayer materials as well

as extend the library of available properties, research efforts lead to a library of various,

exfoliated layered compounds. Examples of verified monolayer compounds as well as some

compounds predicted by theory relevant to this work are summarized in Table 1.1.10,22

Four synthetical routes were established, two based on chemical reactions, and two based

on the application of mechanical force.

The first is called chemical exfoliation and relies on osmotic pressure created by the

solvation of cations present in the interlayer space. These are either present in the parent

compound27, introduced by exchanging non-solvateable cations for solvateable ones41 or

intercalated by redox reactions, i.e. lithium insertion by reaction of the layered compound

with butyl-lithium or LiBH4 with a concomitant reduction of the layer constituents.6 The

second route is chemical vapor deposition (CVD), where a metal precursor compound like

MoO3 is volatilized in the presence of a gaseous species containing the anion of the desired

product, i.e. sulfur vapors for MoS2.
66 The single layers are then deposited on a substrate,

depending on a specific set of conditions regarding temperature, total and partial pressures,

flow velocity as well as substrate termination. In the liquid phase exfoliation technique,

exfoliation is achieved by applying shear forces onto the layered bulk in the presence of

a solvent with a surface energy in the range of the van-der-Waals interlayer forces.67 The
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Table 1.1: List of experimentally verified and some predicted (*) monolayered compounds
as well as references, R denotes organic functionalities.

Elemental Nitrides Other Chalcogenides

graphene8 BN, hexagonal23 Bi2Se3
24

borophene, on Ag(111)25 TMDs SnS2
26, [Sn1–xS2]

4x – 27

silicene, on Ag(111)28 MoS2
6,29 TiS3

30

phosphorene31 MoSe2
32 MnPS3

33, NiPS3
34

stanene, on Ag(111)35 MoTe2
36 CrSiTe3

37

Halides WS2
7 Oxides & Hydroxides

CrX3*
38,39 WSe2

40 [Ti0.92O2]
0.7– 41

α-RuCl3*
38 WTe2

42 [MnO2]
x – 43

BiI3*
38,44 VS2

45 [CoO2]
x – 46

Hydrides VSe2
47 [MoO2]

x – 48

CHx
49 NbS2

50 [RuO2]
x – 51

GeH52 NbSe2
29 W2O7

2– 53

Functionalized TaS2
54 Cs4W11O36

2 55

Ge-(H,R)56 TaSe2
54 various oxide

MoS2-R
57 TiS2

54 perovskites58,59

Others TiSe2
60 various layered double

MXenes61,62 ZrS2
54 hydroxides (LDH)63

Oxypnictides64 ReS2
65
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single layers then get stabilized by interacting with the solvent. The last technique is

mechanical cleavage, where interlayer forces are overcome by the use of an adhesive tape.8

In van der Waals compounds such as graphite and TMDs, all techniques mentioned

above yield nanosheets ranging from single layers to few layered stacks. Yet, the yield of

few single layers and a broad layer number distribution are typical for mechanical cleavage

and liquid phase exfoliation techniques. CVD requires substrates of smooth surfaces able

to withstand high heat as well as low pressures. As scale-up requires a good yield of

monolayers, chemical exfoliation is key.

Incidentally, chemical exfoliation is also the technique which allows the exfoliation of

oxides and hydroxides, which do not feature a van der Waals gap, but are held together

by the Coulomb force between the polyionic layers and counterions present in the inter-

layer space.41,46,51,63,68,69 In these material classes, the strong Coulomb interaction impedes

exfoliation attempts by the application of mechanical force. CVD is not possible due to

the high evaporation temperature of oxides as well as the dehydration of LDHs at elevated

temperatures. Yet, the exfoliation of these layered compounds offers materials with a set

of properties complementary to the conductive graphene and TMD materials which typ-

ically feature band gaps of up to 2 eV. In oxides and hydroxides, the metal cation-anion

interaction is more ionic, which leads to electronic structures with band gaps of up to 5

eV, filling the band gap region between 1.8 eV of MoS2 and 6.5 eV of BN. Especially the

high band gap insulators are less sensitive to variations of their electronic behavior and fea-

ture a high resistance to chemical attacks and high temperatures even in monolayer form.

Therefore, the oxide and hydroxide nanosheets are discussed as photoelectrocatalysts in

water splitting as well as for applications as insulating layers in electronics.58,63

Another class of compounds, which has received little attention so far, are halides.

Especially in chlorides, the hardness of the anion should be an intermediate between the

hard O2– and the relatively soft S2– anion, and there exist van der Waals compounds
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Figure 1.3: Schematic depiction of frustrated magnetism on the triangular lattice as well
as its derivatives; the kagome and honeycomb lattice, the arrows indicate spins.

such as CrCl3 and α-RuCl3. Hypothetically, these could combine the lack of unscreened

Coulomb potential from TMDs with the stability of the oxide monolayers.

The other major factor influencing the electronic behavior as well as structure and

magnetic behavior of monolayers is the electron configuration of the cation. In MoS2, the

Mo4+ ion is trigonal prismatically coordinated by six S2– , which is known as the 2H-phase.

The injection of electron density into the layer, for example by exfoliation by lithium

insertion, leads to a phase transition to the 1T-phase, which hosts molybdenum ions in

an octahedral coordination.70,71 This phase change is accompanied by a transition from

semiconducting to metallic behavior with drastic implications for the catalytic properties.

In electrocatalytic water splitting, the catalytically active sites sit at the edge of 2H-MoS2

and have a Tafel slope of 80 mV dec-1, while in the 1T-phase, the whole monolayer becomes

catalytically active with a drastically decreased Tafel slope of 40 mV dec-1. Therefore, the

exfoliation does not only affect the conductivity, but also increases the number of active

sites.72
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Frustrated magnetism is another property where the parameter control offered by the

exfoliation of 2D compounds can spark interesting investigations. In geometrically frus-

trated magnets, the spins try to order in an antiferromagnetic lattice, where the magnetic

interactions to the next neighbor are of opposite sign. Yet, due to symmetry restrictions

based on the triangular and kagome lattice of the magnetic ions, such an arrangement

cannot result in an antiferromagnetic order, which leads to a suppression of the ordering

phenomenon.73 In honeycombs, the spins could order antiferromagnetically, but interac-

tions with the second coordination sphere counterbalance those of the first, leading to

frustration by a slightly different mechanism.74 A schematic of the geometric suppression

mechanism as well as of the three lattices is depicted in Figure 1.3. In real compounds,

interlayer interactions usually introduce additional interactions, which allows a system to

order. By exfoliating these layered compounds and suspending them in vacuum additional

interlayer interactions can be excluded, potentially opening up a platform for investigations

into interlayer effects in magnetically frustrated systems.

Objectives The main goal of this thesis was the preparation of inorganic monolayers of

novel compositions and properties. Two strategies were pursued. While the first one was

based on the synthesis of monolayers with unprecedented halide anions, the second strategy

focused on the preparation of cations with interesting electron and spin configurations,

which are either applicable for catalysis or, combined with the triangular based structural

motifs, promote magnetic frustration for potential applications in spin-based electronics.

α-RuCl3 represents a new candidate for the realization of the quantum spin liquid (QSL)

state due to the honeycomb arrangement of Ru3+ with its 4d5 electron configuration (S =

1
2
).75–79 As the QSL state stays elusive due to interactions between the RuCl3 layers, a single

layer potentially offers a possibility to investigate the influence of the interlayer magnetic

interactions on the magnetic phase diagram by decoupling the layers from each other.
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This additional degree of freedom in tuning the magnetic interactions in RuCl3 should

be particularly relevant to the growing community of researchers currently interested in

bulk α-RuCl3.
80 The investigations on the preparation of single layered RuCl3 and of its

restacked pellet are presented in chapter 2.

Another class of compounds with interesting properties for frustrated magnetism as well

as electrocatalytic water splitting are iridates with an iridium valency of four or higher.

There, the oxidation state of iridium and the character of the iridium-oxygen bond are

crucial for the interpretation of the observed behavior. Lower valencies and thus longer

iridium-oxygen bonds are rare due to the influence of the relativistic effect on the orbitals

of iridium, but represent an important cornerstone for the understanding of the bonding

in ternary and quaternary iridates. In chapter 3, the structure, electric, magnetic and ion

exchange properties of the new layered alkali iridate with the composition K0.75Na0.25IrO2

are investigated.

Binary and ternary iridium oxide compounds are among the best electrocatalysts for

water oxidation under a wide set of conditions. As the overpotential necessary to drive the

water splitting reaction varies with the highest and lowest valence state of the metal oxide

as well as the active surface area, bulk IrOOH was exfoliated into [IrO2]
x – nanosheets to

increase the surface area. After investigations on the structural integrity of the nanosheets,

their electrocatalytic behavior as well as that of IrOOH and IrO2 were characterized in

chapter 4.
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Abstract

Spin 1
2

honeycomb materials have gained substantial interest due to their exotic magnetism

and possible application in quantum computing. However, in all current materials out-

of-plane interactions are interfering with the in-plane order, hence a true 2D magnetic

honeycomb system is still of demand. Here, we report the exfoliation of the magnetic

semiconductor α-RuCl3 into the first halide monolayers and the magnetic characterization

of the spin 1
2

honeycomb arrangement of turbostratically stacked RuCl3 monolayers. The

exfoliation is based on a reductive lithiation/hydration approach, which gives rise to a loss

of cooperative magnetism due to the disruption of the spin 1
2

state by electron injection

into the layers. The restacked, macroscopic pellets of RuCl3 layers lack symmetry along

the stacking direction. After an oxidative treatment, cooperative magnetism similar to

http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b00701
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the bulk is restored. The oxidized pellets of restacked single layers feature a magnetic

transition at TN = 7 K if the field is aligned parallel to the ab-plane, while the magnetic

properties differ from bulk α-RuCl3 if the field is aligned perpendicular to the ab-plane.

The deliberate introduction of turbostratic disorder to manipulate the magnetic properties

of RuCl3 is of interest for research in frustrated magnetism and complex magnetic order

as predicted by the Kitaev-Heisenberg model.
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2.1 Introduction

The emergence of graphene1,2 initiated the development of a variety of single layer com-

pounds as well as investigations into their electronic, optical and mechanical properties.

The materials that are most actively examined are monolayers either composed of a sin-

gle element, such as carbon based graphene or black phosphorus single layers, or binary

transition metal chalcogenides .3–6 Binary halide nanosheets have been predicted based

on chemical intuition3,4 or ab initio calculations .7 Yet, no single layer halides have been

synthesized so far, even though this class of compounds features an array of interesting

electrical and magnetic properties.

The magnetic semiconductor α-RuCl3 is one such example. While it was investigated

in the past as a host for intercalants8,9 and as a lithium ion conductor10, current research

focuses on its magnetic properties. These are determined by the nearly perfect honeycomb

lattice of 4d5 Ru3+ centers with S = 1
2

due to the intermediate spin-orbit coupling (SOC)

of ruthenium.11,12 For these reasons, α-RuCl3 is currently debated as a candidate for the

Kitaev-Heisenberg model. Within this model, spin 1
2

centers are arranged on a honeycomb

lattice with competing exchange interactions up to the third neighbor, leading to a variety

of exotic spin phases.13 The model suggests that the system could possibly be pushed into

a quantum spin liquid regime by the manipulation of the competing interactions, thereby

opening up applications in quantum computing.14

The first candidate material for showing physics predicted by the Kitaev-Heisenberg

model was Na2IrO3,
15,16 which features a zigzag antiferromagnetic (AF) order as its ground

state.17–19 In this type of spin order, the magnetic moments form ferromagnetic (FM)

zigzag chains, whose magnetization direction is opposed to the neighboring chains within

the plane. Yet, the Na+ ions in the interlayer space of Na2IrO3 lead to disadvantageous

interactions between the iridate layers, which interfere with theoretical predictions of a
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honeycomb arrangement of spin 1
2

magnetic arrays.20 Eliminating the interlayer interaction

could provide a route to manipulate the spin structure of real materials featuring a spin 1
2

honeycomb arrangement.

In RuCl3, where no charged ions are in between the honeycomb layers, the interlayer

interactions are smaller than in Na2IrO3, but are not neglegible.21 RuCl3 was shown to

feature two magnetic transitions at 7-8 K and 14 K; below 8 K the system was shown to

enter a zigzag magnetic ground state similar to Na2IrO3, but the spins are modulated over

a three layer periodicity and tilted 35◦ out of the RuCl3 plane.22 The presence of ABAB

stacking faults in the ABC ordered layers of RuCl3 disrupts the layer periodicity, causing

the appearance of several additional magnetic transitions above TN = 8 K,22 including

the one at 14 K.23–25 This observation indicates the importance of the stacking sequence,

but also of the interlayer interactions for the magnetic properties in this material. While

one possibility for investigating the influence of stacking faults on the magnetism of RuCl3

is the growth of perfect single crystals to eliminate stacking faults,22 another one is to

introduce completely random stacking.

There are two options to structurally alter and possibly decouple the magnetic interac-

tions between two layers. The first is to increase the interlayer space by introducing a non-

magnetic compound. This approach has been realized in Na3Ni2SbO6 and Na3Ni2BiO6–δ,

where hydration of the interlayer Na+ ions increases the interlayer distance by about one

Ångstrom. This increase in distance caused a more 2D like magnetic behavior in the

compound.26,27 Another example is the CrCl3-graphite intercalation compound C20.9CrCl3,

where the intercalation of CrCl3 single layers into graphite resulted in the emergence of spin

glass behavior.28 Exfoliation of 2D honeycomb compounds into monolayers and restack-

ing the layers to form a solid with turbostratic disorder is the second strategy to reduce

interlayer coupling. This kind of disorder can be described by random rotations and/or

translations of the sheets around an axis perpendicular to the monolayer. Recently, it was
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shown that the stacking angle of two MoS2 monolayers has a strong effect on the electronic

interlayer coupling.29 Thus, the restacking of single layers into a turbostratically disordered

solid should significantly alter the magnetic properties of a layered compound.

Here, we present a form of RuCl3 with turbostratic disorder (t-RuCl3) introduced by

exfoliation into single layers and subsequent restacking into a lamellar, disordered solid. To

the best of our knowledge, this is the first report of a single layer halide as well as of a single

layer compound with a S = 1
2

honeycomb order. Furthermore, we show the disappearance

of cooperative magnetism in the intermediary compound Li0.2RuCl3 and in the restacked

pellet of the partially reduced [RuCl3]
x- single layers. By an oxidative reaction step, a

multisheet stack of [RuCl3]
x- is converted to t-RuCl3, which features a magnetic transition

at TN = 7 K as well as highly anisotropic magnetism. The similarities and differences of

the magnetic properties between bulk α-RuCl3 and restacked t-RuCl3 will be discussed in

regards to the changes of the electronic and crystal structure.
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2.2 Results and Discussion

2.2.1 Preparative procedure and general observations

For the synthesis of t-RuCl3, large single crystals of α-RuCl3 were prepared by chemical

vapor transport from 1023 K to 973 K. X-ray diffraction on a single crystal confirmed the

recently reported monoclinic space group C 2/m 12 (SG, no. 12), in which the α-RuCl3

layers consist of edge sharing RuCl6 octahedra and are separated by a van der Waals

gap. Every third octahedron is vacant, resulting in a honeycomb lattice of Ru3+ centers.

The crystal structure is shown in Figure 2.1 d) and e). The crystals were treated with

LiBH4 in THF under inert atmosphere to yield Li0.2RuCl3 according to a modified litera-

ture procedure.10 Energy dispersive X-ray (EDX) and atomic emission spectroscopy (AES)

confirmed the composition of Li0.2RuCl3. In contact with H2O, Li0.2RuCl3 spontaneously

starts to exfoliate into [RuCl3]
x- single layers. After shaking for 24 h, the black suspension

was centrifuged to separate unreacted crystallites and larger agglomerates from the liquid.

The dispersion was further washed three times by centrifugation and replacement of the

supernatant liquid with water. The nanosheets form a stable suspension in water as indi-

cated by the zeta potential of -51.4 mV. [RuCl3]
x- nanosheets were both characterized as

monolayers on 270 nm SiO2/Si substrates by optical and atomic force microscopy (AFM)

and on lacey carbon grids by transmission electron microscopy (TEM). Pellets of [RuCl3]
x-

nanosheets were prepared by evaporation of the solvent and were characterized by powder

X-ray diffraction (PXRD). Monolayers on substrates and pellets of [RuCl3]
x- were oxidized

in an atomsphere of Br2 over night to yield t-RuCl3, which was characterized by AFM and

PXRD. All compounds were examined by EDX, confirming the Ru : Cl ratio of 1 : 3.

Figures 2.1 a) to e) show the images of α-RuCl3 crystals, the intermediate product

Li0.2RuCl3 and an aqueous [RuCl3]
x- dispersion as well as the crystal structure of α-RuCl3.



2.2 Results and Discussion 23

Figure 2.1: a) α-RuCl3 crystals, scale bar 2 mm, b) Li0.2RuCl3 platelets, scale bar 2 mm,
c) [RuCl3]

x- nanosheet in aqueous dispersion, d) honeycomb structure of α-RuCl3 viewed
along [001], e) layered structure of α-RuCl3 viewed along [010], f) [RuCl3]

x- single layer
on 270 nm SiO2/Si substrate, imaged by optical microscopy, g) AFM image of highlighted
[RuCl3]

x- monolayer from optical image with 1.69(9) nm height.
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As seen in Figure 2.1 f), monolayers of [RuCl3]
x- were located by the enhanced interference

contrast on the SiO2/Si substrate, a method known from investigations on graphene and

MoS2.
30,31 Different batches of [RuCl3]

x- dispersions were analyzed to ensure reproducabil-

ity; some more examples are displayed in Figure A.1 and A.2. The single layers covered

areas of up to 450 µm2 and thus their areas are of the same order of magnitude as the

largest chemically exfoliated MoS2 monolayers known to date.32

2.2.2 Structural characterization

The height of the [RuCl3]
x- single layers was analyzed by AFM for the monolayer on the

SiO2/Si substrate and by PXRD for the restacked pellet. Figure 2.1 g) shows one exem-

plary AFM image with a height of 1.69(9) nm for a [RuCl3]
x- monolayer. It is a common

phenomenon that the monolayer height on the substrate differs from the nanosheet terrace

height on top of another nanosheet due to the difference in chemical potential.33 The height

of a [RuCl3]
x- single layer folded onto itself was determined to be 1.06(6) nm, as verified by

additional exemplary images in Figure A.1 and A.2 in the supporting information. This

value is similar to that of chemically exfoliated MoS2, where the single layer has a height of

1.0 - 1.2 nm,34 but still deviates from the height of a single crystalline slab due to a water

layer adsorbed on the substrate and nanosheets. Out-of-plane PXRD measurements of the

[RuCl3]
x- pellet (fig. 2.2 a) in reflection geometry yielded a height of d(001) = 1.12 nm,

confirming the results from AFM indicating the presence of a water layer between the

RuCl3 slabs.8 The small height difference between AFM and PXRD data might originate

from variations in relative humidity, which recently were shown to have a large influence

on the layer height of phosphatoantimonic acid H3Sb3P2O14 nanosheets.35

Though the height of a single layer from PXRD and AFM are in agreement, there is

still a discrepancy compared to the height of a single layer of the α-RuCl3 crystal structure
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Figure 2.2: a) In-plane PXRD of α-RuCl3 single crystals, [RuCl3]
x- and t-RuCl3 nanosheet

pellets measured in reflection geometry, b) in-plane PXRD of α-RuCl3 single crystals,
[RuCl3]

x- and t-RuCl3 nanosheet pellets measured in transmission geometry, inset features
the (020) peak of [RuCl3]

x- with a Warren-type shape due to turbostratic disorder.

(0.57 nm). This is most likely due to the presence of residual charge on a single [RuCl3]
x-

layer, which is indicated by the high zeta potential of - 51.4 mV of the [RuCl3]
x- dispersion.

The negative surface charge is compensated by hydrated protons, thus increasing the layer

height. After the reductive intercalation, the ratio of Ru : Cl = 1 : 3 remains unchanged

according to EDX. Therefore, we assume that the charge injected by LiBH4 resides in the

d-bands of Ru, leading to a 4d5+x state of Ru(3–x)+ in [RuCl3]
x-.

2.2.3 Effect of oxidation

The [RuCl3]
x- monolayers and pellets were oxidized in a Br2 atmosphere to remove the

residual layer charge and thus the protons and their hydrate shell, leading to t-RuCl3.

The single layer height measured on the substrate by AFM shrank from 1.69(9) nm to

1.08(17) nm, which is higher than the slab in the crystal due to the change in chemical

potential between substrate and sample measured by AFM. The height of a single layer

folded onto itself decreased from 1.06(6) nm to 0.72(11) nm, which is very close to the

expected height of a monolayer. Example images of RuCl3 monolayers are shown in Figure
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Figure 2.3: a) TEM bright field image of partially folded [RuCl3]
x- on lacey carbon grid,

b) SAED pattern of [RuCl3]
x-, viewed along the [001] zone axis.

A.3. According to PXRD measurements, the restacked layers in the pellet feature a similar

decrease of the stacking distance from 1.12 nm before to 0.59 nm after oxidation, which

is close to the layer height of 0.57 nm in bulk α-RuCl3 as seen in Figure 2.2 a). Again,

the AFM and PXRD data are in good agreement with a slightly higher value from AFM,

possibly due to surface roughness. Hence the present counterions in [RuCl3]
x- were expelled

by the oxidative treatment with Br2 to yield the oxidized nanosheets and HBr.

Since the exfoliation process induces physical stress and bromine’s high oxidative power

could potentially damage the sample, the integrity of the in-plane crystal structure was

investigated by TEM on the [RuCl3]
x- single layer as well as PXRD on a multilayer stack

of [RuCl3]
x- and t-RuCl3. Figure 2.3 a) displays a TEM bright field image of a single

[RuCl3]
x- layer partially folded onto itself on a lacey carbon grid. Figure 2.3 b) features the

in-plane (hk0) reflections from selected area electron diffraction (SAED). The reflections

were assigned by simulating the diffraction pattern based on the space group C 2/m of

bulk α-RuCl3. Figure A.4 shows the simulated diffraction pattern. The d -values of the

first five most intense reflections, as listed in Table A.4, coincide with the d -values from the
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simulation based on the single crystal data within the margin of error in TEM. Therefore,

we conclude that the in-plane structure is maintained in the exfoliation process.

Additionally, PXRD was performed on the pellet of restacked [RuCl3]
x- layers and t-

RuCl3 in transmission geometry, to check the effect of the Br2 treatment on the in-plane

structure. The resulting diffraction patterns are shown in Figure 2.2 c) and consist of

the (hk0) reflections with an intensity tail towards higher angles. The peak positions

and d -values coincide with those of the (hk0) reflections of single crystal α-RuCl3 (Tab.

A.4), indicating the retention of the in-plane structure in the [RuCl3]
x- pellet, as well as in

t-RuCl3.

The diffraction patterns also offer information about the ordering of the layers in the

multistack. A noticeable feature is the Warren-type peak shape tailing off towards higher

angles. The anisotropic form originates from the diffraction of the X-ray beam by a lat-

tice with two dimensional translation symmetry without any ordering in the third dimen-

sion,36–38 signifying turbostratic disorder. A similar conclusion can be drawn from the

out-of-plane PXRD, where the pellets of [RuCl3]
x- and t-RuCl3 feature an exponential

intensity decay for the series of (00l) reflections with higher order. This is known from

tetrabutylammonium (TBA) intercalated, swollen lamellar phases such as TBA0.35Ti0.91O2,

TBA0.13MnO2 and TBA0.2RuO2.1.
39–41 The (00l) reflections of the ordered bulk α-RuCl3

features a different intensity distribution, which is displayed in Figure 2.2 a). Therefore, the

presence of turbostratic disorder is confirmed by the in- and out-of-plane PXRD patterns.

2.2.4 Investigations on the magnetism

Next, we investigate the effect of turbostratic disorder on the magnetic properties depend-

ing on the in-plane (ip) and out-of-plane (op) direction for the compounds α-RuCl3 and

Li0.2RuCl3 as well as for the pellets of [RuCl3]
x- and t-RuCl3. The presence of magnetic
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Figure 2.4: a) In-plane susceptibility (blue) and inverse susceptibility (black) of t-RuCl3
nanosheet pellet vs temperature at a field of µ0H = 1 T, Curie-Weiss fit as red line, inset
shows susceptiblity from T = 2 K to 23 K with broad peak at TN = 7 K, b) out-of-plane
data for the same samples measured in a field of µ0H = 1 T, inset displays relevant region
with no visible peaks in the same scale as a), c) in-plane susceptibility (blue) and inverse
susceptibility (black) of α-RuCl3 crystal vs temperature at a field of µ0H = 1 T, Curie-Weiss
fit as red line, inset shows susceptibility from T = 2 K to 23 K with magnetic transitions at
TN1 = 7 K and TN2 = 13 K, d) out-of-plane data for the same α-RuCl3 crystal measured
in a field of µ0H = 1 T, inset displays relevant region between 2 and 23 K.

transitions, the Weiss temperature and the magnetic moment were used as a measure for

the cooperative character of the magnetic properties. The magnetic susceptibilities of t-

RuCl3 and α-RuCl3 are presented in Figure 2.4, while the data for Li0.2RuCl3 and [RuCl3]
x-

is shown in the supporting information. Figure 2.5 summarizes the results of Curie-Weiss

fits for all compounds.

In bulk α-RuCl3, we observe two magnetic transitions at TN1 = 7 K and TN2 = 13 K

for the in-plane measurements, which were determined from the dMT/dT plot displayed in

the supporting information. Recent investigations assigned TN1 = 7 K to an ABC stacking
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order, while the transition at TN2 = 13 K is induced by the presence of AB stacking

faults.12,22 The Weiss temperatures θCW,ip of 31.2(3) K and θCW,op of - 137.7(5) K suggest

an in-plane FM exchange and out-of-plane AF interactions. These results are comparable

to previous studies, where the values range from θCW,ip = 37 K to 68 K and θCW,op = -

145 K to - 150 K.23,25 The effective magnetic moment µeff,ip = 2.26(1) µB / Ru and

µeff,op = 2.22(1) µB / Ru are also in the range of previously reported values (µeff,ip = 2.0 -

2.14 µB / Ru and µeff,op = 2.3 - 2.7 µB / Ru) and are much higher than the spin-only

value of 1.75 µB / Ru, thereby indicating the presence of SOC.23,24

Upon the reductive intercalation of lithium ions into the interlayer space, the 4d5 elec-

tron configuration of Ru3+ changes to a 4d6 state with S = 0 for roughly 20 % of the

Ru centers in Li0.2RuCl3. This is abbreviated as ”4d5.2” in Figure 2.5. The disturbance

of the spin 1
2

order leads to paramagnetic behavior, which is associated with a decay-
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ing magnetic susceptibility with increasing temperature without any magnetic transition

in the in- and out-of-plane direction. The decrease of the in-plane (θCW,ip = 0.6(2) K,

µeff,ip = 1.08(2) µB / Ru) as well as out-of-plane Weiss temperatures and magnetic mo-

ments (θCW,op = 17.8(3) K, µeff,op = 1.58(1) µB / Ru) also reflects this trend. This suggest

that the cooperative magnetism of α-RuCl3 has been disturbed by electron injection into

the RuCl3-layers. Recently, a similar change in magnetism has been reported in Na2IrO3,

where holes were injected into the [Na1/3Ir2/3O2]
2
3
− layer by oxidation with Br2. There, the

low spin electron configuration changes from 5d5 to 5d4 with S = 0 due to SOC, inducing

paramagnetic behavior.42

The magnetic data of the restacked pellet of [RuCl3]
x- measured within the plane ex-

hibits a similarly decaying magnetization curve without any features, similar to the para-

magnetic behavior of Li0.2RuCl3. Although the Weiss temperatures indicate slightly an-

tiferromagnetic behavior (θCW,ip = - 13.5(7) K and θCW,op = - 13.5(3) K), no magnetic

ordering transitions were observed in the out-of-plane direction and only a slight shoulder

is visible in the in-plane direction. The effective magnetic moment is very similar to that

of Li0.2RuCl3 with values of µeff,ip = 0.87(1) µB / Ru and µeff,op = 1.47(1) µB / Ru.

Upon oxidation of the [RuCl3]
x- pellet by Br2 to t-RuCl3 and the associated restoration

of the 4d5 state, the ordered magnetism within the plane returns. This is reflected by a

transition in the in-plane data of the magnetic susceptibility at TN = 7 K. The transition

is rather broad, similar to previous observations in more 2D-like magnetic materials.26

The same behavior was observed in the heat capacity, as shown in Figure A.14, featur-

ing a broad peak, which is again typical for 2D-like magnetic compounds with stacking

disorder.26,43 The appearance of this peak strongly suggests the restoration of the Ru3+

oxidation state. Also, it is accompanied by an increase of the Weiss temperature as well as

the effective magnetic moment to θCW,ip = 17.8(7) K and µeff,ip = 2.33(1) µB / Ru respec-

tively, values similar to those found in the in-plane data of α-RuCl3 (θCW,ip = 31.2 (3) K;



2.2 Results and Discussion 31

µeff,ip = 2.26(1) µB / Ru). In contrast, if the field is applied perpendicular to the ab-plane

no transitions are observed and the magnetic susceptibility monotonically declines towards

higher temperatures. The out-of-plane Weiss temperature θCW,op = 2(2) K indicates para-

magnetic behavior, similar to the low effective magnetic moment µeff,op = 1.27(1) µB / Ru,

which is much closer to the value found in the paramagnetic Li0.2RuCl3 (µeff,op = 1.58(1)

µB/Ru) than the one found in α-RuCl3 (µeff,op = 2.22(1) µB / Ru). The values of the

out-of-plane Weiss temperature and effective magnetic moment are in strong contrast to

the bulk values and suggests an increase in the magnetic anisotropy when compared to the

values along the in-plane direction.

As seen from the data on the prepared compounds, our procedure presented in 2.6 leads

to varying magnetic behavior due to manipulation of the ruthenium electron configuration

and the stacking structure. Cooperative magnetism is disrupted by electron injection in

Li0.2RuCl3 and [RuCl3]
x-. The data of t-RuCl3 measured with the field aligned parallel to

the ab-plane features a magnetic transition at TN = 7 K, which suggests a restoration of the

magnetic order based on the 4d5 electron configuration of Ru3+. In α-RuCl3 a transition

at this temperature is linked to ABC order.22 A similar order seems highly unlikely for

t-RuCl3 given that the pellet was deposited at 60 ◦C out of a solution that in the vast

majority consists of single layers (see Figure A.1 and A.2). While we cannot fully exclude

the possibility that the system spontaneously adopts an ordered ABC stacking sequence

upon re-stacking, this scenario appears very unlikely given the minute energy differences

between the different stacking sequences vs. rotational and translational disorder. Based

on the PXRD data, the formation of a locally ordered minority phase upon restacking

unlikely exceeds 5-10 %. Measurement on the local level, i.e. on single layers, are therefore

of great interest for future investigations.

As observed to a lesser extent for α-RuCl3, the Curie-Weiss temperature and the mag-

netic moments in t-RuCl3 are highly anisotropic, which is contrary to the KH-model where
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Li0.2Ru2.8+Cl3a

4d5.2
t-Ru3+Cl3a

4d5
[Ru(3-x)+Cl3]

x-a

4d5+x
α-Ru3+Cl3

4d5

LiBH4 H2O deposition

oxidation

eg

t2g

Figure 2.6: Schematic summary of the presented phases, the chemical steps necessary
to obtain them and illustrations to explain the differences in the stacking. Simplified
molecular orbitals for a monomeric [RuCl6]

3-complex constituting a RuCl3 layer visualize
the differences in the electronic state and in combination with the stacking, help to explain
the evolution of the spin order.

all magnetic exchange interactions are isotropic in regard to the real space xyz coordinate

system.44,45 This anisotropy likely results from a complex interplay between all exchange

interactions in the material, including structural deviations from the ideal honeycomb lat-

tice, different degrees of interlayer interactions, and the zigzag magnetic ground state.

The enhanced asymmetry in the magnetic behavior of t-RuCl3 could suggest that the

honeycomb distorts upon exfoliation; we could however find no indications of that in our

diffraction data.

Even though the exact spin structure of t-RuCl3 is yet unknown, the combination of

the 4d5 electron configuration, the retention of the Ru honeycomb arrangement as well as

the magnetic transition at the same temperature as the zigzag order in bulk α-RuCl3 hint

towards the restoration of the magnetic order in t-RuCl3, with the zigzag structure being

one possible candidate.
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2.3 Conclusion

In conclusion, we presented a synthetic route towards large area RuCl3 nanosheets, the

first exfoliation of a binary halide. Investigations of its in-plane crystal structure show

that it was retained during the exfoliation process, leading to dispersed, charged [RuCl3]
x-

monolayers in suspension. Deposition of the sheets is possible and is used to create a pellet

with turbostratic disorder. Magnetic measurements show that the intermediary pellet is

a paramagnet. Upon oxidizing the pellet, the long range magnetic order of the spin 1
2

honeycomb arrangement is reestablished. A very different Weiss temperature and effective

magnetic moment were observed in the out-of-plane direction compared to bulk α-RuCl3,

probably due to turbostratic disorder.

We introduce here the first single layer spin 1
2

honeycomb material, realized in RuCl3

monolayers. Therefore, magnetic measurements on large single layers of α-RuCl3 that can

be deposited on any substrate are feasible in the future. To our knowledge, a top-down

approach of exfoliation and restacking of nanosheets to deliberately introduce turbostratic

disorder enabling the manipulation of the magnetic properties of a solid has not been

reported yet. We believe that the approach presented herein provides a synthetic tool

to establish macroscopic quasi 2D model systems for Kitaev-Heisenberg physics in spin 1
2

honeycomb magnets and areas beyond.
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Abstract

Solid oxides with transition metals ions in unusual oxidation states attract enormous at-

tention due to their electronic, magnetic and catalytic properties. Yet, no crystalline

oxide compounds based on purely trivalent iridium have been characterized to date. Here,

we present the synthesis and thorough investigation of the properties of the compounds

K0.75Na0.25IrO2 and IrOOH, both containing trivalent iridium on a triangular lattice in
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layers of [IrO2]
– . K0.75Na0.25IrO2 crystallizes in a P2-structure with the space group

P63/mmc, while the crystal structure of IrOOH adopts the direct maximal subgroup

P3m1. The trivalent state of the iridium ion is discussed with regards to the iridium-

oxygen bond length from X-ray diffraction, the chemical composition, the electronic and

magnetic behavior of the material as well as X-ray photoemission spectroscopy. The dis-

covery of a new valence state in ternary crystalline iridium oxides is not only of interest

from a fundamental perspective, but has far-reaching implications for such diverse fields

as electrochromism, solid-state magnetism, and especially heterogeneous catalysis.



3.1 Introduction 41

3.1 Introduction

Layered ternary oxides exhibit a large variety of exciting electronic and magnetic properties

due to their two-dimensional nature and their inherent anisotropy, with examples ranging

from transparent conductors1 and self-healing semiconductors for solar-driven water split-

ting2 to frustrated magnets3 and metallic oxides with unusually high conductivities along

oxide layers.4

In AxBO2 compounds with alkaline ions on the A site and transition metals on the B

site, the crystal structures are composed of [BO2]
– layers of edge sharing BO6 octahedral

and alkali ions in the interlayer space. Other structure determining factors are the octahe-

dral (O), prismatic (P) or tetragonal environment of the alkali ion as well as the number

of layers per unit cell, which depends on the packing of the oxide ions. Examples are the

O3 structure with an ABCABC stacking in α-NaFeO2 or the P2 structure with an ABBA

oxide stacking in NaxCoO2.
5

Yet, no ABO2 compounds where the B site is purely occupied by iridium have been

unambiguously identified up to date. The examples that are closest to a full iridium

occupancy of the B site are Li2IrO3,
6 Na2IrO3,

3 Cu3LiIr2O6, Cu3NaIr2O6
7 or Ag3LiIr2O6.

8

The rewritten sum formula A[B′1/3Ir2/3]O2 with B′ = Li, Na shows that the B site in the

BO2
– layer is occupied to one third by alkali ions and two thirds by Ir4+ ions, which form

a honeycomb lattice. Besides, a layered compound with the approximate formula sum

Kx IryOz · n H2O has been mentioned in the literature9 but a structural characterization,

or discussion of the exact composition or oxidation states is lacking.

As spin-orbit coupling is strong in iridium, layered iridates feature many interesting

effects such as frustrated magnetism in layered Na2IrO3
3 or a Mott insulating state in

Sr2IrO4,
10 making them worthwhile compounds to investigate.

Here, we present the synthesis of the layered compound K0.75Na0.25IrO2 and investigate
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its crystal structure, electrical, and magnetic properties. This is the first report of a

crystal structure with fully occupied triangular [IrO2]
– layers featuring exclusively trivalent

iridium ions in an IrO6 octahedral environment, in contrast to the mixed valence phases

with the hollandite structure11,12 or the amorphous electrocatalyst IrOx .13 We note that

the compounds reported here might be similar to the layered material Kx IryOz · n H2O,

which has been used as a starting material to synthesize a layered electrocatalyst, but has

not yet been investigated.9 Most importantly, neither the exact composition nor the crystal

structure of this material are known. We also show the preparation of the compound IrOOH

by ion exchange from its structural relative K0.75Na0.25IrO2, as well as investigations of its

physical properties, emphasizing the stability of the [IrO2]
– structural motif. The valence

state of iridium in both compounds will be discussed in light of the Ir-O bond lengths as

well as the observed electrical and magnetic behavior.

3.2 Experimental

Single crystals of K0.75Na0.25IrO2 were prepared by heating 1 eq. iridium and 9 eq. of flux

containing 90 mol% dried K2CO3 and 10 mol% dried Na2CO3 in air for 5-7 days. In the

absence of Na2CO3, KIr4O8 and other side phases formed instead of KIrO2. Note that this

in contrast to the report of the phase Kx IryOz · n H2O,9 where a layered phase (besides

many side phases) was found without the presence of sodium. Despite many attempts, we

were not able to obtain a layered compound in the absence of sodium, which is why we

conclude that sodium is necessary for a quantitative yield of the layered material. The

product was quenched into an argon atmosphere to avoid hydration. Thin (< 0.1 mm),

transparent crystalline platelets of dark blue color with a diameter of 3-5 mm grew on

top of the melt, which contained microcrystalline K0.75Na0.25IrO2 and a water soluble side

phase. Crystals were heated at 600 ◦C in the presence of microcrystalline product and flux
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for two weeks in air to remove stacking faults.

IrOOH was prepared by shaking the microcrystalline powder of K0.75Na0.25IrO2 in 1 M

HCl for 5 days. The acid to solid ratio was 1 mL mg−1 and the acid was exchanged daily.

Washing with water and drying at 100 ◦C for 30 min yielded the product. Macroscopically,

the resulting powder has a violet metallic luster, yet under the microscope thin platelets

of IrOOH are transparent and blue, similar to K0.75Na0.25IrO2.

Single crystalline samples were characterized by single crystal X-ray diffraction (SXRD)

on a Bruker three circle diffractometer with an Apex-I CCD detector using Mo-Kα radiation

(λ = 0.71073 Å) at temperatures of 250 K and 100 K. The data was analyzed using

SHELX.14 Powder X-ray diffraction (PXRD) was performed on a Stoe StadiP utilizing

Ag-Kα1 radiation (Ge(111) monochromator, λ = 0.559410 Å) with a Dectris Mythen 1K

detector in Debye-Scherrer geometry. The layered samples were gently ground with glass

powder to avoid intensity aberration due to preferred orientation, which results in an

amorphous halo between approximately 3 and 17◦ 2θ. PXRD data was analyzed with

Topas 5 by Bruker AXS.

A Vega TS 5130 MM SEM by Tescan with a Si/Li EDX-detector by Oxford Instruments

was used for imaging and determination of the elemental composition.

Measurements of the magnetic susceptibility were performed on a MPMS by Quantum

Design in a field of 1 T on the single crystalline and powdered samples. Data on the electric

conductivity was collected on a PPMS by Quantum Design by contacting a single crystal

of K0.75Na0.25IrO2 or, in the case of IrOOH, a pressed powder pellet. X-ray photoemission

spectroscopy was carried out in a commercial KRATOS AXIS ULTRA system with a

monochromatized Al Kα source (1486.6 eV) with a base pressure in the lower 10−10 mbar

range. The binding energy (BE) was calibrated by setting the C 1s BE to 284.8 eV with

respect to the Fermi level. High-resolution spectra were acquired with an analyzer pass

energy of 20 eV. Analysis of the XPS data was performed with CasaXPS software.
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Electronic structure calculations on K0.75Na0.25IrO2 were performed in the framework

of density functional theory using the WIEN2K15 code with a full-potential linearized aug-

mented plane-wave and local orbitals [FP-LAPW + lo] basis16 together with the Perdew-

Becke-Ernzerhof (PBE) parameterization17 of the generalized gradient approximation as

the exchange-correlation functional. The plane-wave cutoff parameter RMTKMAX was set

to 7 and the irreducible Brillouin zone was sampled by 132 k-points. Experimental lattice

parameters from the X-ray diffraction study were used in the calculations. The interlayer

cations were modeled with K sitting on 1/3, 2/3, 1/4. Spin-orbit coupling was included as

a second variational procedure.

3.3 Results and discussion

3.3.1 Crystal structure and composition of K0.75Na0.25IrO2

The structure of K0.75Na0.25IrO2 was determined from single crystal x-ray diffraction. The

diffraction pattern was indexed to a hexagonal cell with the lattice parameters a= 3.1202(5)

Å and c = 12.440(2) Å at a temperature of 250 K. A second measurement at lower

temperatures indicated no structural change down to 100 K. The structure was refined in

the space group P63/mmc and the positions of iridium, potassium, sodium and oxygen ions

were determined during the structure solution. The crystallographic data, atom positions

and atomic displacement parameters are displayed in Table S1 to S3. The alkali ions were

assumed to occupy the same position, which had to be split due to disorder of the interlayer

cations (positions Na1/K1 and Na2/K2, see appendix). The K : Na ratio was determined

by SEM-EDX to be 3 : 1, as listed in Table S6.

K0.75Na0.25IrO2 is composed of layers of edge sharing iridium oxide octahedra with a

distance of d(Ir-O) of 2.070(5) Å separating the iridium and oxide ions. The alkali ions
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Figure 3.1: Projection of the unit cell of K0.75Na0.25IrO2 with anisotropic ADPs, displayed
along the a) [201] and b) [001] zone axis, c) and d) show the first coordination sphere of
the Ir and (K,Na) position.

occupy the interlayer space, surrounded by a trigonal prismatic coordination shell. Most of

the sodium contained in the compound is located on position 1, with a plate-like anisotropic

displacement, indicating that the trigonal prismatic coordination shell is too large for

sodium (see Figure 3.1 d), and Figure B.4). Position 2 is almost completely occupied by

potassium, and shows isotropic behavior. Thus, K0.75Na0.25IrO2 crystallizes in a P2-type

structure according to the notation of Delmas and Hagenmuller.5 The Ir-O octahedra are

distorted with O-Ir-O angles of 82.2(3)◦, 97.8(3)◦ and 180.0(5)◦. Both (K,Na) positions

are prismatically coordinated by oxide ions at a distance of d = 2.760(8) Å. Therefore,

K0.75Na0.25IrO2 is isostructural to the P2 alkali compounds KCrO2
18 and KTlO2,

19 in

which the alkali-oxide distances are d(K-O) = 2.669 Å and 2.639 Å, respectively. All

interatomic distances and angles are summarized in Table 3.1.

The [IrO2]
– layer consists of trivalent iridium ions arranged on a triangular lattice,

which is a structural motif not yet observed in an iridium oxide crystal structure. The

closest structural relatives are the layered compounds Li2IrO3,
6 Na2IrO3

20 and their ion-

exchange products Cu3LiIrO6, Cu3NaIrO6
7 and Ag3LiIrO6,

8 in which iridium assembles
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Figure 3.2: Optical microscopy (left) and SEM images (right) of K0.75Na0.25IrO2 and
IrOOH; SEM recorded with BSE (left) and SE (right) detection.

in a honeycomb layer. While the structural relatives contain tetravalent iridium, the com-

position and crystal structure of K0.75Na0.25IrO2 suggest a trivalent iridium occupying a

triangular lattice, which is unprecedented in crystalline ternary oxoiridates.

Optical and electron microscopy As seen in the optical microscopy image in Figure

3.2 a), the crystals are translucent and of blue color. The SEM image shows the hexagonal



3.3 Results and discussion 47

Table 3.1: Interatomic distances (Å) and angles (◦) in K0.75Na0.25IrO2 at 250 K.

Ir-O 2.070(5) O-Ir-O 82.2(3)

O-Ir-O 97.8(3)

O-Ir-O 180.0(5)

(K,Na)-O 2.760(8) O-(K,Na)-O 68.8(2)

O-(K,Na)-O 98.5(3)

O-(K,Na)-O 141.90(12)

platelet morphology of the microcrystallites. The elemental distribution is homogeneous

as can be seen by back-scattered electron (BSE) detection. SEM-EDX shows that the K

: Na ratio is 3 : 1, while the alkaline ion (K + Na) to iridium ratio is 1 : 1 within the

margin of error of EDX. The results are reproducible over several batches of samples and

listed in Table S6.

3.3.2 Crystal structure and composition of IrOOH

By immersing K0.75Na0.25IrO2 in diluted hydrochloric acid for several days, the phase

IrOOH was obtained. The morphology of the IrOOH crystallites was not altered by the

ion-exchange, as can be seen by comparing Figures 3.2 b) and d). Elemental analysis by

SEM-EDX shows no sodium and ≤ 1 mol% potassium relative to iridium present in the

sample. The results are reproducible over several batches, as shown by the EDX data listed

in Table S6. The crystallites are cleaved perpendicular to the stacking direction by the ion

exchange reaction. Although the morphology is retained, the diffraction pattern of IrOOH

in Figure 3.3 a) differs significantly from the pattern of K0.75Na0.25IrO2 in peak positions as

well as broadened peak shapes. Anisotropic peak broadening is present, and while reflec-

tions with the Miller indices hk0 remain sharp, peaks with non-zero l components broaden

due to cracks in the crystals perpendicular to the stacking direction, indicating the reduced
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Table 3.2: Interatomic distances (Å) and angles (◦) in IrOOH; values without standard
deviation were generated by symmetry relation.

Ir-O 2.041(4) O-Ir-O 80.6(3)

O-Ir-O 99.4(3)

O-Ir-O 180.0

crystallite size along the c-axis. The crystallographic data along with the atomic positions

are displayed in Table S4 and S5.

Indexing of the diffraction pattern of IrOOH results in a hexagonal cell with the lattice

parameters a = 3.11345(9) Å and c = 4.6396(3) Å. The intensities were extracted by

applying a Pawley fit to the diffraction pattern. The presence of a Hollandite side phase,

KIr4O8, and the amorphous halo from the glass powder were taken into account during

intensity extraction. Spherical harmonics were used to simulate the direction-dependent

broadening of the line shape.21 The initial model for the atomic positions was deduced

by using the structural model of K0.75Na0.25IrO2, removing the alkaline ion positions and

adjusting the number of formula units per unit cell Z as well as the atomic positions to

the modified lattice parameters. The position of H+ was not included into the refinement.

The crystal structure of IrOOH was determined from the PXRD pattern in the presence

of 16(1) wt% of the Hollandite KIr4O8 as a side phase.

IrOOH consists of trigonal layers of edge sharing Ir-O octahedra, similar to the CdI2

structure type, indicating the retention of the layered motif during the ion exchange. The

space group is P3m1, which is also found in the mineral Brucite Mg(OH)2 and its structural

relatives M(OH)2 with M = Ca, Mn, Co, Ni, Cd. It should be noted that the space group

P 3̄m1 is symmetry related to P63/mmc. In P 3̄m1, a cell with the doubled volume (a, b, 2c)

is a maximal klassengleiche isomorphic subgroup, to which P63/mmc is a supergroup.

Compared to K0.75Na0.25IrO2, the in-plane lattice parameters of IrOOH are similar with a
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Figure 3.3: a) Comparison of PXRD diffraction patterns of IrOOH and K0.75Na0.25IrO2,
b) observed and calculated diffraction pattern of IrOOH as well as the difference curve as
determined by Rietveld refinement; ticks mark the positions of reflections for IrOOH and
KIr4O8.
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Figure 3.4: Representation of the crystal structure of IrOOH along the a) [001] and b)
[411] zone axis, including hypothetical positions of protons.

= 3.1 Å. The interlayer distance of the iridium oxide layer shrinks from d(002) = 6.2 Å found

in K0.75Na0.25IrO2 to d(001) = 4.6 Å in the proton exchanged compound due to the smaller

ionic radius of H+, similar to other M(OH)2 and MOOH compounds as seen in Table 3.3.

The change in symmetry also results in a reduction of formula units per unit cell from Z

= 2 to Z = 1. The crystal structure of IrOOH is displayed in Figure 3.4 including the

estimated H+ position in Figure 3.4 b). The crystallographic data and atom positions are

listed in Tables S4 and S5.

The Ir-O distances of 2.04 Å in IrOOH are similar to the distance of 2.07 Å in the

K,Na-compound, indicating that the bonding in IrOOH remains similar to K0.75Na0.25IrO2

after the ion-exchange. Based on the lack of electron density between the layers detected

Table 3.3: Layer heights in M(OH)2 and MOOH compounds.

Compound d [Å] Compound d [Å]

Ca(OH)2
22 4.9035(3) IrOOH 4.6396(3)

Mg(OH)2
23 4.7713(1) CrOOH24 4.45383(7)

Mn(OH)2
25 4.7699(5) CoOOH26 4.3833(17)

Cd(OH)2
27 4.7059(1) CoOOD26 4.4513(17)
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in PXRD, the presence of water or hydroxonium ions in the interlayer space was excluded.

This is also supported by the short c axis of 4.63 Å, as hydrated layered compounds

usually show layer spacings of 6-7 Å,28 as well as by the thermogravimetric measurement

of IrOOH, displayed in Figure S1, where no weight loss is observed up to 200 ◦C. The

bond valence analysis, similar magnetic properties of IrOOH compared to K0.75Na0.25IrO2,

as well as photoemission spectroscopy indicate a trivalent state of the transition metal and

the presence of one proton due to charge neutrality.

The crystal structures of M(OH)2 (space group P 3̄m1, M = Mg, Ca, Mn, Co, Ni, Cd)

and MO(OH) (space group R3̄mh, M = Co, Cr) allow the estimation of the proton position

in the interlayer space. In MO(OH) compounds, the O-H bond ranges from 0.91(2) Å in

CrOOH29 to 1.248(11) Å in CoOOH26, while in the M(OH)2 compounds, the distance

ranges from d = 0.956(5) in Mg(OH)2 to d = 1.041 Å in Mn(OH)2.
25,30 Figure 3.4 b)

shows the most likely arrangement of the proton with an estimated O-H distance of 1 Å.

3.3.3 Bond valence analysis

To estimate the valence of iridium, a bond valence analysis of the Ir-O bond was performed

based on Equation 3.1 and the parameters predicted by Gagné and Hawthorne31:

Sij = exp
R0 −Rij

B
(3.1)

with Sij being the bond valence between atom i and j, Rij is the measured bond length

and R0 as well as B are the bond-valence parameters. In K0.75Na0.25IrO2, each Ir-O bond

is 2.070 Å long and carries 0.467 valence units. Therefore, the valence sum on iridium

is 2.804, which is in good agreement with the trivalent state implied by the composition.

For IrOOH, the bond valence analysis yields 0.501 valence units per Ir-O bond at an Ir-O
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distance of 2.041 Å. The bond valence sum of 3.006 valence units per Iridium indicates the

retention of the trivalent state of the iridium ion. A graph comparing the bond valences

of various compounds containing tri-, tetra- and pentavalent iridium-oxygen octahedra is

displayed in Figure 3.5. The valence bond values as well as the various structure types are

listed in Table B.7 and B.8. As no structural information on crystalline solids with trivalent

iridium surrounded by oxygen are known in the literature, the validity of the measured

data was compared to Ir3+-O distances in amorphous H3[Ir(C2O4)3] · 2 H2O. There, the

average Ir-O distance was determined to be d(Ir-O) = 2.02(6) Å by X-ray absorption

spectroscopy under the assumption of an octahedral coordination of iridium by oxalate

anions, validating the measured distances in K0.75Na0.25IrO2 and IrOOH.
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Figure 3.5: Plot of the bond valences of tri-, tetra- and pentavalent iridates containg IrO6

octahedra against the Ir-O bond length, color denotes structure type, while the shape
describes the formal iridium oxidation state; based on data from Table S7 and S8.

3.3.4 Phyiscal Properties of K0.75Na0.25IrO2 and IrOOH

Electronic conductivity The temperature-dependent resistivity was measured on a

single crystal of K0.75Na0.25IrO2 as well as on pelletized IrOOH. As seen in Figure 3.6, the
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resistivity in both compounds drops with temperature, indicating semiconducting behavior.

To determine the band gap Egap, ln ρ was plotted against T−1 and a linear form of an

Arrhenius type equation (eq. 3.3) was fitted to the data.

ρ = ρ0 ∗ exp
Egap
kB T

(3.2)

ln ρ =
Egap
kB

1

T
+ ln ρ0 (3.3)

where ρ is the resistivity, Egap the activation energy and kB Boltzmann’s constant. The

activation energy was determined to be Egap = 85.7(3) meV for K0.75Na0.25IrO2. As this

value is very low for a semiconductor, this indicates the presence of in-gap states caused by

impurities or lattice defects. This is also suggested by band structure calculations based on

the PBE functional, which yield a band gap of 0.973 eV. The band structure and DOS are

displayed in Figure S1 and S2. In IrOOH, no Arrhenius type behavior was observed due

to the presence of impurities, impeding the determination of the band gap via resistivity.
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Magnetism K0.75Na0.25IrO2 and IrOOH were investigated by magnetometry, as their

magnetic behavior is indicative of the oxidation state of iridium. The data was fitted to

the Curie-Weiss law (eq. 3.4-3.6).

χmol =
C

T − θCW
+ χ0 (3.4)

χ−1mol = χ−10 +
T

C
− θCW

C
(3.5)

µeff =
√

8C (3.6)

where χmol is the magnetic susceptibility, C the Curie constant, θCW the Curie-Weiss

temperature, χ0 the temperature-independent contribution and µeff the effective magnetic

moment.

Oxide compounds with octahedrally coordinated iridium have a strong ligand field

inducing a gap between the eg and t2g states. Due to spin-orbit coupling, the t2g states split

into doublet Jeff = 1
2

and quartet Jeff = 3
2

states.10,32 With the 5d6 electron configuration

of Ir3+, all d-electrons should be paired leading to a J = 0 ground state and diamagnetic

behavior. Thus, the expected magnetic moment µeff should be low, but not zero, similar

to iridates containing Ir5+, where µeff ≈ 0.3 µB / Ir.32

Magnetic measurements of single crystals of K0.75Na0.25IrO2 are displayed in Figure 3.7

a). For the single crystals, the signal was lost above 73 K as the magnetic moment shrinks

with increasing temperature. This is visible as the error per data point increases with

increasing temperature, which is displayed in Figure B.4. As seen in the inverse magnetic

susceptibility curve, the sample is a paramagnet. At low temperatures, where the signal

is large enough, a fit of the linearized Curie-Weiss law resulted in a Curie constant of C =

0.00604(4) emu K-1 Oe-1 mol-1 Ir, a Weiss temperature of θCW = - 2.4(2) K and the effective
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Figure 3.7: Susceptibility (blue) and inverse susceptibility (black) of a) K0.75Na0.25IrO2

single crystals and b) IrOOH powder measured in a field of µ0H = 1 T, Curie-Weiss fits
shown as a red line.

magnetic moment of µeff = 0.22 µB / Ir. The temperature-independent contribution to

the susceptibility χ0 was found to be 2 · 10−5 emu Oe-1 mol-1. No magnetic transition was

observed in the magnetic susceptibility before the signal was lost.

In case of IrOOH, the plot of χmol vs T also shows no magnetic transitions and features

paramagnetic behavior, as seen in Figure 3.7 b). The Curie constant C = 0.024 emu K-1

Oe-1 mol-1, Curie temperature θCW = 15 K and effective magnetic moment µeff = 0.44 µB

/ Ir were determined from the high temperature data. The correction for the temperature-

independent contribution to the susceptibility was χ0 = 1.75 · 10−4 emu Oe-1 mol-1 Ir.

Compared to K0.75Na0.25IrO2, the data of IrOOH shows a Curie-Weiss-temperature deviat-

ing from zero and a slightly increased effective magnetic moment. Yet, the small magnitude

of the increased magnetic moment as well as the absence of a ferromagnetic transition in-

dicates that these contributions originate from impurities found in the sample.

The small effective magnetic moment of 0.22 µB / Ir and 0.44 µB / Ir observed in

K0.75Na0.25IrO2 and IrOOH is typical for nominally spin paired iridium oxide compounds,

as has been recently shown for Ir5+ with µeff ≈ 0.3 µB / Ir.32 Therefore, the magnetic

behavior of K0.75Na0.25IrO2 and IrOOH fits a J = 0, 5d6 electron configuration of trivalent

iridium.
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X-ray Photoemission Spectroscopy To further examine the valence state of iridium,

XPS was performed on IrOOH, IrO2 and IrCl3, with the results displayed in Figure 3.8

and compared to literature data in Table 3.4. Measurements were also performed on

K0.75Na0.25IrO2, yet resulted in very broad, inconclusive peaks of low intensity due to

the presence of a thin layer of alkali carbonate flux containing traces of an iridiate side

phase. For IrOOH, the spectrum was fitted with one additional satellite per peak and

yielded binding energies of 62.5 eV and 65.5 eV for the 4f 7
2

and 4f 5
2

peak, respectively.

The peak shape of the Ir 4f states was fitted according to the method of Kahk et al.,33

which suggests that more than one peak is necessary for a good fit when both screened

and unscreened final states are present. The resistivity data of IrOOH in Figure 3.6 shows

that our semiconducting sample has a room temperature conductivity which allows an

asymmetric line shape. No additional parameters were needed, excluding the presence

of Ir(IV) to below 1 mol%. Note that the hollandite impurity seen in PXRD could be

removed for XPS analysis due to the different morphologies of the IrOOH platelets and

the hollandite needles.

Binding energies for Ir(III) similar to the measured data were recently published on the

amorphous catalyst IrOx ,34 a highly active water oxidation catalyst investigated by various

techniques.35–37 This material consists of Ir(III) and Ir(IV) in a ratio of 1 : 4 with iridium

in an octahedral coordination shell of oxide or hydroxide ions. The 4f 7
2

and 4f 5
2

Ir(III)

peaks appear at 62.4 and 65.4 eV. The binding energies found in IrOx were validated by

theoretical calculations on defective rutile containing Ir(III), yielding calculated binding

energies of 62.3 eV and 65.3 eV as well as one satellite per peak. As the calculated binding

energies of Ir(III) and the measured data on IrOx are in good agreement with the data on

crystalline IrOOH, this validates the presence of essentially pure Ir3+ in IrOOH.
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Table 3.4: Energy of XPS peaks for Ir 4f states from this work and literature sources.

Source of data Ir 4f7/2 Ir 4f5/2

IrOOH 62.5 eV 65.5 eV

Ir3+ in IrOx
34 62.4 eV 65.4 eV

Ir3+ defect in rutile-IrO2
34 62.3 eV 65.3 eV

Ir34 60.9 eV 63.9 eV

IrO2
34 61.7 eV 64.7 eV

IrCl3 63.3 eV 66.2 eV

Discussion of the valence state of iridium In the previous sections, we presented

the experimental data for K0.75Na0.25IrO2 and IrOOH. For the alkaline compound, the

composition was determined by SEM-EDX to have an alkaline ion to iridium ratio of 1:1.

The average iridium-oxygen bond lengths were obtained from X-ray diffraction measured

on K0.75Na0.25IrO2 single crystals and IrOOH powder, respectively. The average Ir-O dis-

tances are longer for K0.75Na0.25IrO2 and IrOOH compared to the bonds in tetravalent

iridiates in an octahedral environment. The bond valence analysis based on the param-

eters predicted by Gagné and Hawthorne yields a trivalent state for K0.75Na0.25IrO2 as

well as IrOOH. Resistivity measurements on both compounds show semiconducting be-

havior, which indicates the electron localization due to the 5d6 electron state of iridium. In

K0.75Na0.25IrO2, this coincides with the results from electronic band structure calculations,

yielding a band gap of 0.973 eV. The resistivity of K0.75Na0.25IrO2 follows an Arrhenius

type activation mechanism. In combination with magnetometry, the resistivity allows the

exclusion of Pauli paramagnetism which would be present in mixed valence iridium ions

and leads to metallic conductivity, as seen in Ir(IV) containing iridates with the hollan-

dite structure.12,38 Purely tetravalent iridium ions were also excluded due to the effective

magnetic moment, which is considerably smaller than the spin-only value of 1.73 µB/Ir.
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Hence, the low magnetic moments of 0.2 and 0.4 µB / Ir for K0.75Na0.25IrO2 and IrOOH are

indicative of Ir3+ with J = 0, similar to Ir5+.32 In XPS, IrOOH features iridium 4f binding

energies which are in good agreement to the data obtained from theoretical calculations

on Ir defects in rutile-IrO2 as well as XPS measurements on the amorphous mixed valence

compound Ir3.8+Ox .

Past theoretical studies on binary iridium oxide showed a propensity to adopt the ru-

tile structure over the corundum structure, based on the relativistic contraction of the 6s

orbital and the expansion of the 5d orbitals.39 This emphasizes the tendency of iridium

to be in the tetravalent state, which is reflected by the large number of Ir4+-containing

oxide compounds compared to iridates of higher oxidation states. This trend is summa-

rized in Figure 3.5. The interplay of iridium oxide oxidation states is especially interesting

for catalysis, where various cycles involving iridium in the oxidation states III, IV and V

have been proposed to explain the extraordinary electrocatalytic activity of rutile-IrO2,

amorphous IrOx and layered iridium oxide materials towards oxygen evolution from wa-

ter.9,13,35–37 Thus, K0.75Na0.25IrO2 and IrOOH might serve as crystalline model systems to

help understand the energetic landscape of oxide catalysts based on Ir3+ and represent a

valuable addition to the iridate family as exotic examples of an unusual oxidation state in

layered iridium oxide compounds.

3.4 Conclusion

We have presented the synthesis of the layered triangular iridate K0.75Na0.25IrO2 at high

temperatures as well as the preparation of IrOOH by an ion exchange reaction in acid.

X-ray diffraction shows that both compounds crystallize in a layered structure, with the

space group P63/mmc for the alkali and P 3̄m1 for the protonated compound. The in-plane

lattice parameter a is 3.1 Å in both compounds, but the layer repeating distance shrinks
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from d(002) = 6.2 Å in the K,Na-compound to c = 4.6 Å in the protonated compound.

The crystal structure contains triangular layers of Ir3+ cations, which are octahedrally co-

ordinated by oxide anions, a structural motif not yet observed in ternary iridium oxides.

The ABO2 composition suggests a trivalent state of the iridium cation, a valence unprece-

dented for iridium octahedrally coordinated by oxide ions. To exclude deviations from the

5d6 electron configuration of the trivalent iridium ion, the samples were investigated by

magnetometry and resistivity measurements as well as electronic structure calculations in

K0.75Na0.25IrO2 and XPS in case of IrOOH. The results show the presence of localized spins

as well as a low effective magnetic moment per iridium, confirming the J = 0 state in Ir3+.

As iridates are of high interest as frustrated magnets as well as electrocatalysts for water

splitting, the new valence state and structural motif offer novel insights into the chemistry

and physical properties of ternary iridium oxides.
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Abstract

Iridium oxide based electrocatalysts show unrivaled stability and activity in highly aggres-

sive media. Thus far, most efforts to reduce the required amount of this costly element

by nanostructuring were restricted to the synthesis of nanoparticles with either rutile-type

IrO2 or amorphous IrOx . Here, we report the synthesis and structural characterization of

[IrO2]
x – nanosheets as well as their potential application as an electrocatalyst for water

oxidation. The nanosheets are synthesized from the layered compound K0.75Na0.25IrO2 by

exchanging the alkaline ions for protons and then neutralizing the solid acid with TBAOH.

TEM studies reveal that the nanosheets adopt a CdI2-type structure. With AFM, their

lateral sizes were shown to range from 0.5 µm to 7 µm, while the height is 1.02(8) nm.

Initial electrochemical investigations of these [IrO2]
x – nanosheets deposited on titanium
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anodes show that the nanosheets outperform bulk IrO2 in the electrocatalytic water oxi-

dation reaction. The overpotential of the [IrO2]
x – nanosheets at a current density of 10

mA cm-2 is 344(7) mV and the Tafel slope is 58 mV dec-1. Not only do these findings add

iridium oxide layers to the library of available electrocatalysts, but they also show that

exfoliation is a useful means to increase the electrocatalytic activity.
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4.1 Introduction

Splitting water into hydrogen and oxygen is of immense technological interest to realize

a clean and renewable source of energy as an alternative to fossil fuels.1 Even though

the generation of hydrogen is the main goal, the oxygen evolution reaction (OER) is the

bottleneck in this process.2,3 Due to the number of complex intermediates and the need to

transfer four electrons instead of two in a concerted fashion as well as the slower kinetics,

a higher overpotential is needed to drive the oxidation of water. Apart from these criteria,

OER catalysts also have to be cheap to manufacture, stable over time and chemically

resistant to environments of high and/or low pH value.4

Due to these stringent requirements, only a few good OER catalysts are known to-

day. Examples are binary oxides with the rutile structure (RuO2, IrO2), spinels (Co3O4,

NiCo2O4, NiLa2O4), perovskites (SrLaO3, MnLaO3, CoLaO3, CuLaO3), pyrochlores (Pb2

Ru(Ir)2O7) and layered double hydroxides (LDH, Ni1/3Co2/3(OH)2Br1/3 · 0.5 H2O, Ni3/4

Fe1/4(OH)2(CO3)1/8 · 0.8 H2O).5–9 Even though ruthenium and iridium have a low elemen-

tal natural abundance, which makes them expensive resources, RuO2 and IrO2 stand out

regarding their OER activity among binary and ternary systems due to their low overpo-

tentials, long term stability as well as chemical resistance to various pH values and to acid

conditions in particular.10

To further improve their activity in heterogeneous catalysis, three main strategies are

applied: doping, facet engineering and nanostructuring. One example for a doped material

is the OER catalyst Ba0.5Sr0.5Co0.8Fe0.2O3–δ, which derives from the perovskite structure

of the generalized formula A1xA’xB1–yB’yO3±δ, with A and A’ being La, Ca, Sr or Ba,

and B or B’ being transition metals such as cr, Mn, Fe, Co, Ni and Cu.11 By adjusting

the metal species and ratio, the filling of the eg molecular orbitals was optimized, leading

to Tafel slopes comparable to IrO2 under alkaline conditions. The second strategy, facet
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engineering, aims to expose specific, highly active facets at the interface. One recent

study on films of IrO2 established that the (100) facet has a higher OER activity than

the thermodynamically more stable (110) facet.12 The third strategy is nanostructuring of

the catalyst and thereby increasing the available number of coordinatively undersaturated

metal sites per mass unit or the active sites, thus countering the disadvantage of the low

natural abundance of Ru and Ir and leading to a higher activity per mass unit.

The most heavily investigated nanoscopic oxide systems are nanoparticles, either formed

by oxidation of metal nanoparticles13 or by hydrolysis of the metal salts, and usually have

sizes in the range of several nanometers.14,15. Yet, two-dimensional (2D) nanostructures

such as mono- or few-layered nanosheets synthesized by exfoliating lamellar compounds

started to draw interest for catalytic applications.8,16–19 The most prominent example is

exfoliated 1T-MoS2 for hydrogen evolution.16 There, the metallic surface was found to be

the catalytic site with a Tafel slope of 40 mV dec-1, unlike in bulk 2H-MoS2 where the

active sites reside at the edges and show a much higher Tafel slope of 80 mV dec-1. There

are only two examples of electrocatalytic nanosheet systems to date for OER, which are

the exfoliated Ti3C2 MXene20 and Ni3/4Fe1/4(OH)2(CO3)1/8 · 0.8 H2O LDH phase (NiFe-

LDH)8,19, both investigated under high pH conditions. In the NiFe-LDH example, the

exfoliated layers feature a drastic decrease in the overpotential from 342 mV in the bulk

to 302 mV in the exfoliated nanosheet. Hence, the exfoliation of layered compounds into

single or few layers seems to be a promising technique to increase a catalyst’s activity

per mass unit, but was limited to alkaline pHs due to the instability of LDHs in acidic

environments.

Here, we present the preparation of [IrO2]
x – nanosheets and the investigation of their

electrochemical properties for OER. The nanosheets of [IrO2]
x – represent a new mono-

layered compound with a composition distinct from previously reported iridium oxides.

In addition to structural investigation, we show that the nanosheets can act as an active
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component on titanium anodes. Here, these act as an OER electrocatalyst which is able

to operate under highly acidic conditions, a pH regime where most OER catalysts are

unstable.10 The effect of nanostructuring by exfoliation on electrocatalysis is explored by

comparing the performance of the nanosheet electrode to those of bulk iridium compounds.

4.2 Results and Discussions

4.2.1 Preparation of IrOOH from K0.75Na0.25IrO2

Synthesis of K0.75Na0.25IrO2 In a modified synthesis procedure, K0.75Na0i .25IrO2 was

synthesized at elevated temperatures and in a shorter time compared to the report in

chapter 3. The increased temperature of 900 ◦C was necessary for subsequent exfoliation,

as the previously reported product synthesized at 850 ◦C could not be converted into

nanosheets. A possible explanation for this observation is the increased number of defects

at elevated temperature. This might lead to more breaking points and thus a higher

probability for intercalation and subsequent exfoliation. At the elevated temperature, the

reactant mixture has a noticeable vapor pressure, which leads to crystallization of the

product at the upper wall of the crucible and slow evaporative loss of the product. Thus,

the reaction time was optimized to 15 h to limit evaporation. The modified reaction

procedure leads to the presence of the side phases KIr4O8, visible in the PXRD pattern

displayed in Figure 4.1.

IrOOH Soaking K0.75Na0.25IrO2 in HCl for five days with a daily exchange of the acid

results in IrOOH as seen in chapter 3. Under the optical microscope, the color as well as

morphology are unchanged by the acid treatment.

Figure 4.2 shows the results of diffraction experiments on the IrOOH powder. Both
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Figure 4.1: PXRD patterns of K0.75Na0.25IrO2 synthesized at 850 ◦C (black) and after
purification by washing with MeOH (blue), as well as K0.75Na0.25IrO2 prepared at 900 ◦C
(orange), asterisks the reflections of the side phase.

K0.75Na0.25IrO2 and IrOOH crystallize in the P 3m1 space group. As a consequence

of the ion exchange reaction, the c lattice parameter shortens from c = 6.254(4) Å in

K0.75Na0.25IrO2 to c = 4.6396(3) Å in IrOOH, while the a and b axis stay approximately

the same. Thus, the PXRD pattern of IrOOH shows a shift of all reflections with (00l)

component due to the change of the c-lattice parameter, while the reflections with (hk0)

components remain at the same position. Figure 4.2 also depicts a TEM bright field im-

age of IrOOH microcrystals as well as the SAED pattern and its simulation based on the

crystallographic data of IrOOH. From the SAED pattern, the d-values d(010) = 2.71 Å,

d(110) = 1.56 Å, d(020) = 1.35 Å, d(210) = 1.02 Å as well as d(030) = 0.90 Å were extracted

and indexed according to the SAED simulation. Therefore, TEM-SAED indicates that the

in-plane structural motif was retained during the ion exchange, confirming the results of

the Rietveld refinement in chapter 3.
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Figure 4.2: a) PXRD pattern of IrOOH compared to K0.75Na0.25IrO2, b) TEM bright field
image and c) SAED diffraction pattern with (hkl) indices of IrOOH, d) simulated SAED
pattern based on crystallographic data of IrOOH in the space group P 3m1 along [001]
zone axis.
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4.2.2 Synthesis and structure of [IrO2]
x- nanosheets

Nanosheet preparation IrOOH was exfoliated by neutralizing the interlayer protons

with TBAOH, which resulted in a dark blue aqueous dispersion of [IrO2]
x- nanosheets with

TBA+ as counterions. The zeta-potential of the dispersion is - 36.4 mV, indicating that

the nanosheets are negatively charged. In combination with the elemental composition of

the nanosheets determined by TEM-EDX of Ir:O = 1:2, this indicates that a significant

portion of the iridium ions is trivalent according to the sum formula [Irx
3+Ir1–x

4+O2]
x – .

The [IrO2]
x- nanosheets were investigated by AFM on Si substrates with a thermally grown

SiO2 layer of 270 nm and by TEM on a lacey carbon grid. To establish the height of a

single nanosheet, the dispersion was diluted to optimize the surface coverage and dropped

on a SiO2-Si substrate. The nanosheets could be identified by optical microscopy due to

their interference contrast.21,22 The height of a [IrO2]
x- monolayer was determined with

AFM and is found to be 1.02(8) nm. The result is an average of the height measurements

of 35 edges. To exclude measurement artifacts by the change of chemical potential while

crossing from the substrate to the [IrO2]
x- monolayers, the height of a single layer was

detected by measuring single layers stacked on other [IrO2]
x – nanosheets. Nanosheets

directly on the substrate were found to be 1.3(2) nm high. Exemplary optical microscope

and AFM images are shown in Figure 4.3.

The detected height of 1.02(8) nm for a single monolayer is higher than the height

of 0.5 nm which is expected for a single slab in the crystalline bulk material. Yet, the

height value is similar to the height of chemically exfoliated MoS2
23 or [RuCl3]

x- which

are 1.0 - 1.2 nm high respectively, as seen in section 2.2.2. This indicates that a layer of

water was trapped between the nanosheet and the underlying support, which has a height

of 0.3 nm per monolayer of water.24 As IrOOH does not incorporate water in its bulk

form, the AFM data suggests that the exfoliation into monolayers changed the hydration
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Figure 4.3: a) Optical microscope and b) AFM image of [IrO2] x- nanosheets, inset in a)
shows blue aqueous dispersion of [IrO2] x- nanosheets, inset in b) displays an exemplary
height profile with average height value of a [IrO2] x- single layer measured on a SiO2(270
nm)-Si substrate.

behavior of the compound. Similar changes in hydration behavior have been observed

in phosphatoantimonic acid H3Sb3P2O14 and its salts, where hydration depending on the

relative humidity goes from a stepwise water intake in K3Sb3P2O14 to a continuous uptake

in the nanosheet stack.25

The presence of large amounts of TBA+ ions between [IrO2]
x – nanosheets was excluded

for nanosheets deposited from the dilute dispersion, as the size of the TBA+ cation would

increase the height by 1 nm26 to a total of 1.5 nm when combined with the [IrO2]
x – slab,

a value not observed in this set of experiments. The exchange of TBA+ for protons is a

known effect of the dilution of the nanosheet dispersion, which influences the composition

of the electrical double layer surrounding the nanosheet27 according to the equilibrium

between TBAOH and H2O described by the following reaction equation 4.1:

TBAxIrO2 +xH2O −−⇀↽−− (TBA,H)xIrO2 +x (H,TBA)OH −−⇀↽−− HxIrO2 +xTBAOH (4.1)
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To check whether the degree of dilution influenced the incorporation of TBA+ cations,

wafers with nanosheets deposited from an undiluted dispersion were characterized by AFM.

The height was 1.60(8) nm measured on nanosheets folded onto themselves, which fits to

the combined height of the 0.5 nm for the single layer slab and the height of 1 nm added by

the presence of TBA+. Exemplary AFM images of nanosheets deposited from an undiluted

dispersion are displayed in Figure C.1. Therefore, the height of nanosheets without TBA+

is 1.02(8) nm, while the incorporation of TBA+ leads to a height of 1.60(8) nm.

In-plane structure of nanosheets To check whether a structural change occurred

during exfoliation, the [IrO2]
x – nanosheets were analyzed by TEM. Figure 4.4 a) shows

several translucent nanosheets on a lacey carbon support. The translucence towards the

electron beam is typical for very thin samples and indicates that the specimen consists

of one or a few layers. TEM-EDX measurements showed that the ratio of iridium to

oxygen was Ir : O = 1 : 2.3 measured on the Ir M-line and O K-line. Considering the

overestimation of light elements such as oxygen by EDX detectors, the ratio is close to the

ideal stochiometry of [IrO2]
x – nanosheets. Figure 4.4 b) displays the hexagonal in-plane

Table 4.1: Comparison of d -values from TEM of a [IrO2]
x – single layer, TEM of IrOOH

microcrystals, PXRD and single crystal X-ray diffraction of K0.75Na0.25IrO2.

(hkl) d -values TEM d -values TEM d -values PXRD d -values SXRD

[IrO2]
x – IrOOH IrOOH K0.75Na0.25IrO2

[nm] [nm] [nm] [nm]

(010) 0.267 0.271 0.270 0.272

(110) 0.154 0.156 0.156 0.157

(020) 0.134 0.135 0.135 0.136

(210) 0.101 0.102 0.102 0.103

(030) 0.089 0.090 0.090 0.091
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Figure 4.4: a) TEM image and b) SAED pattern of [IrO2]
x- nanosheets, c) simulated SAED

pattern based on crystallographic data from IrOOH in space group P 3m1 along [001] zone
axis.
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SAED pattern of the layers of [IrO2]
x – . The reflections have d -values of 2.67 Å, 1.54 Å,

1.34 Å, 1.01 Å as well as 0.089 Å and were assigned to (hkl) values by simulating the single

layer based on the crystallographic data from IrOOH in chapter 3 along the [001] zone axis.

The d -values of [IrO2]
x – nanosheets from TEM are compared to the data of IrOOH and

K0.75Na0.25IrO2 in table 4.1. The results from the SAED measurements of the nanosheets

only slightly deviate from the values obtained from TEM and x-ray diffraction of the bulk

compounds. As the deviations are well within the margin of error of electron diffraction (≈

5 %) and TEM-EDX suggests a composition close to the formula IrO2, these indicate the

retention of the in-plane CdI2 structural motif in the [IrO2]
x – layers during the exfoliation

process. Consequently, the nanosheets consist of layers of triangular, edge sharing IrO6

octahedra, similar to the nanosheets of [MnO2]
x – , [CoO2]

x – , and [RuO2]
x – .28–30

4.2.3 Electrochemical characterization of [IrO2]x – nanosheets

Electrodes of [IrO2]
x – nanosheets on Ti As electrodes consisting of titanium plates

covered with catalyst are a standard setup for industrial applications31,32, the [IrO2]
x –

nanosheets were applied to titanium plates to investigate their electrochemical properties.

This kind of setup is called a dimensionally stable anode (DSA). To remove the layer of TiO2

naturally covering titanium and thus improve the reproducability of the electrochemical

measurements, the substrates were heated in a solution of 10 wt% oxalic acid to etch the

surface oxide.33 Figure 4.5 shows SEM images of the H2C2O4-treated Ti-surface.

The polycrystalline nature of the Ti substrate is emphasized, as crystallites with clear

facets and edges stick out of the surface. The rippled surface structure of the Ti substrate

visible in the highly magnified image in Figure 4.5 b) could result from a thin oxide layer,

which is unavoidable when handling titanium in air. BSE detection shows that the Ti-

substrates have a homogeneous composition.
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Figure 4.5: SEM images of H2C2O4-etched Ti substrates with low (a) and high (b) mag-
nification, imaged with SE (left) and BSE (right) detection.

The [IrO2]
x – nanosheets were deposited at various temperatures between 120 ◦C and

300 ◦C by dropping the undiluted dispersion onto the hot Ti platelet, letting the water

evaporate and annealing the platelets for another 20 min. As shown by the exemplary

SEM images in Figure 4.6, the nanosheets covered the entire surface of the substrate and

were distinguishable from titanium by using the BSE detector.

The thermal decomposition of TBAx IrO2 · y H2O was investigated by DTA-TG to opti-

mize the deposition temperature of [IrO2]
x – nanosheets. The result is displayed in Figure

C.2 of the appendix. The temperatures of T1 = 144 ◦C and T2 = 257 ◦C were identified

as critical for the nanosheet deposition. At T1 = 144 ◦C, the interlayer hydrate layer is

ejected, and at T2 = 257 ◦C the organic counterion TBA+ starts to decompose. Therefore,

the [IrO2]
x – dispersion was applied to Ti platelets at temperatures of below the dehydra-

tion temperature (T = 120 ◦C and T = 140 ◦C), below the decomposition temperature of

TBA+ (T = 180 ◦C and T = 200 ◦C) and well above the TBA+ decomposition temperature

(T = 300 ◦C). The effect of the different temperature regimes was investigated by SEM,

with the results displayed in Figure 4.7. Below T = 257 ◦C, the deposition produces a
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Figure 4.6: SEM images of [IrO2]
x – nanosheets on etched Ti substrate, deposition at 160◦C.

homogenous film. The dehydration occuring at T = 144 ◦C does not damage the [IrO2]
x –

nanosheets. Above T = 257 ◦C, the film starts to crack as the decomposition products are

ejected. Yet the thermal energy does not damage the [IrO2]
x – film by detaching it from

the Ti surface or by reconstructing the layered motif of the 2D material.

The coverage was estimated to be greater than 95 % of the substrate surface, as only

very few spots of different composition were found by BSE. At areas of low coverage,

such as those depicted in Figure 4.6 c) and d), the nanosheets closely followed the rippled
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Figure 4.7: SEM images of [IrO2]
x – nanosheets applied in different temperature regimes

on Ti substrate.



80 4. [IrO2]x – Nanosheets and their Electrocatalytic Properties

surface structure of the Ti substrate observed in Figure 4.5 b). With increasing nanosheet

film thickness, the film becomes smoother, which suggests that at least several layers lie

between the Ti substrate and the [IrO2]
x – -air interface.

Electrochemical characterization of [IrO2]
x – nanosheets on Ti The electrocat-

alytic properties of [IrO2]
x – nanosheets on Ti were investigated by collecting current-

voltage curves in a 0.1 M perchloric acid electrolyte with a Ag/AgCl/saturated KCl ref-

erence electrode on five electrodes for each compound. The data was fitted to the Tafel

equation (eq. 4.2).

η = b log
j

j0
= b logj + b logj0 (4.2)

where η is the overpotential, b the Tafel slope, j the current density, and j0 the exchange

current density. The data was corrected by subtraction of the open circuit potential of

a Pt/Pt electrode couple and applying a correction for the internal resistance, thereby

excluding the effect of variations of the pH. The plots of the collected data are displayed

in Figure 4.8.

The Tafel slope was used as the first indicator for electrochemical activity, as it allows

to estimate how efficiently the electrode converts the applied potential into charge carriers

used in the electrochemical reaction. The values were extracted by fitting the Tafel equation

to the linear region of the plot of η vs log j. Bulk IrO2 and IrOOH have a Tafel slope of

70(2) mV dec-1 and 79(3) mV dec-1 respectively, while electrodes modified with [IrO2]
x –

nanosheets feature a slope of only 58(3) mV dec-1. This is a reduction of 12 mV dec-1

compared to bulk IrO2 and of 21 mV dec-1 compared to bulk IrOOH. The Tafel slope also

depends on the rate determining step of the surface reaction. The Tafel slope also allows

to identify the rate determining step of the OER, but is very dependent on the catalyst,

pH, electrode setup and electrolyte. In bulk IrO2 electrocatalysts investigated under acidic
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Figure 4.8: Plot of a) the current density j against the potential with the red dotted
line as a visual cue for the readout of j at η = 0.3 V and b) the overpotential η against
the logarithmic representation of the current density j, scan rate was 5 mV sec-1 and
Ag/AgCl/saturated KCl as a reference electrode.

conditions, the restructuring process between two energetically inequivalent bound surface

hydroxyl groups has been associated with a Tafel slope of approximately 60 mV dec−1.34,35

While this might be a first hint towards the rate determining step in bulk IrOOH and the

[IrO2]
x – nanosheets, careful systematic investigations are needed to elucidate the surface

chemistry of bulk IrOOH and the [IrO2]
x – nanosheets.

The overpotential η is the potential needed beyond the intrinsic potential of 1.23 V to

overcome kinetic barriers for the water oxidation reaction and was calculated for a current

density of j = 10 mA cm-2 utilizing the Tafel equation. The current density of j = 10

mA cm-2 mimics the output of a high end solar to hydrogen device with 12 % efficiency.8

The overpotential of [IrO2]
x – nanosheets at j = 10 mA cm-2 was 344(7) mV, while the

bulk compounds IrO2 and IrOOH had an overpotential of η10mA cm-2 = 415(5) mV and

η10mA cm-2 = 433(5) mV, respectively. Therefore, the exfoliation resulted in a significant

reduction of the overpotential of the [IrO2]
x – nanosheets.

A third indicator used to compare the performance of electrocatalysts is the current

density j measured at an overpotential of 300 mV. Bulk IrO2 and IrOOH have relatively
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Table 4.2: Comparison of b, η and, j of the electrodes of bulk IrO2, bulk IrOOH, and
[IrO2]

x – ] nanosheets.

electrode Tafel slope b η at j at

344 material 10 mA cm-2 at ρ = 300 mV

[mV dec-1] [mV] [mA cm-2]

[IrO2]
x – 58(3) 344(7) 1.8(4)

IrOOH 79(3) 433(5) 0.172(15)

IrO2 70(2) 415(5) 0.217(7)

low current densities of j300mV = 0.217(7) mA cm-2 and j300mV = 0.172(15) mA cm-2,

respectively, while the current density of the electrodes of [IrO2]
x – nanosheets at η = 300

mV was approximately one order of magnitude larger with j300mV = 1.8(4) mA cm-2.

As can be seen in all three electrocatalytic indicators in table 4.2, the exfoliation results

in an increased activity compared to the bulk compounds. In general, the activity depends

on the loading, concentration and nature of the electrolyte, the valency of the highest and

lowest iridium oxidation state36 and the effective active area. The loading was 0.2 mg

cm-2 for all samples and all experiments shown here were conducted in 0.1 M perchloric

acid, thus excluding the loading and electrolyte as critical factors. As the structure of

the [IrO2]
x – nanosheets did not change significantly, the valency of most of the iridium

ions is probably close to that of IrOOH, as a significant change in valency would lead to a

reconstructive phase transition and hence to notable changes in the crystal structure. Yet,

as the tetravalent state is in general favorable to the iridium ion, it cannot be excluded

that some fraction of iridium converted to the tetravalent state, similar to the nanosheets

of [MnO2]
x – .28 At this point, it cannot be estimated whether the valency of iridium is a

critical or even beneficial parameter for the reaction under study. X-ray photoemission

spectroscopy experiments are in progress to verify the average oxidation state of iridium

covering the electrodes. The last parameter for electrocatalysts is the active surface area.
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In IrOx nanoparticles, a decrease in the average diameter from 75 nm to 2 nm leads to

an enhancement of the electrocatalytic activity.15,37 A similar trend has been observed in

LDHs, where exfoliation also yields an increased activity. Therefore, the data suggests that

the effective area is a critical parameter which is influenced by exfoliation.

To establish whether the nanosheets of [IrO2]
x – are also competitive with other iridium

oxide based OER catalysts, data on the Tafel slopes and overpotentials in the acidic pH

regime were extracted from the literature, adjusted to j = 10 mA cm−2 where applicable

and listed with a short remark on the experimental conditions in table 4.3. The tabulated

data highlight how the overpotential and Tafel slope vary depending on the measurement

regime of the current density j and pH, the utilized electrode setup, sort of electrolyte used

as well as the lowest and highest oxidation state in the iridium species.36 In a qualitative

assessment, [IrO2]
x – nanosheet electrodes are able to compete with and outperform some

IrOx OER catalysts under acidic conditions. Yet, a quantitative evaluation based on

the tabulated data is challenging due to the widely varying reaction and measurement

conditions, thus emphasizing the need for experiments for a direct comparison under the

same measurement conditions.

Another direction for further investigations lies in measurements at high pH values to

directly compare the new [IrO2]
x – nanosheets to other OER catalysts such as NiFe-LDH19

or perovskites.10,11 Table 4.3 also emphasizes how the Tafel slope and overpotential varies

with the pH for IrO2 itself. As a change of compound adds another parameter to the

experiment, the direct comparison necessitates a careful systematic study.

4.3 Conclusion

We report a procedure for the exfoliation of IrOOH into an aqueous dispersion of [IrO2]
x –

nanosheets. TEM investigations show that the single layers retain the triangular lattice
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Table 4.3: Comparison of η of [IrO2
x – ] nanosheet electrode to values reported in the recent

literature or calculated (*) from literature data to fit j0 = 10 mA cm−2.

electrode b η [V] conditions,

material [mV dec−1] @ 10 mA cm−2 reference

[IrO2]
x – 58(3) 0.344(7) 0.2 mg cm−2 loading on

nanosheets Ti, measured at pH = 1 in

HClO4 0.1 M, this work

IrOOH, bulk 79(3) 0.433(5) 0.2 mg cm−2 loading on

Ti, measured at pH = 1 in

HClO4 0.1 M, this work

IrO2, bulk 70(2) 0.415(5) 0.2 mg cm−2 loading on

Ti, measured at pH = 1 in

HClO4 0.1 M, this work

KIr4O8, bulk 65 0.350 0.2 mg cm−2 loading on Ti,

pH = 1 in HClO4 0.1 M38

IrO2, bulk 74 0.424 0.2 mg cm−2 loading on Ti,

pH = 1 in HClO4 0.1 M38

IrO2-(100) ≥ 25 nm 87 * 0.240 * PLD grown film on SrTiO3

thick thin film -(001), pH = 1 in

HClO4 0.1 M12

IrO2-(110) ≥ 25 nm 83 * 0.317 * PLD grown film on BaTiO3

thick thin film /MgO-(001), pH = 1 in

HClO4 0.1 M12

IrO2, Ø= 6 nm 46.5 * 0.350 * 0.05 mg cm-2 loading, glassy

nanoparticles carbon, rotating disc,

pH = 1 in HClO4 0.1 M13

IrO2 film, electro- 187 * 0.493 * two data points

flocculated from undefined pH, glassy

Ø= 2 nm nanoparticles carbon, rotating disc15

NiFe-LDH 40 0.302 0.07 mg cm-2,

nanosheets pH = 14 in KOH 1 M,

glassy carbon electrodes19

IrO2 particles 47 0.338 0.21 mg cm-2,

pH = 14 in KOH 1 M,

glassy carbon electrodes19
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of the CdI2-type structure of the parent compound IrOOH consisting of edge-sharing IrO6

octahedra. The lateral size and height were determined by AFM to be up to 7 µm and

1.02(8) nm, respectively. As the height of a single crystal slab is only 0.5 nm in the

bulk crystal data, this indicates a change in the hydration behavior upon exfoliation.

The nanosheets were incorporated into a dimensionally stable anode on titanium, yielding

a Tafel slope and overpotential competitive and even superior to other state-of-the-art

iridium oxide catalysts. The electrocatalytic activity is also significantly higher than the

precursor bulk compound IrOOH and that of the benchmark catalyst IrO2 with a rutile-

type structure, thus indicating that the trend of increased activity by exfoliation observed

in LDHs is a more general characteristic of layered catalysts. As the nanosheets of [IrO2]
x –

are the first iridium oxide nanostructures featuring a layered structure and the presence of

trivalent iridium ions, the layers offer a platform for various studies regarding the difference

in electrocatalysis depending on the starting valence of the iridium ion, the active sites in

the layered CdI2-type structure, and theoretical studies to map the position of the novel

iridate nanosheets on the OER volcano plot.

4.4 Experimental

K0.75Na0.25IrO2 The synthesis was adopted from chapter 3 and modified. In a typical

experiment, 38.2 mg (0.2 mmol, 1 eq.) iridium was ground with a flux of 82 mg (0.6 mmol,

3 eq.) 90 wt% K2CO3 and 10 wt% Na2CO3, then heated in an corundum crucible in air

for 15 h at 900 ◦C. The resulting dark grey, powdery mixture was characterized by PXRD

and SEM-EDX.

IrOOH The mixture of K0.75Na0.25IrO2 and remaining flux was washed wit HCl (1 M, 1

mL mg−1) to exchange potassium against protons and to remove remaining carbonate flux
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as well as side phases. The mixture was shaken with an orbital shaker for 5 d, the acid

was exchanged daily. The product was washed with water and dried at 100 ◦C for 30 min.

The resulting powder was examined by PXRD, DTA-TG and SEM-EDX.

[IrO2]
x- nanosheets 33.8 mg (1.5 mmol) IrOOH was shaken in an excess of 25 mL of

TBAOH 0.1 M. Afterwards, the solution was exchanged for 25 mL of 10 wt% (0.375 M)

TBAOH for 2 d. The dispersion was centrifuged at 15000 rpm for 30 min to precipitate

all components, the TBAOH solution decanted and exchanged for doubly distilled H2O.

The resulting dark blue, translucent suspension was ultrasonicated for another 30 min to

promote the exfoliation into [IrO2]
x – nanosheets. The dispersion was centrifuged at 1000

rpm for 30 min, the supernatant collected and immediately processed. The dispersion had

a concentration of 13.3 mM. To prevent agglomeration, the suspension was stored at 4

◦C. The properties of the nanosheets were investigated by TEM, AFM and zeta potential

measurements.

Electrode preparation To obtain electrode substrates with an activated surface, the

oxide layer present on titanium in air was removed by etching. 1.00 cm x 1.00 cm Ti

platelets were etched in a slightly boiling solution of 10 wt% oxalic acid dihydrate in H2O

for 2 h, washed and dried. The bulk compounds, IrOOH, and commercially available

powder of IrO2 were processed into inks by dispersing 4 mg mL−1 in an ultrasonic bath for

30 min, then deposited onto the Ti platelets at T = 160 ◦C and heated for another 20 min.

The dispersion of [IrO2]
x – nanosheets was used as is and deposited onto the Ti substrate

on a hot plate at 120 ◦C, 140 ◦C, 160 ◦C 180 ◦C or 200 ◦C. For the deposition at 300 ◦C,

the dispersion was applied at 120 ◦C, dried and annealed at 300 ◦C in a muffle furnace

for 20 min. The Ti platelets were loaded by suspension, dried and the weight checked by

a microbalance, until a loading of 0.2 mg cm-2 was reached. To convert the platelets into

electrodes, the backside was contacted side using silver-paste and insulated with epoxy
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glue. The electrodes were characterized by SEM and electrochemical means.

4.5 Characterization

Electrochemical characterization The prepared electrodes were investigated in a

three-electrode setup with 0.1 M HClO4 as the electrolyte. The setup consisted of the work-

ing electrode, a platinum counter electrode as well as a Ag/AgCl/saturated KCl reference

electrode (0.197 V vs SHE), attached to an Ivium CompactStat potentiostat/galvanostat/zero

resistance ammeter. The scan speed was set to 5 mV s−1 to avoid bubble formation. The

system was calibrated by measuring the open circuit potential of a Pt working and Pt

counter electrode in a H2 saturated solution. For OER measurements, the system was

saturated with O2 prior to characterizing the working electrodes. Ohmic drop correction

was performed using the current interrupt method. All data were corrected for internal

resistance (iR) using the Ivium Potentiostat software. Tafel slopes were calculated from

the overpotential η vs. logarithmic current density logj curves at the current density range

of 0.3 - 10 mA cm-2.

Other characterization methods PXRD measurements were performed on a Stoe

Stadi-P (Stoe, Darmstadt, Germany) utilizing Ag-Kα1 radiation (Ge(111) monochromator,

λ = 0.559407 Å) and a Mythen Dectris detector in transmission geometry. All powder

diffraction patterns were recorded at room temperature. The powders of all products were

intermixed with approximately the same volume of ground capillary glass to reduce the

effect of absorption and preferred orientation.

Elemental analysis was performed on a scanning electron microscope (SEM; Vega TS

5130 MM, Tescan, Kohoutovice, Czech Republic) with a SEM-EDX using a Si/Li detector

(Oxford, United Kingdom). ICP-AES was measured on a Vista Pro ICP-AES spectrome-
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ter. SEM imaging was performed on a Merlin SEM (Carl Zeiss AG, Jena, Germany).

AFM was performed on a MFP-3D AFM by Asylum Research / Oxford Instruments in

intermittent contact mode with Olympus cantilever (resonance frequency approximately

300 kHz).

TEM samples were prepared by dropping the colloidal nanosheet suspension of [RuCl3]
x-

onto a lacey carbon film/copper grid (Plano) and subsequent drying under IR-light irradia-

tion. TEM was performed with a Phillips CM30 ST (300 kV, LaB6 cathode), with a CMOS

camera (TemCam-F216, Tietz) for recording bright field images and selected area electron

diffraction (SAED) patterns. The simulation of the diffraction pattern was performed with

the program JEMS (Stadelmann).

Differential thermal analysis with thermogravimetry was performed on a STA 409 CD

cell (Netzsch GmbH, Germany).
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5 Summary

Magnetic properties of restacked 2D spin 1/2 honeycomb

RuCl3 nanosheets

Nanosheets of with the composition [RuCl3]
x – have been synthesized from the layered

bulk crystals of α-RuCl3 with the honeycomb structure by lithiation and subsequent hy-

dration of Li+ in water. The resulting nanosheets were 1.06(6) nm high and have a lateral

area of up to 450 µm2. The in-plane AlCl3-type structure was retained during the ex-

foliation process. Due to the electron injection and the change of the average electron

configuration, the spin lattice in the intermediate compound Li0.2RuCl3 and the restacked

nanosheet pellet was disordered, leading to paramagnetic behavior which deviates from the

cooperative magnetism of α-RuCl3. Oxidation of the nanosheet pellet does not damage

the in-plane structure, but restores the trivalent state of ruthenium and leads to a return

of cooperative magnetism. PXRD shows signs of turbostratic disorder in the nanosheet

pellet along in the stacking direction, which leads to a disruption of the crystal as well as

spin lattice along the stacking direction.
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Structure and Magnetic Behavior of the Layered Triangu-

lar Lattice Iridates K0.75Na0.25IrO2 and IrOOH

A new layered iridate K0.75Na0.25IrO2 has been prepared under high temperature condi-

tions in the presence of air and an alkali carbonate flux. The average space group is P 3̄m1

with the lattice parameters a = 3.137(2) Å and c = 6.254(4) Å. The iridium and oxygen

atoms arrange in a CdI2-type layer of [IrO2]
– , while the alkali ions occupy the interlayer

space. By a reaction with hydrochloric acid, the alkali cations were exchanged for protons,

yielding the compound IrOOH. While the protonated form crystallizes in the same space

group P 3̄m1 with a similar lattice parameter a = 3.11345(9) Å, the layer repeating dis-

tance shrinks to c = 4.6396(3) Å due to the difference in cation size. The layered [IrO2]
–

structural motif found in the alkali-form was retained in IrOOH. Resistivity measurements

reveal the semiconducting nature of K0.75Na0.25IrO2. Magnetic measurements as well as

the composition of K0.75Na0.25IrO2 and IrOOH indicate a 5d6 electron configuration for

iridium, a valency not yet found in crystalline oxoiridiates with an octahedral coordination

sphere of iridium.
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Synthesis of [IrO2]
x- Nanosheets and Investigations of their

Electrocatalytic Properties

Exfoliation of IrOOH in TBAOH solution yields nanosheets with the composition

[IrO2]
x – , the first iridium based monolayers. The single layers have a height of 1.02(8)

nm and a lateral extension of up to 7 µm. The structural investigations by TEM suggest

that the CdI2-type layer structure seen in IrOOH is retained during the exfoliation process

and the elemental composition of the nanosheets is iridium : oxygen = 1:2. The nanosheets

were applied to Ti platelets as the active component for electrochemical water oxidation.

With a Tafel slope of 58(3) mV dec-1, an overpotential at 10 mA cm-2 of η = 344(7) mV

and a current density at η = 300 mV of j = 1.8(4) mA cm-2, the electrodes of [IrO2]
x –

show an increased activity compared to bulk IrO2 and bulk IrOOH electrodes under the

same measurement conditions. The comparison to literature values for known IrOx -based

electrocatalysts suggests that [IrO2]
x – is competitive regarding the catalytic activity for

water oxidation under acidic conditions.
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6 Outlook

As can be seen from the previous chapters, the synthesis and characterization of inorganic

monolayers is a vivid and growing field. The composition of 2D compounds is a degree

of freedom which is a rich playground for chemists on the nanoscale and requires a solid

knowledge of synthetic procedures and nanoscale characterization techniques. When com-

paring Table 1.1 to predictions from the literature,1–3 one can see that there is still a lot

of work waiting to be done to fill the white spots on the map.

Yet, the discovery of new monolayer systems and procedures for large-scale synthesis

are only two of the possible future directions. Equally important is the post-synthetic

modification of nanosheets by soft chemistry. One possibility is the variation of the va-

lency of the cation. In bulk solids, this approach was used to induce superconductivity

in NaCoO2 by oxidizing cobalt with bromine. This lead to a reduced layer charge and

enabled the hydration and thus separation of the [CoO2]
x – layers.4 As shown in chapter 2,

the monolayers of inorganic compounds can withstand such harsh treatment. Therefore,

one can imagine the modification of trivalent iridate oxide layers by redox chemistry, to

alter their catalytic and magnetic behavior due to non-integer valence states.

Other possibilities are the modification of monolayers with organic functional groups.

Initial experiments in this direction investigated the electronic effect of methyl-termination

in Ge–CH3 compared to germanane GeH.5 Both compounds result from a topotactic re-

action of CaGe2, yet the methyl termination greatly improved the thermal stability, as
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Figure 6.1: Number of papers published on the topics ’graphene’ and ’nanosheet’, from
Web of Science.7

Ge–CH3 decomposes at 250 ◦C instead of 75 ◦C like GeH. This emphasizes how kinetics,

a concept utilized by chemists on a daily basis, can be used to stabilize otherwise sensitive

monolayer compounds. The functionalization also increases the band gap from 0.1 eV in

the hydrogen-terminated to 1.7 eV in the methyl-terminated compound, pointing out the

possibility to manipulate the electronic structure by the right functional group. Modify-

ing the already sensitive monolayers with functional groups of specific chemical reactivity

could allow to build sensors which react to certain, maybe even chiral chemicals. Initial

investigations have been launched by modification of MoS2 for bio-sensing.6

But next to the knowledge about chemical methods, the collaboration with the physics

community is key. Investigations into nanoscopic objects can yield surprising results, once

local probes such as confocal Raman scattering or scanning tunneling microscopes are
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applied. In RuCl3, Raman spectroscopy at low temperature was applied to investigate the

magnon behavior in the bulk compound. As inelastic light scattering has been applied to

many nanosheet systems, it could be one tool to investigate the effect of exfoliation on the

magnetic structure and thereby support the exploration of Kitaev-Heisenberg-physics.

Luckily, there is plenty of momentum for research on 2D compounds, as can be seen

by the number of papers published on the topic ’graphene’ and ’nanosheet*’ in Figure 6.1

and the two roadmaps for exploring the technological relevant aspects of graphene3 and 2D

compounds.2 But it is not only the research community, that is fascinated with monolayers

of matter. The European Union started the Graphene Flagship in 2013,8 funding various

projects with 1 billion euros over the time span of 10 years. This is testament to the political

will to capitalize on the properties of monolayers and the curiosity of many scientists will

drive the future research and bring nanosheet devices to the high-tech world and households

alike.
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A.1 Synthesis

α-RuCl3 Large crystals were grown by chemical vapor transport as described in the

literature.1 Commercial RuCl3 powder (99.9 %, Roth) was sealed under vacuum in a quartz

ampoule. The powder was heated with 3 K min-1 to 1023 K and held there for 36 h to

120 h, depending on the amount with a temperature gradient of approximately 50 K to

75 K from the feed to the growth zone. The reaction yielded black, crystalline platelets

with edge lengths of up to 3 mm, which were analysed by means of PXRD, single crystal

X-ray diffraction, SEM-EDX and elemental analysis. Smaller crystals for single crystal

X-ray diffraction were grown at 923 K.

Li0.2RuCl3 The synthesis is a modification of a known procedure.2 α-RuCl3 was com-

bined with tetrahydrofurane (THF) and LiBH4 under argon atmosphere. In a typical

synthesis, 11.77 mL dry THF were added to 483 mg (2.33 mmol, 1 eq.) α-RuCl3 crystals

in a Schlenk flask under Ar atmosphere. 0.23 mL of LiBH4 (2 mol L-1 in THF, 0.466 mmol,

0.2 eq.) were added under counter flow of argon and the mixture was stirred over night.

After washing the product with 3x 12 mL dry THF, Li0.2RuCl3 was introduced into double

distilled H2O and shaken over night to yield a black suspension. The remaining solid was

separated by centrifugation. The concentration of the dispersion was 2.3 mM. The dis-
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persion was washed by centrifugation at 18000 rpm and the remaining clear supernatant

separated from the pellet. The solid pellet was redispersed in water and the washing pro-

cedure repeated three times. Pellets were prepared by dropping parts of the dispersion

onto a glass substrate at 60 ◦C. Upon solvent evaporation, new drops were added until the

desired amount was reached.

t-RuCl3 [RuCl3]
x- pellets on substrates were placed in a closed vessel with some droplets

of bromine or granules of iodine over night.
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A.2 Single crystal X-ray diffraction

Diffraction data sets were collected at 298 K on a three circle diffractometer (Bruker AXS,

Karlsruhe, Germany) equipped with SMART APEX I CCD, using Mo-Kα radiation (λ

= 0.71073 Å). The collection and reduction of data were carried out with the BRUKER

SUITE software package.4 It turned out that the crystal under investigation was system-

atically twinned (dovetail twin for the monoclinic system), and the twin-law ( 100, 0-10,

001) had to be applied during data reduction. The intensities were corrected for absorption

effects applying a multi-scan method with TWINABS.3 The structure was solved by Di-

rect Methods and refined by full matrix least-squares fitting with the SHELXTL software

package.5 Some residual occupancy was found in the empty octahedron of the α-RuCl3

structure, a consequence of disorder in the layer stacking. Experimental details of data

collection and crystallographic data are given in Tables SA.1, SA.2 and SA.3.

A.3 Other analytical methods

PXRD in-plane measurements were performed on a Stoe Stadi-P (Stoe Darmstadt, Ger-

many) utilizing Cu-Kα1 radiation (Ge(111) monochromator, λ = 1.54059 Å) and a Mythen

Dectris detector in transmission geometry. The out-of-plane measurements were performed

on a Bruker D8-Advance with Cu-Kα1 radiation (Ge(111) monochromator, λ = 1.54059

Å), in reflection geometry, using a Vantec detector. All powder diffraction patterns were

recorded at room temperature.

Elemental analysis for lithium and ruthenium was performed on a Vista Pro ICP-

AES spectrometer. Ruthenium to chloride ratios were measured on a scanning electron

microscope (SEM; Vega TS 5130 MM, Tescan) with a SEM-EDX using a Si/Li detector

(Oxford).
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AFM was performed on a MFP-3D AFM by Asylum Research / Oxford Instruments in

intermittent contact mode with Olympus cantilever (resonance frequency approximately

300 kHz).

TEM samples were prepared by dropping the colloidal nanosheet suspension of [RuCl3]
x-

onto a lacey carbon film/copper grid (Plano) and subsequent drying under IR-light irradia-

tion. TEM was performed with a Phillips CM30 ST (300 kV, LaB6 cathode), with a CMOS

camera (TemCam-F216, Tietz) for recording bright field images and selected area electron

diffraction (SAED) patterns. The simulation of the diffraction pattern was performed with

the program JEMS (Stadelmann).

Measurements of the magnetic properties were performed on a MPMS by Quantum

Design. The specific heat data was collected on a PPMS, also by Quantum Design.
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Table A.1: Crystal data and structure refinement data of α-RuCl3.

α-RuCl3

Temperature / K 298(2)

Formula weight / g/mol-1 207.43

Space group (no.), Z C 2/m, 4

Lattice constants / Å a = 5.9917(13)

b = 10.367(2)

c = 6.0543(13)

V / Å3, ρX-ray / g cm-3 356.21(13), 3.868

Crystal size / mm-3 0.10 x 0.08 x 0.04

Diffractometer SMART APEX I, Bruker AXS

X-ray radiation, λ / Å 0.71073

Absorption correction Multi-scan, TWINABS3

2θ range / ◦ 5.73 - 68.75

Index range -9 ≤ h ≤ 9

0 ≤ k ≤ 16

0 ≤ l ≤ 9

Reflection collected 2803

Data, Rint 748, 0.052

No. of parameters 27

Transmission: tmax, tmin 0.271, 0.167

R1[F
2 > 2σ(F 2)] 0.043

wR(F2) 0.108

Twin volume fraction 0.27

∆ρmax, ∆ρmin / e Å-3 2.437, -1.880
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Table A.2: Atomic coordinates and equivalent displacement parameters U eq (Å2 x 104) for
α-RuCl3 at 298 K.

Atom site x y z SOF U eq

Ru1 4g 0 0.33338(4) 0 0.955(4) 124(2)

Ru2 2a 0 0 0 2-2xSOF(Ru1) 394(44)

Cl1 8j 0.7513(2) 0.1736(1) 0.7681(2) 1 174(3)

Cl2 4i 0.7277(3) 0 0.2340(3) 1 181(4)

Table A.3: Anisotropic displacement parameters U ij (Å2 x 104) for α-RuCl3 at 298 K.

Atom U 11 U 22 U 33 U 12 U 13 U 23

Ru1 128(3) 107(3) 155(3) 0 70(2) 0

Ru2 583(91) 367(70) 315(68) 0 262(60) 0

Cl1 180(6) 181(5) 191(6) -35(3) 101(4) -37(3)

Cl2 183(7) 147(7) 196(7) 0 37(6) 0
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A.4 Further Results

A.4.1 Images of [RuCl3]
x- and RuCl3 monolayers

Figure A.1: Optical microscope and AFM images of [RuCl3]
x- with height from line scan

in purple/orange. The height of a single layer with a hydrate shell is consistently around
1.69(9) nm on the wafer and around 1.06(6) nm when measured on an underlayer of
[RuCl3]

x-.
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Figure A.2: Second set of optical microscope and AFM images of [RuCl3]
x- with height

from line scan in purple. The height of a single layer with a hydrate shell is consistently
around 1.69(9) nm on the wafer and around 1.06(6) nm when measured on an underlayer
of [RuCl3]

x-.

Figure A.3: AFM images of oxidized RuCl3 monolayer with height from line scan in pur-
ple. The height of an oxidized single layer without a hydrate shell is consistently around
0.72(11) nm for all measured batches.
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A.4.2 TEM data on [RuCl3]
x- nanosheets

a) b)

(020)(060)

(150) (130)

SAED Simulation

Figure A.4: a) Selected area electron diffraction pattern of [RuCl3]
x- along [001] zone axis,

b) simulation of α-RuCl3 based on the space group C 2/m obtained from single crystal
X-ray diffraction.

Table A.4: Comparison of d -values from TEM of a [RuCl3]
x- single layer, PXRD on the

restacked pellet of [RuCl3]
x- and single crystal X-ray diffraction on α-RuCl3.

(hkl) d -values TEM d -values PXRD d -values
[RuCl3]

x- [RuCl3]
x- α-RuCl3

[nm] [nm] [nm]
(020) 0.527 0.516 0.518
(130) 0.304 0.298 0.295
(040) 0.264 0.257 0.259
(150) 0.199 0.196 0.195
(060) 0.176 0.172 0.173
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A.4.3 Magnetic data and Curie-Weiss fits

Table A.5: Weiss temperature θCW and effective magnetic moment µeff from Curie-Weiss
fits for the in-plane (ip) and out-of-plane (op) direction.

Compound θCW,ip θCW,op µeff,ip µeff,op
[K] [K] [µB / Ru] [µB / Ru]

α-RuCl3 31.2(3) - 137.7(5) 2.26(1) 2.22(1)
Li0.2RuCl3 0.6(2) - 17.8(3) 1.08(2) 1.58(1)
[RuCl3]

x- - 13.5(7) - 13.5(3) 0.87(1) 1.47(1)
RuCl3-T 17.8(7) 2(2) 2.33(1) 1.27(1)
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Figure A.5: In-plane magnetic susceptibility and inverse magnetic susceptibility of α-RuCl3
vs temperature at µ0H = 1 T, inset shows susceptibility from T = 3 K to 23 K.
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Figure A.6: Plot of dMT/dT for T = 3 K to 23 K for the in-plane measurement of α-RuCl3.
Magnetization (M) is taken as χH.
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Figure A.7: Out-of-plane magnetic susceptibility and inverse magnetic susceptibility of
α-RuCl3 vs temperature at µ0H = 1 T, inset shows susceptibility from T = 3 K to 23 K.
The discontinuity at around 160 K was observed in the literature6 and assumed to be a
change in the stacking behavior resulting in a structural phase transition from C 2/m to
R3̄.
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Figure A.8: In-plane magnetic susceptibility and inverse magnetic susceptibility of
Li0.2RuCl3 vs temperature at µ0H = 1 T, inset shows susceptibility from T = 3 K to
23 K.
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Figure A.9: Out-of-plane magnetic susceptibility and inverse magnetic susceptibility of
Li0.2RuCl3 vs temperature at µ0H = 1 T, inset shows susceptibility from T = 3 K to 23 K.
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Figure A.10: In-plane magnetic susceptibility and inverse magnetic susceptibility of
[RuCl3]

x- vs temperature at µ0H = 1 T, inset shows susceptibility from T = 3 K to 23 K.
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Figure A.11: Out-of-plane magnetic susceptibility and inverse magnetic susceptibility of
[RuCl3]

x- vs temperature at µ0H = 1 T, inset shows susceptibility from T = 3 K to 23 K.
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Figure A.12: In-plane magnetic susceptibility and inverse magnetic susceptibility of t-
RuCl3 vs temperature at µ0H = 1 T, inset shows susceptibility from T = 3 K to 23 K.
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Figure A.13: Out-of-plane magnetic susceptibility and inverse magnetic susceptibility of
t-RuCl3 vs temperature at µ0H = 1 T, inset shows susceptibility from T = 3 K to 23 K.
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A.4.4 Specific heat measurement
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Figure A.14: Temperature dependent specific heat of t-RuCl3. A magnetic transition is
visible at 8.5 K, no further transitions can be detected below 20 K.
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B.1 K0.75Na0.25IrO2

B.2 Single crystal X-ray diffraction

Table B.1: Crystallographic data of K0.75Na0.25IrO2.

Temperature / K 250(2) 100(2)

Space group (no.) P63/mmc (194)

Lattice parameters / Å a = 3.1202(5) a = 3.1194(10)

c = 12.440(2) c = 12.407(4)

V / Å3, Z 104.89(4), 2 104.56(8), 2

ρ / g cm−3 8.210 8.235

Index range -5 ≤ h ≤ 5

-5 ≤ k ≤ 5

-20 ≤ l ≤ 19

Number of total reflections 1781 1768

Number of unique reflections 129

Rint 0.0322 0.0285

Number of parameters 14

Number of restraints 3

Goodness of Fit 1.453 1.495

Final R indices [F 2 > 2σ(F 2)] R1 = 0.0322 R1 = 0.0285

wR2 = 0.0666 wR2 = 0.0642

Final R indices (all data) R1 = 0.0322 R1 = 0.0285

wR2 = 0.0666 wR2 = 0.0642

∆ρmax, ∆ρmin / e Å-3 1.273, -2.298 1.277, -1.663
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Table B.2: Atomic coordinates and isotropic displacement parameters U iso (Å2) for
K0.75Na0.25IrO2 at 250 K; parameters without standard deviation were not refined.

Atom Wyckoff position x y z SOF U iso

Ir 1a 0 0 0 1 0.0125(2)

O 2d 1/3 2/3 0.5819(9) 1 0.0111(16)

K1 1b 1/3 2/3 1/4 0.535(2)a) 0.095(9)

Na1 0.218(2)a)

K2 1b 0 0 1/4 0.215(2)a) 0.043(8)

Na2 0.032(2)a)

a) Site occupation factors (SOFs) were refined with the following

constraint derived from the SEM-EDX analysis:

SOF(K1) + SOF(K2) = 0.75 and SOF(Na1) + SOF(Na2) = 0.25.

Table B.3: Anisotropic atomic displacement parameters U ij (Å2) in K0.75Na0.25IrO2 at 250
K; parameters without standard deviation were not refined.

Atom U11 = U22 U33 U12 = U13 U23

Ir 0.0086(2) 0.0204(3) 0 0.00428(12)

O 0.011(2) 0.011(3) 0 0.0056(12)

K1, Na1 0.122(14) 0.042(8) 0 0.061(7)

K2, Na2 0.044(12) 0.041(16) 0 0.022(6)
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B.2.1 Band structure
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Figure B.1: Electronic band structure of K0.75Na0.25IrO2 based on FP-LAPW (PBE-GGA)
with spin-orbit coupling (SOC), simulated with alkali position fully occupied by K+.
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B.2.2 Density of states
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Figure B.2: Total density of states in K0.75Na0.25IrO2 calculated with FP-LAPW (PBE-
GGA), simulated with alkali position fully occupied by K+.
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B.3 IrOOH

B.3.1 Powder X-ray diffraction

Table B.4: Crystallographic data of IrOOH.

Temperature / K 298(2) K

Crystal system hexagonal

Space group (no.) P 3̄m1 (164)

Lattice parameters / Å a = 3.11345(9)

c = 4.6396(3)

Z, V / Å3 1, 38.949(4)

Formula weight / g/mol-1, ρX-ray / g cm-3 224.216, 9.5592(9)

Absorption coefficient / mm-1 46.534(4)

detector 2θ range / ◦ 3.080 - 59.756

X-ray radiation, λ / Å Ag–Kα1, 0.559410

Diffractometer, Monochromator Stoe StadiP, Ge(111)

Data points 4723

Number of observed reflections 65

Number of parameters 44

Number of constraints 1

Structure refinement Rietveld method

Profile function Fundamental parameter approach

Background function, order number Chebychev, 4th

Rexp, Rwp 0.0373, 0.0432

Rp, RBragg 0.0345, 0.0186

χ2 1.16
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Table B.5: Atomic coordinates and isotropic displacement parameters U eq (Å2) for IrOOH
at 298 K; parameters without standard deviation were not refined, * marks constrained
parameters.

Atom Wyckoff position x y z SOF U eq

Ir 1a 0 0 0 1 0.295(11)*

O 2d 1/3 2/3 0.2083(18) 1 0.295(11)*

B.3.2 Thermogravimetry
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Figure B.3: TG of IrOOH, measured from 30 ◦C to 200 ◦C with 2 ◦C / min in air.
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B.4 Electron dispersive X-ray spectroscopy

Table B.6: Expected and measured atomic percentages of K, Na, Ir and O averaged over
12 measurements for each K0.75Na0.25IrO2 and IrOOH.

Atoms in K0.75Na0.25IrO2 K Na Ir O

expected / atom% 18.75 6.25 25 50

measured / atom% 15.7(14) 6.0(8) 22(3) 56(4)

Atoms in IrOOH K Na Ir O

expected / atom% 0 0 33 67

measured / atom% 0.3(3) 0 27(2) 72(2)
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B.5 Magnetometry data including error bars

The error in the SQUID data was determined as a relative error. The two contributing

sources were the standard deviation as well as the R2 fit parameter of the sample position

within the superconducting coils. The latter was the dominating contribution, especially

at higher temperatures. In the case of the K0.75Na0.25IrO2 crystals, the magnetization

decreased strongly, leading to a decrease in the fit quality of the sample position and

ultimately to a loss of the sample signal above 73 K.
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Figure B.4: Susceptibility (blue) and inverse susceptibility (black) of a) K0.75Na0.25IrO2

single crystals and b) IrOOH powder measured in a field of µ0H = 1 T with error bars
based on the standard deviation and R2 fit parameter of the sample position, Curie-Weiss
fits shown as a red line.
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B.6 Bond valence analysis

To prevent a distortion of the bond lengths due to low quality data, datasets older than 40

years as well as structures with mixed site occupancies on the iridium site (i.e. Na2IrO3)

were excluded. The data used to plot Figure 6 in the main paper is listed in Tables B.7

and B.8.

Table B.7: List of ternary iridium oxide compounds with tri- and pentavalent iridium,
their structure type (ST), formal oxidation state (OS), the bond-valence parameters R0

and B (both in Å),1 average Ir-O distance R̄ij (in Å), average bond valence per bond S̄ij
and bond valence sum

∑
S̄ij.

Compound ST OS R0 B R̄ij S̄ij
∑
S̄ij

H3[Ir(C2O4)3] · 2 H2O
2 amorphous 3 1.755 0.414 2.02 0.527 3.163

K0.75Na0.25IrO2 β-RbScO2 3 1.755 0.414 2.070 0.467 2.804

IrOOH CdI2 3 1.755 0.414 2.041 0.501 3.006

Pr3IrO7
3 La3NbO7 5 1.909 0.449 1.975 0.863 5.1798

Nd3IrO7
4 La3NbO7 5 1.909 0.449 2.028 0.767 4.603

Nd3IrO7
4 Nd3IrO7 5 1.909 0.449 2.027 0.769 4.613

Sm3IrO7
4 La3NbO7 5 1.909 0.449 2.003 0.811 4.867

Eu3IrO7
4 La3NbO7 5 1.909 0.449 2.021 0.779 4.675

NaIrO3
5 NaIrO3 5 1.909 0.449 1.95 0.913 5.476
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Table B.8: Rutil and ternary iridium oxide compounds with tetravalent iridium, their
structure type (ST), formal oxidation state (OS), the bond-valence parameters R0 and B
(both in Å),1 average Ir-O distance R̄ij (in Å), average bond valence per bond S̄ij and
bond valence sum

∑
S̄ij.

Compound ST OS R0 B R̄ij S̄ij
∑
S̄ij

IrO2
6 rutile–TiO2 4 1.909 0.258 1.98 0.759 4.557

Li8IrO6
7 Li8SnO6 4 1.909 0.258 1.998 0.708 4.249

CaIrO3
8 CaIrO3 4 1.909 0.258 2.018 0.655 3.933

Ca4IrO6
9 K4CdCl6 4 1.909 0.258 1.996 0.714 4.283

SrIrO3
10 SrIrO3 4 1.909 0.258 1.973 0.780 4.682

Sr5Ir3O11
11 Sr5Ir3O11 4 1.909 0.258 1.989 0.734 4.400

Sr2IrO4
12 Ca2MnO4 4 1.909 0.258 2.004 0.692 4.152

BaIrO3
13 BaRhO3 4 1.909 0.258 2.02 0.651 3.902

Ba4Ir3O10
14 Cs4Mg3F10 4 1.909 0.258 2.01 0.676 4.056

Ba4Ir3O10
15 Cs4Mg3F10 4 1.909 0.258 2.03 0.626 3.754

Eu2Ir2O7
16 Ca2Nb2O7 4 1.909 0.258 2.033 0.618 3.710

Pr2Ir2O7
16 Ca2Nb2O7 4 1.909 0.258 2.013 0.668 4.009
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C.1 AFM images of [IrO2]x – nanosheets deposited from

undiluted dispersion

Figure C.1: Exemplary AFM images of [IrO2]
x – nanosheets deposited from an undiluted

dispersion.

C.2 DTA-TG of (H, TBA)x IrO2 · y H2O

The DTA-TG curve of (H, TBA)x IrO2 · y H2O displayed in figure C.2 shows four mass losses

at 67 ◦C, 144 ◦C, 257 ◦C and 532 ◦C. The first and second mass loss at T = 67 ◦C and 144
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Figure C.2: DTA-TG curve of TBAx IrO2 · y H2O heated in air with 5 K / min to 800 ◦C,
with first derivative of the TG signal as an indicator for mass change processes.

◦C were interpreted as the loss of textural and interlayer water according to:

TBAxH1–x IrO2 · y H2O −−→ TBAxH1–x IrO2 + y H2O ↑

The mass loss at T = 144 ◦C was interpreted as the decomposition of the interlayer

TBA+ ions by a Hofmann elimination, resulting in gaseous tributylamine and 1-butene as

well as a proton which stays in the interlayer space according to:

TBAxH1–x IrO2 −−→ IrOOH + N(C4H9)3 ↑ + C4H8 ↑

The final mass loss at 550 ◦C was interpreted as the decomposition of IrOOH to IrO2

and oxidation of remaining carbon and nitrogen impurities into the oxides.
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